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Abstract

The quintessential system which is used to observe and study the effects of quantum trans-
port is that of the molecular junction: a molecular bridge bonded between two macroscopic
conducting leads. Molecules in molecular junctions are subject to current-induced forces that
can break chemical bonds, induce reactions, destabilize molecular geometry, and halt the op-
eration of the junction. Additionally, novel phenomena such as telegraphic switching between
conformations and localised heating have the possibility of being exploited for device func-
tionality. We develop a nonequilibrium Green’s function based transport theory in which
atoms on the molecular bridge are allowed to move. This is achieved by utilising the in-
herent separation of timescales between slow nuclear motion and fast electronic dynamics,
allowing us to solve for the adiabatic Green’s functions along with non-adiabatic dynamical
corrections. To make the theoretical approach fully self-consistent, the same time-separation
approach is used to develop expressions for the adiabatic, dissipative, and stochastic compo-
nents of current-induced forces in terms of adiabatic Green’s functions. Using these current
induced forces, the equation of motion for the nuclear degrees of freedom is cast in the form
of a Langevin equation. This model is applied for both static and AC driving in the leads, and
incorporates the motion of the atoms in the central region along with the atoms on the leads
interface. Furthermore, we utilise a Fokker-Planck description for the classical coordinate in
order to calculate Kramers’ first-passage times and reaction rates. We observe localized heat-
ing effects and the formation of bi-stable effective potentials for the classical coordinates which
are analysed through the use of the measured noise in the current. Negative viscosities are
shown to emerge under an applied voltage bias in a variety of systems, which demonstrate
the lack of a possible steady-state for certain configurations. An applied AC driving is shown
to be capable of producing a cooling effect to the molecular bridge, increasing the stability and
longevity of the system. We assess the validity of the Langevin approach in different regimes
by applying a novel time-stepping algorithm to solve for the classical Ehrenfest dynamics of
the molecular bridge, and find that the results produced by the Langevin method are accurate

provided that the applicable regimes are not abused.
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Chapter 1

Introduction

1.1 Setting the scene for a technological revolution

An age of unending technological innovation has lulled us into a false sense of security. The
constant scaling down of electronic components since their inception has yielded a continuous
growth to our computational prowess which allows society to cope with the demands of an
increasingly data-driven world. However, we now stand on a precipice of our own construc-
tion, in which the past century of advancement in electronics converges towards its ultimate

conclusion.

Computations at the most fundamental level are performed through the manipulation of
charge states of transistors, of which there can be hundreds of millions of transistors on a
single chip. The state of a single transistor is represented as either a 1 or a 0; this corresponds
to whether or not a small applied voltage allows for current to flow across a gate within the
transistor. This forms the basis for the so-called Boolean algebra in which calculations and
operations are phrased in terms of logical statements, where a large number of transistors
operate in unison to perform a desired function. A higher density of transistors on a given
chip will thus correspond to a larger capacity for computation. In a crude sense, the goal for
technological advancement is then clear; to cram as many transistors into as small an area as
possible! The most commonly used architecture is the metal-oxide—semiconductor field-effect
transistor (MOSFET), a schematic of which is shown in Figure 1.1. A single MOSFET consists
of a silicon substrate which has been doped in regions at either end with phosphorous while
the bulk of the substrate is doped with boron. The end regions are generally referred to as
the source and drain, where a large chemical potential is applied to the source relative to
the drain. The free electrons due to the phosphorous in the source and drain flow into the
nearby surrounding holes in the substrate due to the boron. This creates an electromagnetic
energy barrier for further electron flow, prohibiting any net current to flow from the source
to the drain - the transistor is in the 0 state. In order to induce a current flow, we introduce

a gate which is separated from the substrate by an insulating oxide layer. Application of a



2 Introduction

gate

source I drain

insulating layer

substrate

Figure 1.1: Schematic of a generic MOSFET.

small voltage on the gate opens a conducting channel between the source and drain along
the surface between the insulating layer and the substrate - the transistor is now in the 1
state. Computations are performed by manipulating the gate voltages of sets of transistors in

tandem.

The size of a transistor is measured in terms of the distance between the source and the
drain. Device miniaturisation then involves decreasing this distance while maintaining ade-
quate device functionality. Undesirable short-channel effects arise as a result of the decreased
source-drain separation. These include effects such as drain induced barrier lowering, which
lowers the energy required for an electron to traverse the region from the source to the drain
and blurs the distinction between 1 and 0 states within the device. Additionally, surface scat-
tering along the oxide layer, the hot electron effect, and impact ionisation will decrease the
device efficiency and degrade its performance over time. On very small scales, we must also
directly compete with quantum mechanical effects such as quantum tunnelling in which an
electron is capable of tunnelling directly from the source to the drain with little regard for
the energy barrier dividing them. This results in a net leakage current even in the O state.
While manufacturers have developed ingenious methods of circumventing short-channel ef-
fects while maintaining a steady rate of miniaturisation in accordance with Moore’s law, we
are approaching a fundamental limit in which transistors are constructed on the atomic scale
and are entirely shackled by quantum laws. This then marks the end of the current era of
electronics and a grand finale for Moore’s law, and the rush is on to uncover the next great

innovation.

A candidate with a name that has permeated even the general public is that of quantum com-
puting. If the aim is to overcome quantum effects on the small scale, perhaps we can shift
our perspective so that quantum effects are exploited to our own advantage. The quantum
computer is an entirely novel architecture which does just that. Here, the bits in a classi-

cal computer are replaced by quantum bits or qubits, a superposition between two distinct
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quantum states. These qubits are subject to quantum logic gates which manipulate the state
of the qubit according to applied electromagnetic fields in the device. Calculations are then

performed via the manipulation and interaction of a large number of qubits.

Quantum computing is a stimulating concept worthy of exploration. It does, however, come
with its own plethora of difficulties to be conquered such as decoherence and quantum error
correction. The most powerful quantum computers today are still limited to less than 100
qubits; a factor of ten-thousand too small to serve as a practical replacement to the current
technology. Additionally, a quantum computer is only as useful as the algorithms we feed it.
While quantum computers do allow for specialised algorithms for tackling problems out of
reach of classical computing, the infrastructure is not yet developed enough to provide benefits
beyond niche applications. In its current state of infancy, the field of quantum computing is

ill-equipped to take the reigns moving forward. A more immediate solution is desired.

1.2 Molecular Electronics

Another possible alternative elects to tread the middle ground between evolution and revo-
lution; this is the field of molecular electronics. The concept is to replace the conventional
semiconductor architecture by single molecules which act as the active elements in integrated
circuits. The choice of molecule used is tailored to satisfy a particular purpose within the cir-
cuit by utilising its inherent structure and conducting properties. The idea presents a number
of benefits. Firstly, electronic elements are designed and fabricated on the smallest possible
scale with quantum effects already accounted for in the system. Quantum effects can then
be utilised as an additional tool at our disposal for novel device applications, rather than
something to be feared; especially since nanostructures which fall under the regime of quan-
tum mechanics often show desirable electrical, optical, and thermal properties inaccessible
to conventional classical systems [1]. Secondly, a ground-up method of device fabrication in
which device elements are synthesised in large quantities in labs would yield a monumental
decrease to costs in comparison to the expensive top-down approach of fabrication used cur-
rently. Finally, and in contrast to quantum computing, operations are still performed using
classical bits and so the knowledge of classical computing built over the last half-century need

not go to waste.

The basic building block of molecular electronics technology is the molecular junction, where
two macroscopic electrodes or leads are connected by a molecular bridge as visualised in
Figure 1.2. In experiments, the electrodes are generally composed of gold due to its inherent
inertness which aids in the consistency and reproducibility of measurements [2], as well as

its plasticity which further facilitates junction fabrication. However, silver [3, 4], platinum
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Figure 1.2: Schematic of a molecular junction. The molecular bridge (green) connects two
macroscopic leads (yellow).

[5-7], palladium [8], and variations of graphite [9, 10] have also been used experimentally
due to their favourable conducting properties. The molecular bridge is then chosen to meet
the desired function of the device. It’s been observed that carbon-based molecules often
display the required versatility and conduction properties to produce any number of novel
functions [11]. The experimental construction of molecular junctions is facilitated by a number
of techniques. Most prevalent in the literature is that of the scanning tunnelling microscope
break-junction (STMB]J) in which the fine tip of a scanning tunnelling microscope is indented
into a metal substrate, leading to the formation of chemical bonds between the substrate and
tip. The tip is subsequently retracted, forming a short atomic wire between the tip and the
substrate which each act as the source and the drain, respectively. An alternate method of
almost equal popularity is that of the mechanically-controllable break-junction (MCBJ). Here,
a metallic bridge is attached to a flexible substrate which is then slowly bent mechanically
via a piezoelectric motor. Enough applied bending breaks the metallic bridge, forming a
nanoscale gap. The molecular bridge is then generally deposited into the junction gap from
solution. The MCB] approach has the benefit of readily being able to include a gate electrode
unlike STMB].

While the original concept of molecular electronics has been around since the 1950’s, the great
experimental charge was initiated by Aviram and Ratner with their theoretical description of a
molecular rectifier [12], which demonstrated that molecular electronic devices, if constructible,
could indeed mimic the operations of conventional electronic components. Since then, a raft of
devices have been proposed and realised experimentally including but not limited to molecu-
lar switches induced both by voltage [13-15] and mechanical [16-18] means, molecular diodes
[19-21], molecular field effect transistors via inclusion of an additional electrode acting as a
gate [22], thermoelectric devices [23-25], and spintronic devices, which utilise the electronic

spin as an additional degree of freedom [26-28].

Even beyond the domain of nanoelectronic devices, molecular junctions have found utility

in theoretical pursuits as they are an ideal testing ground for quantum transport effects in
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non-equilibrium systems. They enable the study of the basic mechanisms of charge transport,
yielding transport regimes otherwise inaccessible to classical systems [29-37], along with fa-

cilitating the probing of thermodynamical laws on the most fundamental scale [38, 39].

Unfortunately, if molecular electronics is to be thought of as a legitimate successor to silicon
semiconductor technology, a number of hurdles must be overcome. Molecular junctions be-
have like insulators and require a high voltage bias for device operation [40]. As a result, the
significant operational voltage bias of a few volts across the molecular length along with large
electric current densities destroy the structural integrity of the device through chemical bond
rupture, large scale molecular geometry alteration or electromigration of the leads interfacial
atoms. Furthermore, while the construction of single molecular junctions is now achieved
experimentally using various techniques, the fabrication of integrated circuits is another chal-

lenge altogether.

1.3 Current-induced forces/phenomena

1.3.1 Experimental evidence for current-induced forces

In this section, we present a brief overview of some notable experimental demonstrations of

the effects of current-induced forces in molecular junctions.

1.3.1.1 Voltage-induced bond rupture and device breakdown

We first discuss the observed experimental breakdown of molecular junctions due to an ap-
plied voltage bias over the electrodes. Junction breakdown is generally observed experimen-
tally via observation of the conductance through the device. Stepwise decreases to the con-
ductance are indicative of bond-breakages along the molecular bridge which decreases the
possible pathways of current through the system; zero measured conductance then implies
that the molecular bridge has been severed completely. Statistical analysis over an ensemble
of such systems then allows for the calculation of the average lifetime of the molecular bridge

for a variety of parameters.

This approach was applied by Tsutsui et al. [41] in which they applied the MCB]J technique
to construct molecular junctions consisting of a benzenedithiolate (BDT) molecular bridge
connecting two gold electrodes. Measurements of the conductance indicated the presence of
one or more BDT bridges in parallel in any given junction. The lifetime of a BDT bridge

was then calculated by measuring the time spent at a given quantum of conductance before
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Figure 1.3: Lifetime distributions of BDT junctions. The green lines are Gaussian fits to the
single peak profile. The peak junction lifetime 75 is denoted by the arrows, which corresponds
to the lifetime of BDT junctions with a certain configuration formed at a maximum likelihood.
Reproduced with permission from Reference [41].

decaying to a lower value. Figure 1.3 is a reproduction of their results in which the distribution
of junction lifetimes is observed for varying voltages. Increasing the voltage beyond V, = 0.6V
results in a dramatic decrease to the lifetime of the BDT bridge. Relevant theory suggests that
the lifetime is dictated both by a voltage induced lowering of the energy barrier for dissociation
which is approximately linear below 1V, and local heating of the vibrational modes along the
molecular bridge which become important beyond a certain threshold voltage [42-44]. The
authors reason that for V, > 0.6V, local heating due to electron-phonon interactions becomes
sufficiently large to trigger thermally-activated bond dissociation within the junction. They
then use their measurements to estimate an effective temperature of the vibrations along the

molecular bridge as a function of the voltage V;, as shown in Figure 1.4.

Similar results have been produced by Smit et al. [45] and Sabater et al. [46] for molecular
bridges consisting of Au or Pt chains again using the MCB]J technique. They observed the
voltage induced breakdown for varying chain lengths, finding that longer chains were subject

to bond rupture at smaller voltages.
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Figure 1.4: Bias dependence of T (circles) and 7 (triangles) of BDT molecular junctions (red)
and Au single-atom contacts (blue). Reproduced with permission from Reference [41].

1.3.1.2 Probing the vibrations

While vibrations along the molecular bridge cannot be observed directly, information about
them can be garnered via measurement of the transport properties of the junction. The excita-
tion of vibrational modes manifest as tiny variations in the transport properties of the system
which become more obvious when measuring the conductance and higher derivatives of the
current with respect to the voltage. An example of such an analysis is displayed in Figure 1.5
as reproduced from Kushmerick et al. [47]. In this study, they constructed crossed-wire tunnel
junctions in which the junction separation is controllable via the Lorentz force generated by
a small DC current. Deposited within the junction was oligo(phenylene ethynylene) (OPE),
a molecular configuration which has been widely studied for possible technological appli-

41
V2

a change to the transport properties of the system. Comparison with previous experiments

cations [48-51]. Measurement of shows prominent peaks at specific voltages indicating
along with density functional theory calculations allowed the authors to associate the peaks

with the excitation of vibrational modes of specific bonds along the OPE molecule.

There exists a vast array of literature which applies this technique for both the characterisation

and identification of vibrational modes over various parameter regimes [52-61].

1.3.1.3 Configurational changes and switching

Beyond affecting basic transport properties, the excitation of vibrational modes along the
bridge can result in large-scale configurational changes to the molecular geometry. This is
exhibited in experimental observations via the apparent switching of the electric current be-
tween two or more states. An appropriate example is an experiment performed by Stipe et al.

[62] in which an STM tip was utilised to induce the reversible rotation of molecular oxygen
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Figure 1.5: Inelastic electronic tunnelling spectrum of an OPE junction. Mode assignments are
from density-functional theory calculations of the free molecule. Reproduced with permission
from Reference [47].
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Figure 1.6: Tunneling current during a 0.3V pulse above an isolated O, molecule. Rotation

is followed by dissociation (step at t ~ 610ms) Reproduced with permission from Reference
[62].

on a platinum surface. They found that under the influence of a tunnelling current, the O,
molecules could occupy three separate energetically stable orientations. They propose that
this is a result of the excitation of the rotational vibration mode due to the inelastic tunnelling
of electrons. They additionally found that a large enough applied voltage could result in com-
plete dissociation of the O, molecule; an example trajectory of this is found in Figure 1.6 where
the molecule dissociates after 610ms. The dissociation corresponds to the stretch mode of the
O, which has a larger energy barrier than the rotational modes. This is an example of the
large-scale configurational changes which can occur under the influence of current-induced

forces. However, the effects are not limited to the collective modes of a given molecule.

Auwirter et al. [14] considered a free-base tetraphenyl-porphyrin molecule which is anchored
to a silver surface under the influence of an STM tip. Rather than inducing bulk vibrations in

the molecular configuration, they were able manipulate the configuration of individual pro-
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Figure 1.7: Model highlighting the position of the hydrogen pair (yellow) in configuration (a)
H, and (b) Hi. (c) Current versus time trace recorded at -1.9 V. A switching between two
current levels representing the high (h) and low (I) conductance states is clearly discernible.
Reproduced with permission from Reference [14].

tons, thus producing an atomic switch on the smallest possible scale. As shown in Figure 1.7a
and 1.7b, the central pair of protons can exist in two possible states which they dub the H, and
Hy configurations. Careful placement of the STM tip and the application of a voltage over the
junction produces an inelastic tunnelling current which yields the required energy to change
between the configurations. This then results in a bi-stable switching in the current trajectory
as observed in Figure 1.7c. Conductance switching in molecular junctions is ubiquitous in

experimental literature for a range of different systems and molecular configurations [63-71].

1.3.1.4 Current-induced chemical reactions

An intimate understanding of the effects of the current-induced forces allows for molecular
engineering, in which complex chemical reactions are carried out in molecular junctions solely
due to the controlled dissociation of specific bonds on the molecular bridge. With more de-
velopment, this may allow for the precise construction of molecular-scale devices to suit a
specific purpose. Additionally, the research can be applied to better understand problems in
surface science. A pioneering experiment by Lauhon and Ho [72] saw a multi-step unimolec-
ular reaction performed entirely using an STM tip. The main reaction discussed was a two

step reaction from acetylene (HCCH) to produce molecular ethynyl (CCH) and subsequently,
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Figure 1.8: Schematic illustration of the STM tip-induced synthesis steps of a biphenyl
molecule. (a),(b) Electron-induced selective abstraction of iodine from iodobenzene. (c) Re-
moval of the iodine atom to a terrace site by lateral manipulation. (d) Bringing together two
phenyls by lateral manipulation. (e) Electron induced chemical association of the phenyl cou-
ple to biphenyl. (f) Pulling the synthesized molecule by its front end with the STM tip to
confirm the association. Reproduced with permission from Reference [73].

dicarbon (CC). This was achieved by the application of precise voltages to excite vibrational
modes in specific bonds:

HCCH — CCH cc (1.1)
~—

V=28eV V=21eV

{1

Hla et al. [73] went a step further by synthesizing biphenyl from iodobenzene adsorbed on a
Cu(111) substrate. This was achieved by first applying a tunnelling current to extract iodine
from the iodobenzene, leaving a single phenyl molecule. Then, two phenyl molecules are
brought into contact via lateral manipulation using the STM tip. The chemical association of
the two phenyl molecules into biphenyl was then induced by another tunnelling current which
rotated the molecules such that the appropriate orbitals were aligned to facilitate bonding. A

schematic of the procedure is reproduced in Figure 1.8.

Finally, a more recent study by Aragonés et al. [74] used the applied external field present
in an STMB]J to accelerate bond formation processes in a Diels—Alder reaction; demonstrating
the importance of not only the current-induced forces, but also the electric field produced by

the non-equilibrium leads.
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1.3.2 Theoretical consideration of the current-induced Forces
1.3.2.1 Fully-Quantum methods

We find it appropriate to begin the discussion on the theoretical treatment of current-induced
forces by considering methods which accurately account for the quantum nature of both the
electronic environment and nuclei along the bridge; the goal being to minimise the number
of assumptions being made about the system. Unfortunately, assumptions are a necessary
requirement for the problem to be soluble and a fully-quantum treatment of the entire sys-
tem often requires assumptions which are directly at odds with the experimentally observed

phenomena which we seek to reproduce theoretically.

A class of numerically exact approaches relies on the calculation of the wavefunction describ-

ing a closed system via the propagation of the time-dependent Schrodinger equation:
.0 ~
i ¥(1) =AY (1)), (12)

in which the system of interest is coupled to a bath represented by a finite number of bath
modes. A notable propagation technique which has seen success is the multilayer multicon-
figuration time-dependent Hartree approach (ML-MCTDH) [75-81]. Here, the wavefunction
is subject to a recursive expansion into a hierarchy of single-particle functions which is trun-
cated at a chosen layer determined by convergence testing for the given system. Express-
ing the base layer in terms of time-independent basis functions then allows each layer to be
evolved according to its own equation of motion. While accounting for all desired quantum
effects, such methods suffer from a number of drawbacks. Firstly, the baths must be finite
since the system is closed. Many bath modes are required for convergence of the method
at the cost of computational efficiency. In addition, numerical simulations are limited by
electronic time-scales. Experimentally observed phenomena such as bond-rupture and large
scale configuration changes on the molecular bridge instead occur over much longer nuclear

time-scales which are inaccessible to the method due to convergence limitations [75].

In the context of our research, it is more appropriate to consider open quantum systems in
which the molecular bridge is attached to infinite reservoirs of electrons which constitute
the environment. The Hamiltonian for the bridge can be decomposed into electronic and

vibrational components along with the coupling between the two:
Hsys = Ael + I:Ivib + Helfvib/ (1.3)

The electronic-vibrational coupling H,;_,;, will in general have a complicated dependence on

the vibrational coordinate itself. To simplify the problem and avoid the presence of two-body
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and higher interaction terms, it’s generally assumed that the amplitude of vibrational motion
is small. The interaction is then expanded to first order in the deviations of nuclei from their

equilibrium configuration [82], yielding
H, o = Aata(b+ b, (1.4)

where A is the interaction strength as computed via electronic structure calculations. For
ease of explanation, in the equations presented we explicitly consider the case of a single
electronic level and vibrational mode on the molecular bridge in this section; this is known
as the Holstein model. We use 4" to denote the fermionic creation operator corresponding to
the electronic level on the bridge, while 5 is the bosonic creation operator for a vibrational
mode, and likewise for the annihilation operators. The vibrational modes contained in H,ip
are commonly assumed to be harmonic [77, 78, 83-93] or limited to other generic vibrational

potentials [94, 95]; the harmonic case is given by
A A.I.A 1
Hyip = hw (D' + §>' (1.5)

These assumptions emphasise the difficulties with a quantum treatment of the vibrations.
Many-body interactions in the Hamiltonian present theoretical troubles which are circum-
vented by assuming that the vibrations are small and harmonic. Unfortunately, this is directly
at odds with the experimental phenomena which we seek to reproduce with the model in

which the current-induced forces may produce large-scale changes to the molecular geometry.

From this Hamiltonian, the system can be solved for via numerically exact or perturbative ap-
proaches. The hierarchical quantum master equation (HQME) approach is a numerically exact
method [85, 95-102]. The system is described in terms of a density matrix which contains in-
formation on the coupling of the system to an environment. In a similar vein as ML-MCTDH,
the full density matrix is decomposed into a hierarchy of auxiliary density matrices which are
each calculated according to their own equations of motion and convergence tests again dic-
tate where to truncate the hierarchy. While HOME provides a numerically exact scheme for
simulating the dynamics of a system interacting with an environment over short time-scales,
it is generally limited to the aforementioned simplistic descriptions of the molecular bridge.
However, recent developments to the theory which utilise a discrete variable representation
of vibrational modes have proved successful in moving beyond the harmonic approximation
[95, 101, 102].

Beyond numerically exact methods, the introduction of a small parameter is often utilised
to facilitate a perturbative treatment of the problem. This can lead to greater computational
efficiency and allows for the consideration of larger and more complex systems. One such per-
turbative scheme is the self-consistent Born approximation, in which the interaction strength

A is assumed small relative to I'; I being the level broadening due to the interaction with the
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leads while 1/T is associated with the characteristic tunnelling time of an electron through
the bridge. From here, the problem is then treated within an appropriate framework such
as non-equilibrium Green’s functions [77, 87, 103-108]. The converse case where A > I' can

instead be treated using master equations [85, 90, 109-117].

1.3.2.2 Quasi-Classical methods

A fully quantum treatment of the system is not conducive to the observation of experimental
phenomena such as current-induced configurational changes and bond rupture. A semi-
classical description for the nuclear dynamics allows for the description of such phenomena
while greatly reducing the computational load since the vibrations can now be evolved in
time according to classical equations of motion. This comes at the cost of neglecting quantum
effects such as quantum tunnelling of the nuclei, coherences, and the quantized nature of the
vibrational modes. However, this can often be justified depending on the parameter regime
in which the system is operating. Quantum tunnelling of the nuclei generally only becomes
relevant at very low temperatures where thermalization effects are decreased [118, 119], while
coherences quickly dissipate over the long time-scales of nuclear motion [120]. The quantized
nature of vibrational modes depends on the molecule considered; larger collective vibrations

can be reasonably approximated as a continuum of vibrational states.

The consideration of classical vibrations allows for much manoeuvrability in the form of the

Hamiltonian. The components of the Holstein model described in the previous section now

become
ppp o 1 L 5
hiw (b'b + E) — Mo +U(x), (1.6)
hodta + Aata (b+b) — V(x)a'a, (1.7)
H/_/

2

where we have introduced the classical position and velocity, x and v. The advantages are
clear, we are now able to consider arbitrary vibrational potentials U(x) as well as arbitrary
functional dependence of the interaction V(x) without fear of having to consider many-body
interactions, since the vibrational coordinates have been demoted from operators to variables.
This provides a natural and intuitive means of exploring large-scale configurational changes
within the system which are otherwise difficult to model on a quantum footing. The remain-
ing task is to then appropriately model the forces acting on the classical coordinates such that
they can be evolved according to

F = ma. (1.8)

This is achieved through a variety of methods including surface-hopping schemes [121-131],
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Ehrenfest dynamics [100, 132-140], and Langevin dynamics [141-152]. The electronic compo-

nents of the Hamiltonian can be expressed in the form
Hep + He iy = Ve(x)a"a =V, (x) (872 — 1), (1.9)

where V; is the charged potential and V), is the uncharged potential. When the electronic
level on the molecular bridge is occupied and 4*@ = 1, the classical coordinate vibrates in the
charged potential and when it is unoccupied, 4’4 = 0 and it oscillates in the uncharged po-
tential. Surface-hopping schemes consider unperturbed classical vibrations in these potentials
where at any given time, the potential may change from uncharged to charged (or vice versa)
as determined by hopping rates which are usually computed in an ad-hoc manner to satisfy
thermodynamic equilibrium conditions. Such schemes have found success in describing the
vibrational relaxation of molecules near metal surfaces and with some extensions, has been
applied to non-equilibrium transport [121]. However, the applicable regimes of the method
are not always clear a priori since it lacks the rigorous theoretical foundation of other methods
[153].

In contrast, Ehrenfest dynamics opts to only consider the average occupation at any given
time as determined by the nuclear geometry. The average occupation of the electronic level
(a*a) varies continuously as a function of the classical vibrations, which then generates the
time-dependent vibrational potential. Treating the interaction with the electronic environment
on an average level in this way neglects the microscopic detail in the electronic density and
does not account for the electron-nuclear correlations required to accurately describe effects
such as joule heating [133, 134, 154-156]. However, extensions beyond Ehrenfest dynamics
which account for electron-nuclear correlations via a perturbative expansion in the nuclear
fluctuations about the mean trajectory have alleviated these issues [155, 156]. We will discuss

the Ehrenfest approach in more detail in Section 7.

An approach which does accurately describe heating effects is the Langevin approach. Since
Langevin dynamics is the primary focus of this study, we review the approach in significant

detail in the following sections.

1.4 The Langevin equation

The Langevin equation was first applied to the study of Brownian motion. Here, we have a
large particle such as a grain of pollen floating on the surface of water. The pollen can be
observed to undergo rapid directional changes and unpredictable motion as it interacts with
the constituent water molecules in the fluid. Treating this system on an exact footing would

entail one to solve the coupled equations of motion for each of the many (~ 10?®) particles; an
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unachievable and unnecessary goal, especially considering that we only desire a description of
the motion of the single of grain of pollen. We instead opt to search for a reduced description
of the system in which the interaction of the grain of pollen with the surrounding environment

is treated on a phenomenological level.

The dynamics of the pollen is assumed to be governed chiefly by a velocity-proportional vis-
cosity force. This is justified by the realisation that for some positive velocity v, the pollen
will on average experience more collisions from in front than from behind, in which case the
velocity at the next instant of time depends only on the current velocity and not on previ-
ous values. However, this implies that the velocity of the pollen should decay to zero after
some time which contradicts our observations and intuition. This is because we are still not
accounting for the random thermal vibrations within the fluid which are constantly buffeting
our Brownian particle. These are accounted for by an additional stochastic force df(t) which
will act to re-energize the particle such that we observe a non-zero steady state temperature.

The equation of motion now becomes

m‘jlzt’ = —Co+0f(t). (1.10)

The stochastic force is quantified according to its moments. By invoking the central-limit the-
orem, it is often a reasonable assumption to propose éf(t) to be a Gaussian process, meaning

it is defined entirely by its first two moments. Thus, we assume that

(0f (1) =0,  (3f(t)of(t')) = Do(t —t), (1.11)

where () represents an average over many samples of the stochastic force. The zero mean can
be justified by the realization that any directionality component should be appropriately cap-
tured by the frictional force, leaving only the homogeneous thermal vibrations to the stochastic
force. The second moment describes the strength of the stochastic force and its correlations
at different times. In accordance with the original description of Brownian motion, we have
assumed that the stochastic force is uncorrelated at different times as described by 5(t — t').
This amounts to assuming that the environment relaxes instantaneously with respect to the
motion of the Brownian particle such that at any given time step, the environment has no

memory of previous times.

Naturally, one would expect a relationship between the viscosity coefficient ¢ and the diffu-
sion coefficient D, since each emerge due to interactions with the same surrounding fluid.
Additionally, they both act to entirely determine the dynamics of our Brownian particle and
its steady-state temperature. This relationship is the aptly named fluctuation-dissipation the-

orem.
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1.4.1 Fluctuation-Dissipation theorem

We aim to find a relationship between ¢ and D along with the steady-state temperature. Let’s
begin with our Langevin equation as defined in (1.10) and first find an explicit expression for

v(t). Using the conventional approach for a first-order differential equation, we find

o(t) =e" m fo( /dt e~ (t=t) V6F(H). (1.12)

In the hopes of relating v(t) to the kinetic energy, we now square the above equation to obtain

t
0(t)2 = e~ to(0)2 + %e—%fv(O) / dt'e w5 (1) (1.13)
0
1 t
—Z/dt dt’e w1 e =) 5 (1) S F (1), (1.14)
0

Apply an average over many iterations of the stochastic force and leverage (1.11) to obtain

t

(v(£)2) = e~ 1o(0 / di'dt e 5 e ) (SF(1)SF (1)) (1.15)
0
-2 _ ¢ N G (g
= 7 'p(0)? +W/dt e == (= (¢ — 1) (1.16)
D t
_ 2% Zé ’
=e m tv(0)2+ﬁ/dte (=) (1.17)
0
e iy 024 P (1B
= T+ 5 (1 e ) (1.18)

In the long time limit as the system approaches equilibrium, the exponentials will disappear

and we are left with
D

(v*) = e (1.19)

According to the equipartition theorem, the temperature of our Brownian particle must satisfy

2
Lp_m{) (1.20)
2
Finally, substitution of (1.19) yields
D
T=—. 1.21
= (121)

Equation (1.21) is the fluctuation-dissipation relation, which defines the equilibrium tempera-
ture of a Brownian particle according to the viscosity coefficient ¢ and the diffusion coefficient

D. It provides the delicate balance between excitational and dissipative forces. It must be
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Figure 1.9: (a) Langevin dynamics in its original conception, applied to a grain of pollen
undergoing forces from the surrounding fluid. (b) The application of Langevin dynamics
in molecular junctions, where the quantum electronic environment induces vibrations in the
nuclear degrees of freedom.

noted that this derivation assumes the Langevin coefficients to be constant. Our model allows
for multiplicative noise, meaning the Langevin coefficients are dependent on the classical
Brownian coordinate. In this regime, an explicit derivation of the fluctuation-dissipation rela-
tion is difficult to find. We do, however, find it convenient to define an effective temperature of

the classical vibrations in analogy to the fluctuation-dissipation relation derived above.

1.4.2 Application to molecular electronics

The Langevin approach to modelling Brownian motion proved to be a great success, repro-
ducing predictions obtained by Einstein and Smoluchowski via a Fokker-Planck equation.
However, the approach is not limited to the study of particle diffusion or, in fact, the realms of
physics whatsoever. Such is the generality of the method that the Brownian particle need not
be a particle at all, but can describe some collective property of a system under the influence
of approximately stochastic effects. Indeed, the Langevin equation has found applications in

chemistry, biology and even finance.

In terms of the description of molecular junctions, the Brownian particle models the motion
of a classical degree of freedom interacting with a quantum electronic environment as an elec-
tric current flows through the junction. A visualisation of the transition from conventional
Brownian motion to Langevin dynamics in molecular junctions is presented in Figure 1.9. The
choice of classical degree of freedom is dependent on the system under consideration; an en-
semble of Langevin equations may be used to model the motion of the 3N degrees of freedom
of the N nuclei present, or the motion could rather be considered collectively as a large-scale
stretching or rotation of a molecular configuration. The choice is generally informed by the

calculation of vibrational modes corresponding to the molecular bridge considered.
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1.4.3 Langevin equation assumptions

1.4.3.1 Memory effects

The Langevin approach is reliant on the inherent time-scale separation between the motion of
the Brownian particle and the surrounding environment. If we were to consider exactly the
motion of each particle in the environment according to the appropriate coupled equations of
motion, then the evolution of the system would be entirely Markovian; the state of the system
at the next instant of time would depend only on the current state of the system, and not on
earlier times. This is because Newton’s laws themselves are Markovian. When we choose to
eliminate the individuality of the particles in the fluid and consider them collectively as an
environment acting on our Brownian particle, this property of Markovianity is lost. However,

equation (1.10) itself is Markovian. Clearly then, the description as it stands is incomplete.

A more accurate description may be obtained via a generalised Langevin equation, such as:

d f ,
my = —/0 Azt —)o(t) + 5 (1) (1.22)

Here, Z(t — t') replaces our usual viscosity coefficient. The frictional force then not only de-
pends on the current velocity of the Brownian particle, but also the velocity at previous times.
In such a case, the environment is not required to equilibrate instantaneously with respect to
the motion of the Brownian particle. Rather, the Brownian particle is capable of influencing
a flow in the environmental degrees of freedom which can affect the forces at a later time.
Generalised Langevin equations prove especially useful in the modelling of molecular junc-
tions when one wants to also consider the nuclear vibrations in the baths themselves [157-
160]. However, solving for the generalised Langevin coefficients in a self-consistent manner is

computationally costly and the Markovian description is usually adequate.

Memory in the environment will also have an effect on the correlations in the stochastic
force presented in (1.11). Our assumption of delta-correlation was again predicated on the
environment equilibrating instantaneously. This is the so-called white-noise approximation.
The separation of time-scales implied in the usage of a Langevin description is usually used as
justification for the white-noise approximation. We analyse the validity of this approximation

in molecular junctions in Section 7.
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1.4.3.2 Stochastic force as a Gaussian process

Assuming that the stochastic force is a Gaussian process enables us to entirely quantify it
in terms of its first two moments shown in (1.11). Over the time-scales of the motion of the
Brownian particle it will experience many random forces due to the surrounding environment;
then over any given time-step, the stochastic force acting on the particle will be the mean of
the individual random forces from the environment over that time-step. The central-limit
theorem states that the distribution of the mean of random samples from a distribution will
approach a Gaussian in the limit of many large samples [161]. As a result, the stochastic force
0f which acts as the mean of the random forces experienced over a time-step, must approach

a Gaussian process in the limit of a large time-scale separation.

This property is also demonstrated in the following section in a more rigorous manner, in

which the stochastic force is shown to become Gaussian in the classical limit of vibrations.

1.4.4 Quantum mechanically motivated derivation of the Langevin Equation

Our intuition which guided us to a Langevin description of a classical Brownian particle im-
mersed in a fluid becomes somewhat obfuscated when we delve into the quantum regime
present inside molecular junctions in which forces due to the environment arise from inter-
actions with tunnelling electrons. It is not immediately clear that the approach is applicable
in the case where the environment is quantum in nature. Fortunately, the path-integral for-
mulation of quantum mechanics allows us to derive a Langevin description for a vibrational
coordinate in the classical limit, starting from first principles. In this section, we illustrate the
main conceptual steps of the derivation as guided by Reference [162]. We will not cover the
derivation in any detail; rather, we only hope to get a sense of the procedure. The approach
has been applied by a number of authors [157, 163-167].

Let’s consider a quantum system with a nuclear degree of freedom interacting with an elec-
tronic bath. The reduced density matrix for the nuclear vibrations is found by taking a trace
over the bath states of the full density matrix, Trg {¢}. An arbitrary element in the coordinate

representation is then given by

Pvib (X2, ¥2) = /dxl/dyIIC(XZIyZ}xl/yl)Pvib(xlryl)' (1.23)

Here, K is the nuclear propagation kernel defined as

(x2,y2) )
K (x2,y2; x1,y1) = / D (x,y)e W50 F(x, y), (1.24)

(x1.y1)
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Figure 1.10: Nuclear coordinates on time-ordered, x(t), and anti-time-ordered, y(t), branches
of the Keldysh contour. Reproduced with permission from Reference [162].

where S(x) is the classical action associated with the path x and F is the influence functional
which describes the influence of the bath on the time evolution of the vibrational density
matrix. We use x to denote the trajectory for the time-ordered segment of the Keldysh contour,
while y is the trajectory for the anti time-ordered segment, and [ D(x,y) is the integral over

paths for both x and y. The influence functional is found to be

F(x,y) = (Uc(, 10;t)) B, (1.25)

where Uc (1), T0;t) denotes a time-evolution from 1y (fp on the top part of the contour) for-
wards in time ¢, then backwards to T} (fp on the bottom part of the contour). Since we have
traced over the bath degrees of freedom, the time evolution of the system is now non-unitary
and the evolution along the top and bottom parts of the contour will deviate from each other.
This is shown diagrammatically in Figure 1.10. We introduce the Wigner coordinates for the
position as

sz;y, C=x—y, (1.26)

where Q and ¢ are the average and difference paths of the nuclear degree of freedom, respec-
tively. The average path corresponds to the diagonal elements of the density matrix. We can
also interpret these coordinates in terms of classical and quantum contributions, where the
off-diagonals of the density matrix correspond to deviations away from the classical path. To
see this, let’s consider the nuclear propagation kernel as per (1.24) in the absence of a cou-
pling to the bath, meaning / = 1. Taking the classical limit corresponds to assuming that

deviations away from the classical trajectory, as described by ¢, are small. Let’s consider the
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classical action terms in the exponent; taking a linear expansion in ¢ results in

5(x) - S(y) = 5[0+ 5] - 5[0~ ] (1.27)
~— [ at (mOW) + VIQE)) &), (1.28)

fo

where we have expressed S as a time integral over the Lagrangian and used a functional Taylor
series to expand each to the first order in . The reduced density matrix, now expressed in

terms of the Wigner coordinates, is then given by

QZ 62 —i b g mO(# / ’ ’
0oin(Q2, &) I/dQl/demb(xLy])/Q DQ/g Dée Syt (mO()+V'(Q(E))&(t) (129)
1 1

We can define a functional Dirac-delta function according to
5(G(t)) = / Dxet [ ()G ) (1.30)

The functional integral over & in (1.29) can then be expressed as 6(mQ(t') + V'(Q(#'))), which
dictates that the only trajectory which has a non-zero contribution to p,; is the one that

satisfies

mO() = ~V'(Q(¥)). (131)

In the absence any influence from the bath, our average coordinate Q of the system can be
interpreted to be undergoing classical motion according to Newton’s laws. Now, if we account
for the interaction with the bath such that F # 1, instead of producing a functional Dirac-
delta function we will instead find a Gaussian with a width characteristic of the bath and
interactions considered. To solve for a classical equation of motion in a similar vein as above

while including effects due to the bath, we require the influence functional to be of the form
T — ¢l (1.32)

where ¢ is the influence phase. With significant work and again taking expansions to first

order in ¢, the influence functional is found as

.F = exp {—Z /Ot dt1§<t1)TrB {aQHgl(Q(h))pB(h)} — % /Ot dtl /Ot dtzg(tl)n(ﬁ, tz)é(b)} ,
(1.33)

where

I1(t1, tp) = Trp <[aQng(Q(fl)):3QHeIz(Q(f2))}+PB(0)> , (1.34)

and H!, denotes the electronic Hamiltonian in the interaction picture. Since we now have F
in the form given by (1.32), it may seem that the problem just requires a straight forward
application of the functional Dirac-delta function. However, if we recall (1.30), we require the

exponential to be first order in our integration variable ¢. Clearly, the second term in (1.33)
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is quadratic in ¢. To define an effective equation of motion for the system we would like the

influence functional to be expressed in the form

T Iy dir§(t)x(Q(h)) (1.35)

where x is some place-holder function. This would allow us to apply (1.30), meaning that the

only trajectory which contributes must satisfy

mQ(t) = =9V (Q(t1)) + x(Q(t)). (1.36)

This is the classical equation of motion we desire. Thus, we must see if we can find a way to

re-express the last quadratic term in ¢ instead in a form linear in ¢:

K= —% /Ot dty /Ot dt2¢ (1)1t £2)¢(t2) = i/otdhff(ﬁ)’?(fl)- (1.37)

As it turns out, there is no such function # that satisfies this while also being independent of
¢. In other words, there is no way for us to obtain a deterministic effective equation of motion
for Q while accounting for the influence of the bath. However, we can instead consider the
possibility that e* is the average of some stochastic term. Specifically, we can interpret it as

the characteristic function of a probabilistic process describing a random variable #:

e = (¢ Iy dth(tl)U(t1)>/ (1.38)

where () denotes a statistical average over 7. Thus, the unwieldy quadratic term becomes

o3 Jodh Jy dbag ()Tt 6)E () — <eif0f dhg(t)n(h)y (1.39)

where # becomes a Gaussian stochastic variable quantified according to

{n(t)) =0, (1(t1)y(t2)) = Tl(f1, t2). (1.40)

This is formally known as the Hubbard-Stratonovich transformation, which takes a determin-
istic non-local exponent and transforms it to one involving local stochastic terms that must be
averaged over a distribution. The Hubbard-Stratonovich transformation maps the true propa-
gator to the average of a set of stochastic propagations. By averaging over the trajectories these
propagators generate, one is able to obtain the reduced density matrix. We now observe that
(1.39) is linear in ¢ as desired. This allows us to introduce a functional Dirac-delta function

which enforces Q to satisfy the stochastic equation of motion,

mQ(t1) = —9V(Q(t)) — (dgH,(Q(t))) + 11 (t). (1.41)

This can then be transformed into a Langevin equation by applying a time-scale separation in



§1.5 Outline 23

the system, which allows for the second term on the right-hand side to be decomposed into
an adiabatic force and a frictional force, while the autocorrelations in the stochastic force can

be assumed to be delta-correlated.

So, we have seen that a classical equation of motion for a vibrational degree of freedom can
be found in the classical limit; the caveat being that the resultant equation must contain a
stochastic term. This is then manipulated into the form of a Langevin equation. The allure of
the described method is the rigorous application of the classical limit which leads naturally to
a classical equation of motion. Our method, described in section 2, instead applies an ad-hoc
approach in which an equation for the quantum force operator is mapped onto a classical

equation.

1.5 Outline

The purpose of this study is to further elucidate the effects of current-induced forces in
molecular junctions from a theoretical standpoint to gain a better understanding of stabil-

ity /instability, heating effects, and novel device applications.

We begin in Chapter 2 by deriving the framework of our model: the theory describing the
evolution of the non-equilibrium Green’s functions. From this scaffolding, we then in Chap-
ter 3 derive a Langevin description for an arbitrary classical coordinate. This involves the
assumption of a time-scale separation between slow classical and fast electronic degrees of
freedom, in which the Green’s functions are decomposed into adiabatic components and non-
adiabatic corrections. This additionally allows us to calculate the electric current through the
system in terms of an adiabatic component and a first-order non-adiabatic correction due to

the non-zero velocity of the classical coordinate.

In Chapter 4, we pay particular attention to the effects of nuclear motion on the leads interface.
We observe the emergence of negative viscosity coefficients at high voltages as a direct result
of this motion. Additionally, we quantify parameter regimes in which the potential for the
classical degree of freedom becomes bistable. Calculation of the Fano factor shows that the
noise becomes highly non-Poissonian in the bistable regime, producing Fano factors of over
400.

Chapter 5 sees the addition of a time-dependent sinusoidal driving to the leads energy levels
with the goal being to utilise the driving to actively cool the junction and prolong the device
stability. The effective temperature of the classical coordinate is calculated in analogy with the
fluctuation-dissipation theorem, where the viscosity and diffusion coefficients are calculated

self-consistently with the time-dependent driving. We observe that a slow AC driving can
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have the effect of cooling the vibrations in the system while maintaining the same average

current through the device.

Chapter 6 instead focuses on chemical reaction rates in molecular junctions, where the energy
required for a reaction to occur is provided by the current-induced forces due to tunnelling
electrons. A Fokker-Planck description allows us to derive expressions for the mean first-
passage time of a reaction coordinate, describing the average amount of time passed before the
reaction occurs. We find that the reaction rate is determined by the size of the energy barrier
as determined by electronic occupations within the system, along with the inhomogeneous

effective temperature over the reaction potential.

Finally, in Chapter 7 we utilise Ehrenfest dynamics via a novel algorithm as a means of bench-
marking our time-scale separation and in doing so, once again observe the emergence of neg-
ative viscosities. Furthermore, the approach allows us to observe and quantify the coloured
noise in the stochastic force, from which we can assess the validity of the white-noise approx-
imation. We find that the white-noise approximation is valid when there is a clear time-scale

separation within the system.

~

From this point forward we will be fluid with our use of operator notation, applying the
notation to denote an operator only when it is not contextually clear already. We also use
atomic units for all presented results and calculations which allows us to set it = e = m, =1,

where e is the charge of an electron and m, is the electron mass.



Chapter 2

Application of non-equilibrium

Green’s functions to quantum transport

In this chapter, we introduce the theoretical backbone required for our model. The content
presented in this section is well established in the literature. After discussing in detail the
tunnelling junction model, we introduce the formalism of non-equilibrium Green’s functions
for quantum transport in Section 2.3 as aided by Reference [168], the goal being to derive
explicit equations of motion for the Green’s functions. We then apply the formalism to the

tunnelling junction in Section 2.4.

2.1 The tunnelling junction model

We will now introduce and justify the tunnelling junction model. Let’s begin by considering a
completely general Hamiltonian for the system shown in Figure 1.2. The Hamiltonian can be
split into the contributions from nuclei and electrons as well as the inter-particle interactions
according to

H = H, + Hy + Hen + Hyn + Hee. (2.1)

Here, H, and Hy correspond to the kinetic energies of electrons and nuclei, respectively, while
H,n, Hyn and H, are two-body interaction terms between each particle. Let’s first focus on
the nuclear terms; we have [169]

A

p?
Hy = Z ZZ\Z/IZ-' Hnn = Zmr (2.2)
1

i

where P; and X; are the momentum and position operators for the i nuclei, while M; is the
mass and Z; is the atomic number. However, the modelling of a many-body open system is
generally insoluble when considering the above nuclear components exactly. We opt to treat

the nuclei as behaving according to some classical degree of freedom, demoting the P and X

25
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operators to variables. We can then encapsulate the behaviour of the nuclei according to a

chosen classical Hamiltonian: )

Ha = T gp + Ua0), 23)

where the sum over i is a sum over the classical degrees of freedom and X is the vector of
classical coordinates. Note that U will necessarily contain the contribution from Hyy as well
as contributions from H,y due to electron-nuclear attraction, and can be thought of as the

classical bonding potential for the nuclei.

The electronic component of the Hamiltonian is treated on a quantum-mechanical footing.
However, we choose to neglect the two-body electron-electron interactions in the system.
While it has been shown theoretically that the inclusion of electron-electron interactions can
have a large effect on the conductance profile of the system as well as allowing for interest-
ing phenomena such as negative differential resistance and Kondo effect [84, 170-172], we do
not include them in our model. We do, however, note that electron-electron interactions have
been shown to affect the friction tensor which is a major object of this study [149]. While the
exact two-body electron-electron interactions are not included, the electron-electron repulsion
is included implicitly into the model via the elements of the electronic Hamiltonian which are

input for a given system. The electronic Hamiltonian is given by

Hel = He + HeN + Hee/ (2-4)
—_————

HeN,ee

where we have grouped the electron-nuclear attraction and electron-electron repulsion into
H,N ee- In terms of creation and annihilation operators in the position basis, we then re-express
this as

H, = He+ Henpee = /dxa )+ /dxa )a(x), (2.5)

where p and £ are the operators for the electronic momentum and position, respectively, while
U(%) represents the coulomb potential experienced by an electron due to the surrounding

nuclei and electrons. Using p = —ih% and integrating by parts, we find

h? d
7;/de”+< —|—/dxa U(z)a(x). (2.6)

It is mathematically convenient for us to instead consider a discrete position basis such that for
an arbitrary integrand f(x), the integrals become summations over a grid of position points

according to

/dxf(x) = Al)lchO Ax ;fn, (2.7)
while the derivatives become

dx’" T Axs0 2Ax
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Figure 2.1: The system has been partitioned into a central region and left/right leads, where
we choose to focus on only the dynamics of the central region. Electron tunnelling between
the leads and central region is facilitated by non-local terms in (2.11). The leads are now
described by a continuum of electronic states as quantified in terms of an average electronic
temperature and chemical potential.

Our electronic Hamiltonian in the discrete basis is then given by

2
Hy = li fa—a —ay_1) +Ax Y atU(z 2.
o= Jim Yl =l ) taa) + 85 Dl () @9
n? t t t
=1 2 — h.c. A )a,. 2.1
dim (; a,ay ;(an_lanﬂ +hc )) + x;anll(x)an (2.10)

Thus, we observe that the kinetic energy component of the electronic Hamiltonian contributes
both local and non-local terms. Let’s then express the electronic Hamiltonian in terms of

separate local and non-local components in accordance with
H, = Zena;flan + Z (tija:raj + h.c.), (2.11)
n ij

where we have grouped any scaling constants into € and t. We can now begin to construct
the tunnelling junction. Our observations concern only the dynamics of the molecular bridge
which spans the length between the macroscopic leads. As such, we choose to partition the
system into three components; the left and right leads, and the central region (sometimes
referred to as the scattering region). This partition is demonstrated in Figure 2.1. In doing
so, our electronic Hamiltonian in (2.11) is separated into components describing the leads and

the central region, along with a term which describes the coupling between them:
Hy = Hy + Hp + HR + Humr + Hug- (2.12)
H) is the Hamiltonian for the molecular bridge as described by

Hy = Zhija:'raj/ (2.13)
ij
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which contains both local contributions from the diagonal components of /, along with non-
local components where £;; is the hopping amplitude of an electronic jump between states i
and j in the central region. The Hamiltonians for the left and right leads are given by H; and

Hp, respectively, and take the form
Hp+ Hg =Y _exag o, + Y €xrajgarr, (2.14)
k k

where the summation is taken over the leads states k. The leads act as a macroscopic reservoir
for electrons; macroscopic in the sense that the state of the central region has no tangible
effect on the leads. The electronic population of the leads can be described by a Fermi-
Dirac distribution, such that the state of the leads is characterised entirely by the macroscopic
temperature and chemical potential. Additionally, we will make frequent use of the wide-band
approximation when describing the leads. This implies that the conducting band of each lead
is taken to be infinitely wide. While a theoretical treatment which goes beyond the wide-
band limit is often necessary when trying to reproduce the results of a specific experimental

configuration [100, 173, 174], it is not necessary in our case.

Finally, the coupling between the central region and the leads arises via non-local components

in (2.11). These are given by

Hyp = Zti,kLaltLal’ + h.c., Hyr = Zti,kRazRai + h.c.. (2.15)
ik ik
The t coupling elements are generally taken as a parameter for the model, which is informed

by experiment.

Note that upon partitioning the system into central region and leads, we also neglect the
classical vibrational component of the Hamiltonian arising from the leads and consider only
the component which emerges due to the molecular bridge. In general, the contribution
due to nuclear vibrations within the leads is significantly overshadowed by the electronic
contribution and can be reasonably neglected [82]. Thus, our theoretical tunnelling junction

is shown diagrammatically in Figure 2.2.

2.2 Important time-scales

As we will see, the self-consistent modelling of vibrations within the system in tandem with
the quantum electronic environment requires the identification of a small parameter which can
be leveraged to find a perturbative solution. The desired small parameter naturally emerges
from our assumption of classical vibrations. In this case, the time-scale for nuclear motion is

large relative to the time-scale in which electrons tunnel through the junction, whereby the
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Figure 2.2: The theoretical description of the tunnelling junction. The central region contains
a number of electronic levels described by Hjys, which are coupled to the leads according to
Hpp, and Hyr. The central levels along with the couplings are allowed to be dependent on
the nuclear vibrations in the central region, described by ¥. The electronic populations of the
leads are described by Fermi-Dirac distributions and nuclear vibrations within the leads are
neglected.

electrons "observe" the nuclei as almost stationary. The traversal time for an electron can be

reasonably estimated by the following [11, 82]:

h
T= ——. 2.16
VAE? +T? (216
Here, AE is the injection energy of the electron while I' is the level broadening; I' will be
introduced rigorously in Section 3.1.3. The concept of a traversal time is generally limited
to coherent tunnelling regimes in which electrons tunnel quickly through the system; this is

valid for our model. Likewise, the time-scale for classical vibration can be encapsulated by

Ty = (2.17)

6/
where we use () to denote the vibrational frequency. Thus, we exploit the fact that T < 7y

and our condition for perturbative expansion becomes

0
T <1 (2.18)

where we have assumed that AE becomes negligible in the resonance regime. In any case,
the inclusion of AE will only serve to further justify our small parameter. Interestingly, the

quantum nature of the nuclei once again becomes important in the limit of very small Q). In
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Q/T' increasing

L

Figure 2.3: Categorisation of modelling regimes in terms of (3/I'. Green: Our operating
regime where () < I', such that nuclear vibrations are slow but quantum tunnelling of nuclei
is negligible. Red: Quantum tunnelling becomes non-negligible - the theory breaks down.
Yellow: ) > T such that our perturbative treatment is no longer valid - the theory breaks
down.

Q=T

this limit, quantum tunnelling of the nuclei starts to dominate over the classical diffusion due
to interaction with the electronic environment [118, 119]. However, this can safely be ignored
in our theory since we consider leads temperatures on the order of 300K such that () is still
sufficiently high to disregard tunnelling effects. The modelling regimes are summarised in

Figure 2.3.

2.3 Non-equilibrium Green’s functions

In this section, we will formally derive the underlying theory of non-equilibrium Green’s
functions, before applying it directly to the problem of our theoretical tunnelling junction.
The Green’s function is a mathematical object which contains the desired information about
any observables within our system. In order to be able to solve for the Green’s functions,
we must first express them as a solution to integro-differential equations; namely, the Dyson

equations and Kadanoff-Baym equations. Arriving at these equations is our first goal.

2.3.1 Motivation: Green’s functions in first quantization

The ultimate goal of a theory is to model the time evolution of the dynamical variables of
a system. In classical mechanics this amounts to the solution of Newton’s laws, while in

quantum mechanics we seek the solution to the Schrodinger equation.

Using the Schrodinger equation, we can define a time evolution operator which acts on a
quantum state according to
¥ (t)) = Ut to)[¥(to))- (2.19)

Through the use of the resolution of identity, we can instead define the time evolution of the
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wavefunction as
Y (x,t) = / dx' (x|U(t, )| x') ¥ (', to). (2.20)

~—
G(xt,x't)

Here, (x|U(t,to)|x") or (xt|x'ty) is known as the propagator or Green’s function. It contains
information on the probability for a state at position x’ at time fy to evolve to position x at
time t. Clearly, knowledge of the Green’s function in tandem with the initial conditions yields
all information about the system. Thus, the modelling of the system reduces to the calculation

of the Green’s function.

2.3.2 Green’s functions in a many-body open system

The problem is significantly complexified when the consideration is shifted to an open quan-
tum system, in which we trace out the environmental degrees of freedom. The Green’s func-
tions are now expressed in the language of second quantization where one must now consider
the hierarchy of many-body correlation functions of the creation and annihilation operators.
However, application of Wick’s theorem often simplifies the problem, requiring us to calcu-
late only the single-body correlation functions depending on the problem. In connection with
(2.20), the single-body correlation function expressed in the language of second quantization

1S
Te | p(to) i (x, YT (¥, 1), (2.21)

where we have introduced the creation and annihilation operators in the position basis as '
and ¢, respectively, and the system is prepared in an ensemble described by density matrix
p(to) at time t = ty. Thus, our consideration for a many-body system is shifted to the calcu-
lation of these correlation functions. Let’s consider what this calculation entails explicitly by

introducing the time evolution operators:
Tr | p(to)U(to, ) (x)U(E, bo) U (to, ) (x')U(E o), (2.22)

Thus, the calculation involves both an evolution forwards and backwards in time from fj, as
visualised in Figure 2.4. The mathematical treatment with the full interacting density matrix
at tg is generally difficult. The problem is simplified by implementing assumptions. We will

exemplify this with the following Hamiltonian:
h=hy+Hh +V(t). (2.23)

We use hg to denote the Hamiltonian for a non-interacting system such as the central region
in our molecular junction, while /' contains the coupling of that system to some environment

(such as our macroscopic leads). For generality, we also include some external time-dependent
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Figure 2.4: A visualisation of the time evolution involved in the calculation of (2.21).

potential which is switched on at time ty - the inclusion of this is relevant to our study of
AC driving in Section 5. We do not include any two-body interaction terms in any of the
derivations presented. We assume that in the infinite past the system is in a state of thermal

equilibrium according to a Gibbs distribution such that the density matrix takes the form

e~Pho

00 = —F (2.24)

We then assume that the full density matrix at time to can be generated by evolving the initial
non-interacting density matrix pg in time after turning on the interaction with the macroscopic

environment. Thus, the density matrix p(fy) is found according to

o= t’l—igloo U((to, ") ooU (', to), (2.25)
— B+ _gh
& — hm e_i(hO"'h/)(tO_t/)ﬂe_i(ho-‘rh/)(tl—to). (226)
Tre—Blhoth) — p 5 e Tre—Pho

The assumption of (2.26) greatly simplifies the mathematical treatment, allowing the correla-

tion function in (2.21) to be expressed according to

= T |o(to) (x, " (', )] (2.27)
= Tr U (10, ~00)po(~e0)U(~o0, t)p(x, )9 (', 1) 2.28)
= Tr oo (—00) U (00, to)p(x, ) (', ) U(to, o) . (2.29)

Thus, we see that only pg needs to be considered, at the cost of the evolving the system to —co.
We are additionally free to insert I = U (tax, 00)U (00, tyay) anywhere into the equation where
tmax = max{t,t'} and I is the identity operator, such that the evolution is from —oco — co —

—oo. This is the so-called Keldysh contour which forms the basis for all of our calculations
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Figure 2.5: The four possibilities for defining the Green’s function along the Keldysh contour.

using non-equilibrium Green’s functions. Naturally, our choice of where to insert I dictates
which segment (forwards or backwards) the times t and t' lie on. For arbitrary ¢ and ¢/,
there are four possibilities as represented in Figure 2.5. These possibilities are quantified

mathematically according to

Gir (21t Xaby) = —i <T (aH(x1t1>aL(x2t2)) > , (2.30)
G__(x1t1, xaty) = —i <T (aH(xltl)aL(xztz)) > , (2.31)
G (x1t1, xaty) = —i <aH(x1t1)aL(x2tz)>, (2.32)
Gy (21t Xaby) = i <aL(x2t2)aH(x1t1)> , (2.33)

where T is the time ordering operator and T is the anti-time ordering operator. We use (...) to
denote an average over the non-interacting density matrix pg. The indices on Gy, inform us
as to whether the corresponding times lie on the top (4) or bottom (—) parts of the contour.
In general, the calculation of dynamical properties of a system involves the calculation of the
G- component due to its correspondence with the number operator in second quantization;
this is shown in the top-right of Figure 2.5. As we shall see, G, _ is inevitably coupled with the
other real-time representations. Each real-time representation can together be encapsulated

according to
G(x111,x0m0) = —i <Tc (aH(xlTl)aL(x2T2)>>/ (2.34)

where we have introduced the contour time T and the contour time ordering operator T,
which orders operators according to their point of occurence along the contour. This is the

formal definition of the non-equilibrium Green’s function. The mapping between the contour
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time representation and real-time is defined explicitly according to

(2.35)

Glx1m, 12T2) = Gy (xit1, xot2) Gy (x1t, x2t2)
1t1, — ’
G (x1t1, x2t2)  G__(x1ty, x2t2)

where the right-hand side is expressed in the Keldysh-Schwinger space. Thus far, it appears
as though our treatment has only served to further complicate the problem! However, we will
soon see that from this foundation we are able to derive integro-differential equations for the
components of G. This then enables the possibility of a perturbative solution via an identified

small parameter in the system or in some cases, a numerically exact solution is possible.

2.3.3 Evolving the system along the contour
2.3.3.1 The interaction picture

Consider a system described by the Hamiltonian:
H(t) =h+ H'(t). (2.36)

Here we have split the full Hamiltonian H into a time independent non-interacting compo-
nent & and a time dependent interacting component H'(t). We will take the general time
evolution operator for a time-dependent Hamiltonian and partition it into interacting and

non-interacting components as follows:

U(ttg) =T {eift; dt/H(”}
7 {e—ift; dt’(h—i—H’(t’))}
= ¢ Mt=h)g (¢, 1), (2.37)
where S(t, 1)) is yet to be determined. The form of S(¢, tp) can be found via the consideration

of the full time evolution operator as a solution to the Schrodinger equation and utilising
(2.37),

i%U(t, to) = H(HU(L ko) (2.38)
i;t (e’ih(t’tO)S(t, to)) = (h+ H'(t)) e M=) S(t, ty). (2.39)

Some menial rearrangement leads to

z';tS(t, to) = Hy(+)S(t, to), (2.40)
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where we have let H) (t) = et ='0) Ff’(t)e~"(!=*) (the subscript i denotes a time evolution due
to the non-interacting Hamiltonian). This equation has an equivalent form to the Schrodinger

equation for a time-dependent Hamiltonian, and thus S(t,tp) can be found to be
st gy (at
S(tte) =T {elffo A H )} . (2.41)
As a result, the full time evolution operator can be expressed as

U(t tg) = e~ Mt=t)T {e_iffo dt,HL(t/)} : (2.42)

2.3.3.2 Time evolution along the contour

Now let’s consider an operator A in the Heisenberg representation acting at some arbitrary

time t and relate this back to our contour. The full time-evolved operator is given by

An(t) = U'(t,tg) AU(t, to)
— S+(t, to)efih(tftg)Aefih(tftg)s(t, tO)
= S™(t,t0) An()S(t, to). (2.43)

We will now prove the following theorem:

Theorem

An(t) =T, [ A0 4, (1) (2.44)

where T, is the contour time ordering operator along the contour ¢, which we define to range

from —oo to t, and back again.

Proof

We begin with the right hand side of (2.44) and solve this to find Ay (t). First, we partition the
contour into two separate sections; the forwards section c_, from —co — t and the backwards
section ¢ from t — —oo such that

C=0Cy+Cp. (2.45)
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Figure 2.6: The Keldysh contour along the time axis.

Now we can utilise the commutativity of terms under the time ordering to find

An(t) =T, [e—i fchHW)Ah(t)} (2.46)
—T [e*ifu dtHj (t)—i [, dTH;(r)Ah(tﬂ (2.47)
—T. [e—ifw dTH;’l(T)Ah(t)e—ifH drH,;(r)] (2.48)
— T, [e—ifcH dTH;l(T)] Ap(DT [e—ifc% dTH{l(T)] (2.49)
= S*(t,t0) AL(t)S(t, to), (2.50)

where T_, denotes a contour ordering along the forwards part of the contour, and vice versa.
We have arrived at (2.43) and thus the theorem is proved. Additionally, it is clear that we can
safely extend the contour up to +oco since the components of the integrals when 7 > ¢ will

cancel out. In this case, the contour ¢ then becomes the Keldysh contour.

2.3.3.3 Interaction picture for the Green’s functions

Using (2.44), we can re-express our creation/annihilation operators in the Heisenberg picture
as
apg(xit) = T, {e_if”dTH’g(T)ah(xltl)] , (2.51)

ayy(xat2) = T {e_i‘fchHL(T)ﬂZ(xztz)] : (2.52)
It is then trivial to show that
T (an()ah(2)) = T [ L4 Oa, (1)af 2)| = T, [cem (1)} (2)], (2.53)

where
[, = ¢—i hatH() (2.54)

(. is called the scattering matrix on the Keldysh contour as it is the evolution which accounts

for any interactions within the system.
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2.3.4 Perturbative expansion of the Green’s functions

We can now begin our quest to derive workable equations of motion for the Green’s functions.

Let’s consider the generic Hamiltonian in the position basis,
H(t) =h+H'(t), (2.55)
where
H' (1) = / dxV(x, )at (x)a(x). (2.56)

We have partitioned the Hamiltonian in such a way that V will later contain information about
the leads-system coupling as well as any time-dependent external potentials. However, at this
point we need not assign any explicit physical meaning to V. For brevity, we can choose
to represent the indices (x17,x27,...) as (1,2,...). Consider the definition for the Green’s

function while utilizing (2.53);

G(1,1') = —i <TC (gcah(1)a;(1’)>> = i <Tc (e—ifcdTHL<T>ah(1)a;(1’))>. (2.57)

We take the Mclaurin series expansion of the exponential and truncate after the 1st order to
find
~ Go(1,1') + (—i)? <TC (/drH;(r)uh(l)a;(l’)> > : (2.58)
Cc

Here we have defined Gy to be the free-field Green’s function, given by
Go(1,1') = —i<TC (ah(l)a;(l’))>. (2.59)

It depends only on the non-interacting component of the Hamiltonian and does not take into
account the external field. The free-field Green’s function forms the basis for our perturbation.
Using (2.56), we obtain the following expression for G(1,1’). Note that | A2 = i)  Ax2dT;

= Go(1,1') + (—i)z/chV(Z) <TC (aZ(Z)ah(2)ah(1)aZ(1’))> . (2.60)

By applying Wick’s theorem to decompose the string of operators and retaining only the

non-zero terms, we arrive at the following

=G 1,1’——'2/d2V2 T. (a}(2)a,(1 T. (an(2)af (1’ 2.61
0(1,1) = (=)” [@2v(2) (T (a}@m(1)) ) (Te (1)) (6D)
= Go(1,1") +/d2G0(1,2)V(2)G0(2,1’). (2.62)

Cc
Thus, we see that we have been able to decompose the first order component of the Green’s

function in terms of the free-field Green’s functions. An equivalent process can be applied

to the second order term in the expansion, such that the full Green’s function up to the 2nd
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order approximation can be given by,

.G(1,1) =Go(1,1) + /dZGo(l,Z)V(Z)GO(Z,l’) + /d2d3G0(1,2)V(2)G0(2,3)V(3)G0(3,1').
‘ ‘ 2.63)
It is clear that there is a pattern emerging and we can in fact write the entire exact Green’s

function as
G =Go+ GoVGy+ GoVGoV Gy + GoVGoVGyV Gy + ... (2.64)

Here we have omitted the [ d2d3 and any indices for brevity. By realising that this expression
for G contains itself, we observe that

G = Gy + GoVG = Gy + GVGo. (2.65)

Here, we have an integral equation for G in terms of the free-field Green’s functions. We now

aim to transform this to a differential equation.

2.3.5 Time derivative on the Keldysh contour

Consider an arbitrary function of T on the Keldysh contour, f(7). The derivative can be

defined in the standard way:

() _ gy SO = FO) (2.66)

dt 5T T -7

If T is on the upper branch, then T = t and we can say that T/ =t +¢,

Af(0) _ o fl+e) —f(t) _ df (2.67)

dt e—0 € Cdt’

If T is on the lower branch, then T = t and we say that T/ =t — ¢,

odrt €0 —€ €0 € dt’ ’
Cdf(t) _df
2 (2.69)

Therefore, it is the clear that the contour time derivative is irrespective of which segment of

the contour it is taken on. Consider a contour ordered pair of operators

TC (A(T1)B(T2)) = QC(Tl — T2)A(T1)B(T2) + QC(TZ — T1)B(T2)A(T1), (270)
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where 6, is the Heaviside step function along the contour and the =+ refers to bosonic and

fermionic operators, respectively. Let’s express 6. in terms of our Keldysh-Schwinger space;

0t —t 0

9c(T1—T2)=< (11 2) ot t))’ (2.71)
2—h
de(n-n) _(ot-r) 0 —b.(t1 — ), (2.72)
dh 0 —6(t1 — 1)
and similarly,
a6 (o —

0oy, -

Now we utilize (2.73) to solve,

(T (A)B())) = - [8e(m — ) A(r)B(22) £ 6(12 — 1) B(m) A7)
1 T
= b.(t1 — 1) [A(11), B(m)] + T (d‘;‘l(? B(@) . (2.74)
Likewise,
2 (T(Am)B(w)) = —b(n — 1) [A(n), B()], + T, A(m) 272 275
it c 1 2 = c\t1 — 2 [ T1), b(T ]¥ c T i , (2.75)

where we have the commutator [A, Bl = AB F BA. Using these identities, we can now begin

to construct differential equations for the Green’s functions.

2.3.6 Equation of motion for the non-equilibrium Green’s function

Continuing with our full many-body Hamiltonian in second quantization:
H= / dxat (x) (h(x) + V(x, ))a(x). (2.76)

Here we use x = {r,0, ...} to denote the appropriate quantum numbers for the system we are
dealing with. Begin by taking the contour time derivative of our definition for the Green’s

function,
A 6,1 = di (—i <TC(aH(1)aL(1’))>) . 2.77)

dTl T
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Using (2.74),

i0,1) =l =) [, a0)] )+ (7 (P a0 )

dn dn
= 0c(t1 — 12)8(x1 — x17) + <Tc <da;(ll>ﬂ}ri(1,))>
=5(1-1)+ <TC (d“;?)a;l(ﬂ)) > . (2.78)

Here we have utilized the second quantization commutator relation [a(x1),a(xy/)] +=0(x —
x1/). Now we compute d”dHiTEl) = d”dHitgl) through the use of the Heisenberg Equation of Motion

which is defined as: p
aaH(x,t) = —i[ap(x,t), Hu(t)]. (2.79)

Substituting in (2.76) and utilizing the commutation relation: [A, BC] = [A, B]C + B[A, C], we
find

L an(e 1) = i [ i [antx,0),alyxa,0)]_(hGx) + VG O)antrip), @80
= —i(h(x)+V(x,t))ag(x,t). (2.81)
Once again in terms of contour time, we have
d‘;uHu) = —i(h(1) + V(1))az(1). (2.82)
Substitute (2.82) back into (2.78) to find
; <z’d —h(1) — V(1)> G(1,1) =6.(1—1"). (2.83)
dTl

This is the Keldysh-Kadanoff-Baym (KKB) equation. Thus, we have derived a differential
equation for G along our abstract contour construction. We must now consider the real-time

formulation of this equation.

2.3.7 From Keldysh contour to real time

We recall that the real-time representations of the Green’s function are given by

(2.84)

G(l 1/) == G(X1T1 xiTll) — ( G++(x1t1’xitll) G+—(X1t1,xit’l) )

G,+(x1t1, xitll) G,,(xltl,xgt’l)
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Thus, if we consider (2.65) as a matrix equation, a specific real-time matrix element of G is

then found according to

Gop = Goap + | _d2GomVGip+ [ d2GonaVGap. (2.85)

Note that our notation is now in terms of real time (i.e. d2 = dx,dt;). Now, putting the
equation back into matrix form (here we use a hat to represent a matrix in the Schwinger-

Keldysh space);
o (Vo0 A
G = Go+ / 026G, ( . > ¢, (2.86)
— Co+ / 2GoVirC. (2.87)

Here we have found it useful to utilise the ¢3 Pauli matrix. To simplify the equation further,
we choose to eliminate one component of our Green’s function matrices. We begin by proving
the following relation;

Gt +G6G._ =G4 +G_4. (2.88)

Beginning with the left hand side:

Git(1,2)+G__(1,2) = —i <T(a(1)a*(2))> —i <T<a(1)a*(2))> (2.89)
= —i0(t — 1) <a(1)a+(z)> +i0(t — 1) <a+(z)a(1)> (2.90)

+if(t — 1) <a+(z)a(1)> —i(ty — 1) <a(1)a+(z)> (2.91)

= —i{a()a*(2)) +i(a*(2)a(1)), (2.92)

Gy (1,2)+G-(1,2) =G (1,2) + G, (1,2), (2.93)

2 Go_(1,2) =G_4(1,2) + G4_(1,2) — G, (1,2). (2.94)

We now perform a rotation of the Green’s function matrix in the Schwinger-Keldysh space

using the rotation matrix L, which will allow us to begin to cancel terms using (2.94),
R 1 1 —1 . 1 1 1
L=— , If=— . (2.95)
V2 ( 11 ) V2 ( -1 1 )

for eie 10 .
Lit=1%L = < ) =1 (2.96)

Note that
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Applying this transformation to (2.87) (we neglect the integral notation for brevity) and uti-
lizing (2.96), we obtain
LGLY = LGoLY + LGoL Loz VLTLGLY. (2.97)

First we focus on the left hand side, whose results will also apply to the terms on the right
hand side.

o 1 -1 Gi. G._ 1 1
pept =L o (2.98)
2\1 1 G_, G__ 11

1[G +G6 =61 =Gy Gy =G +G -Gy (2.99)
2\ G4 -G —G4— 4G4~ Gy +G__+G_+G_y ) .
Now, utilizing (2.94);
_1 0 Gt =Gy =G4+ G644+ 64— — G4
2\ G4y -G —G 1 +Gyy -G 4G G +Gy +G -Gy +G, +G
- G- 0 G4
— 0 A . (2.100)
Giy — G Gy +G_y GR GK

Here we have introduced the advanced, the retarded, and the Keldysh Green’s functions.
The same derivation can be applied to the terms on the right hand side. In doing so, the

Kadanoff-Baym equation becomes

0 G4 0 G¢ 0 G 01 0 G4
= O 1+ 0 1% . (2.101)
GR GK G{f Gé< G(Z} G(If 10 GR GK
Here we have used the relation

. 0 1
Loslt = ( ) (2.102)

0 GA 0 G G4 0 0 GA
A R I U I R 72 R (2.103)
GR G G} Gl GK Gf GR G

We compute the components on the right hand side to find

o G*Y [0 Gf N 0 G{vGA (2.104
GR GK G} GK GRVGR GKkvGA+GRvGK | '

Thus, this matrix equation yields the three Kadanoff-Baym equations for the advanced, re-
tarded and Keldysh Green’s functions. Explicitly including all integrals and functional de-

pendence, these are given by

GA/R(xt,x’t/):G()‘VR(xt,x/t’)—l—/ dxydty G§/ R (xt, x141) V (x141) GA/R (211, ¥'t),  (2.105)
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GR(xt, x't") = G&(xt, x't")

+ / dxldth(I)((xt, xltl)V(xltl)GA(xltl, X/i'/) + G(I,{(xt, xltl)V(xltl)GK(xltl,x’t'). (2106)

Here we have expressed the advanced/retarded equations collectively, as we will often find it
convenient to do. It is often desirable to express equations in terms of G* rather than GX due

to its relevance to physical observables. In doing so, we utilise the following relations:

GK=G,_+G_. =G"+G~, (2.107)

GA—GR=G,_—G_, =G~ -G". (2.108)
It is then straight forward to show that
1
G< = E(GK + G4 - GR), (2.109)
and some tedious manipulation yields
G=(xt,x't") = Gy (xt, x't)
+ / dxldth(f (Xt, Xltl)V(Xltl)GA (xltl,x/t’) + G(I;(Xt, xltl)V(xltl)G<(x1t1,x’t’). (2.110)

Note that due to the symmetry in (2.65), we are able to make the term on the right the free-
field Green’s function and the term on the left the full Green’s function in our Dyson equations

without repercussion.

2.3.8 Kadanoff-Baym equations in real time

An equivalent process can be applied to take the KKB equation from contour time to real time.

Begin by writing (2.83) in the Schwinger-Keldysh space by utilising (2.72),

<id‘; —h(1) — V(1)> G(1,1") = 636(1 —1"). (2.111)

As in the previous section, we perform a rotation in the Schwinger-Keldysh space by appling

L and L' from the left and right, respectively. This results in

. d 0 GA 0 1 ,
<ldt1_h_v><GR GK>:<1 0)5(1—1), (2.112)
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Again, we make the transition from GKX to G<, such that our real-time KKB equations take the

form
<zd”: —h(1) - V(l)) GA/R(1,1) = 6(1—1'), (2.113)
1
<id —h(1) - V(1)> G<(1,1) = 0. (2.114)
dt

2.4 Application of Green’s functions to the tunnelling junction

In this section, we forge the connection between the integro-differential equations which de-
scribe the Green’s functions and our tunnelling junction model. We will now reformulate our

Dyson and Kadanoff-Baym equations in terms of our chosen Hamiltonian.

2.4.1 Dyson equations in a discrete basis

Given our choice to express our tunnelling junction Hamiltonian in Section 2.1 in terms of
a discrete position basis, we must now transform our Dyson equations from the continuous
basis in (2.105) and (2.110) to a discrete basis. We start by introducing an arbitrary discrete
basis A such that

= ; IA) (A] x) . (2.115)

Now we can define the creation and annihilation operators of our old continuous basis in

terms of a projection onto the new discrete basis,

¥'(x) =) (Al x)af = ) _¢(x)a], (2.116)
A A
Y(x) = ;(x| Aay = ;qb*(x)aA. (2.117)
Thus, the free-field Green’s function can be expressed in the discrete basis as
Go(x111, x210) = —i <TC {‘I’h(xlrl)‘I’;rl(xzrz)}> (2.118)
=—i <Tc {;<Pi(x1)<l’)u(Xz)ﬂh()\Tl)ﬂZ(NTz)}> (2119)
=Y @3 (x1) ¢ (x2)Gopn (11, T2). (2.120)

AN
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Similarly, the full Green’s function is given by

Gurm, 1om) = —i (T {e Het™ 0%, (1) ¥ (10m) } ) (2.121)
=Y ¢i(x1)pn (x2)Gan (11, ), (2.122)
AA

where the interaction Hamiltonian in the discrete basis becomes

= / dxat (D) () V (x, 7)o (x)an (T) (2.123)
AN T

=Y al(t)(MV(%,7)|A )an (1) (2.124)
AN

= Zﬂ)\ V/\/\/ ﬂ/\/(T). (2125)
AA

Any real-time element of the Green’s function matrix in the Keldysh-Schwinger space can be

expressed in the discrete basis as

Gij(x1t1, Xat2) = Y @3 (x1) P (x2) Gijan (t1, £2).- (2.126)
AN
Now, given that GA/R/< are each just linear combinations of the above matrix elements, this

basis change relation will also to apply to GA/R/< such that

GAR<(xaty, xata) = Y- @5 (k1) (x2) GL{N < (1, 1), (2.127)

AN
and this same process also applies for the free-field Green’s functions. Now, we consider the
advanced/retarded Dyson equation as given by (2.105) and utilise (2.127) and (2.125) to solve

for

Y 03 () (22) GEAR (B, t2) = Y @ (31 ) (32) G4 (11, 2)

AN AN

+ / 'Y Y @i (x)pa, (x2) GEAA (t1, ) Var, (F)GRAR(H, 1) (2.128)
AN A1Ap

By acting [ dxi¢),(x1) on each side of the equation, we can pull out the identity operator
J dxq|x1)(x1|. Then using (A;|A') = 6,1/, we can simplify to

Z%(xz)GfiﬁR(fllfz) Z% x2) équi(tl,tz)
R

+/ dt' Y pa(x2) GRS (t, ) Vi, (F)GLAR (H, 1), (2129)
AA A,
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Act | dx2<p;ij (x2) and repeat the above step to find

G;ﬁf(tl, ta) = G{?;{ﬁ (t1,t2) + / 'y Géﬁ (1, 8) Vi, (¢ /)Gfl/)\l;(f', ta). (2.130)
AiA
We have obtained the advanced/retarded Kadanoff-Baym equations in terms of our arbitrary

discrete basis. The exact same process can be applied to the lesser Dyson equation to find

- AAg

+ Giana (1,1 Vagn, ()G (F, tz)} . (2.131)

2.4.2 Free-field Green’s functions in the leads

Here we will derive useful expressions for the free-field Green’s functions in the leads, denoted
Gé‘\k/kl,g/ < where k and k' are each states in the same lead since we neglect any interactions
between separate leads. The free-field Green’s function then evolves according to the leads
Hamiltonian
=Y ew(Hapap, (2.132)
o

where we have assumed a time-dependence on the electronic states in the leads for generality.
This time-dependence will become important for us in Section 5 when we consider an AC

driving on the leads. We prove three lemmas on the road to our final expressions.

Lemma 1:
. rt
Ut (¢, to)apU(t b)) = e o @il (2.133)
Proof:
[ax, H Zek (t)[ax, al ap] (2.134)
_ Zek' ( a, allap + aba, uk/]) (2.135)
= Zeklékk/ t aj! (2136)
k/

= ek(t)ak, (2137)
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L agH(t) = ex(Hag + H(ag, = (ex(t) + H(t))ay. (2.138)
Now consider the following,
a U (E o) = age” o A (2.139)
— 4 Z (=) ( / dhH(h ) ( t: dtzH(t2)> (2.140)
_ i (‘”" ( i dtl(ek(t2)+H(t1))> <

n!

tdtz(ek(tz) + H(tz))) Ay (2141)

n=0 to
e*iﬁg dtl(ek(t1)+H(t1))ak’ (2142)
where we have used (2.138).
.ot .ot
Ut fo)agUl(t to) = e o B () =iy da(enlt2) +H () (2.143)
— ot thedt) (2.144)
Lemma 2:
G (t 1)) = i0(t — t)({ax(t), ali(t)}), (2.145)

where 0(t —t') is the Heaviside step function and the creation/annihilation operators are in

the Heisenberg picture. {, } denotes the anti-commutator.

Proof:

Gow (1)) = Grujw () — o (1, 1) (2.146)
= —i(T(ar(t)al, (t)) + iap (¢ )ag(t)) (2.147)
= —if(t — ') (ax(D)ap (1)) +i6(t' — £)(ap (¢ )ar(t))
+i(0(t —t') +0(t' —t))(ap(t)al, (t')) (2.148)
= i0(t — ) ({a(t)al (¢')}). (2.149)

A similar approach can be applied to the retarded and the lesser which yields

Goww (£, 1) = —i(t — ') ({ar(t), af, (') }), (2.150)
Gow (1) = ilap (), a (1)) (2.151)
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Lemma 3:
{ag(t), af ()} = eI inertgy, (2.152)
Proof:
{ax(t), al ()} = ar(t)afi (¢') + ap (F)ar (1) (2.153)
= U (t, to)axU(t, to)UT (', to)a, U(t, to)
+ U (¢, to)al U, to) U (t, to)arU(t, to) (2.154)
¢ hy et iy dtaes (12 {ap,at} (2.155)
= emilralt) gy, (2.156)

where we have utilized (2.133) as well as {ay, af,} = Sy
Final Result

As a result, we can substitute (2.156) into (2.149), (2.150) and (2.151) to find the following

expressions for our adiabatic Green’s functions:

Gl (8, £) = i0( — t)e raneltg,, (2.157)
Gé{,kk’(tr t/) = —if(t— t’)eiifft’ dtlek(tl)(gkk,, (2.158)
Gow (1) = ie I he(ts) fi b (2.159)

Here we have introduced the occupation number fi for state k in the leads, defined as

fr = (alay). (2.160)

The electronic occupations in the leads will be modelled according to a Fermi-Dirac distribu-

tion.
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2.4.3 Dyson equations in the central region

Now we shrink our system space down such that it encompasses only the molecular bridge
in the central region, while the leads act as the external environment. We then define V to
account for the non-local interaction between the central region and leads states. Thus, V

corresponds to the coupling elements of Hy; and Hyr as in (2.15).

2.4.3.1 Advanced/Retarded Dyson equations for the central region

We use (2.130) and take A; and A; to be the arbitrary states c and ¢’ in the central region:

A/R A/R A/R A/R

GA/R(t,t) = GolR (t t) + / dt'" Y GEIR (b1, ) g, () GLIR(E, t2). (2.161)
M,

In order to obtain a solution beyond the free-field solution, we require that A, is also a state

in the central region. This is clear if we recall (2.59), which does not contain any interaction

between the central region and the leads. Then we find that A1 must be a state in the leads for

the t),,, element to be non-zero. Thus, we obtain

cc!

GA/R(t1, 1) = GI/R (1, 1) + / 'y GoR (t, )t () GELR(E 1), (2.162)

kacy

where c; denotes a central region state and as usual, ka denotes a state k in the « lead. Consider

the Gf;é,R term on the right hand side; we can apply the Dyson equation on this term to find

Gl (1, 12) = Gl (' 12) + / dty Y GoLR (F,t3)tan, (83)GHR (13, 12) (2.163)
MAa
- / dts Y GO (F 1) tonc, (£3) GLLR (3, 1) (2.164)
Czk/
dt GA/R
= 32 ke () 13) ey (t3) G (3, 1), (2.165)

where we have utilised the fact that th)qk/ai/ x ~ Okaka in accordance with (2.157) and (2.158).
Let’s substitute this back into (2.162) to find

o0
GA/R(ty, 1) = Géc/clf(ﬁ,tz) +/ dt'dt” Y GER (bt ) bea(t )cg,{;;auf, ) bae, (F ”)Gj‘c/,R(t” t),
—00

kocicop
(2.166)
= G/ X (t,t2) +/ at'dr’ Y~ G R (h, ) SAIR(, ¢ GAR (1 1), (2.167)

0 ccl c1C2 Yo
c1c2



50 Application of non-equilibrium Green’s functions to quantum transport

where we have introduced the self-energy for the leads as defined by

AR, ) Z terka (F) G ('t Vkac, (). (2.168)
It is instead convenient for us to represent (2.167) as the matrix equation in the central region:

GAR(ty,t2) = G§/R(ty, 1) +/ dt'dt" Ga/ R (t, AR, N GAR(E, 1), (2.169)

where the lack of indices make it clear that each term is now a matrix in the space of central
region states. Thus, we have obtained the Dyson equation for the central region in which any

interaction with the surrounding environment is encapsulated through the self-energy term.

2.4.3.2 Lesser Dyson equation for the central region

An entirely equivalent derivation can be performed for the lesser Green’s function case,

whereby we obtain

G (ti, ta) = Gyoo(ti 1) +/ dr'at” y [GOCC] t ) ES,, (), t")Gczc/(t”,tz)
C1C2
Gl (b1, ) Z i, (1) G (¥, 12) + Gl (01, #)ZE L, (F, 1) G (', 1) (2170)
The lesser self-energy is similarly defined according to

oo, ) Ztclk“ Gk (ot ) brac, (£7). (2.171)

When expressed as a matrix equation in the central region, it becomes

G=(t,t2) = Gy (t1, t2) +/ dt'at” [Go<(f1,f')2<(f'/ tGA(, 1)

+ GR(t, 2 (H, ") GA(Y', t2) + G (11, t)ZR (¥, ") G= (", tQ)} . (2172)

2.4.4 Kadanoff-Baym equations for the central region

Using the results of the previous section, we can now derive the Keldysh-Kadanoff-Baym
equations for the central region. These will be the final equations we need to perturbatively
solve for the Green’s functions. To begin, we take (2.113) and (2.114) and consider the free-field

case. Thus, V = 0 and G = Gy and our equations become

. d
<ldt1 - h(xl/ tl)) Géq/R(xltl,Xth) = 5(X1 — XZ)(S(tl — tz), (2173)
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(idl;tl - h(xl, t1)> G0<(x1t1,x2t2) =0. (2.174)
1

We can now make the transformation from the continuous position basis to a discrete basis

via an equivalent process as performed in Section 2.4.1. This yields

9
L <lat1l"iA - hM(tl)) Gon (t1,12) = 53,00 (t — 1), (2.175)
A

. d
E (ZE)lLI/\iA — h/\i)\(tl)> Gé)\)\,(tl, tz) = 0. (2176)
p) 1 !

Once again, we shrink our system down to consider only the central region. As such, A; and
Aj become states in the central region. In order to find non-trivial solutions, the free-field
Green’s function forces A to also be a central region state. Now we can express (2.175) and

(2.176) as matrix equations in the space of central region states according to

(i(.;zl - h(fl)) Go/R(t, ta) = 16(t — 1), (2.177)
1
.0
<ZI — h(t1)> G0<(t1,t2) =0. (2178)
oh

To find the Kadanoff-Baym equations in the central region, we now have to apply the (i %I -
h(t1)) operator to both (2.169) and (2.172) while making use of (2.177) and (2.178). This results

in our final equations:

("aif - h<t1>) YRt ) = 1o(h 1)+ | _adfEAR(, )G (W), 2179)
1 —0Q

<ial - h(t1)> G<(t1, ) = /oo ar [Z<(t1,t’)GA(t’, t) + 2R (t, ) G=(¥, tz)}. (2.180)
ot oo
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Chapter 3

Non-adiabatic corrections to

observables

The scaffolding established in the previous chapter now allows us derive the theory which
forms the basis for our own novel research. This chapter covers the theory common to all fol-
lowing chapters and subsequent published results. Any expansions on the theory required by
a specific chapter will then be derived as needed later on. We begin by solving for explicit adi-
abatic expressions for the Green’s functions along with dynamical corrections which account
for the motion of nuclei in Section 3.1. We liberally refer to these corrections as non-adiabatic.
This then allows us to calculate non-adiabatic expansions to the Meir-Wingreen formula for
the electric current through the tunnelling junction in Section 3.2. Finally, Section 3.3 sees us
cast the nuclear motion in terms of a Langevin equation, in which the Langevin coefficients

are calculated self-consistently using the perturbatively solved-for Green’s functions.

3.1 Solution of the Green’s functions in the Wigner space

3.1.1 The Wigner transform

Unfortunately, (2.179) and (2.180) are generally insoluble beyond intensive numerical schemes.
Useful analytical solutions to the Green’s functions are found only via perturbative approxi-
mations. In our case, a perturbative solution is enabled by the introduction of Wigner coordi-

nates in the time domain:
b+t
2

T , T=t—t. (3.1)

The relative time 7 is associated with the microscopic properties of the system on short time-
scales, whereas the central time T describes the macroscopic features of the system. As we
will soon see, these Wigner coordinates are conducive to a perturbative approximation as

the separation of time-scales between the fast quantum electrons and slow classical nuclear

53
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coordinate is easily observed and abused. In terms of the Wigner coordinates, an arbitrary
Green’s function becomes
G(t,t')=G(T+t/2,T—1/2). (3.2)

We now introduce the Wigner transform. In a similar vein to the Fourier transform, the
Wigner transform is a transformation from the relative time domain to the frequency domain.

It is defined according to

G(T, w) = / dte TGt 1), G(tE) = / i“t’eimé(T,w), (3.3)
where we use G to denote a Green’s function in the Wigner space. We will also make frequent

use of the following Wigner convolution identity:
/ drelt / At A(t 8)B(h, ') = 3 @300 A(w, T)B(w, T). (3.4)

Here we have used 94 to denote a derivative of the A term with respect to T, while 9% denotes
a derivative of the B term with respect to w, and so on. We will frequently make use of this

notation from this point forwards.

3.1.2 Free-field Green’s functions in the Wigner space
3.1.2.1 Advanced/Retarded Green'’s function

Our task is now to start calculating the Green’s functions in the Wigner space. The first step is
to derive expressions for the self-energies in the Wigner space, which depend on the free-field
Green’s functions. We will disregard the time dependence of the leads energy levels in this
section. The derivation for the time dependent case is more involved and will be treated in
Section 5. We will first consider the advanced case. To begin, we take the Wigner transform

of an element of G§' by utilizing the expression derived in (2.157):

Gl (w, T) = / TGl (T, 7), (3.5)

= / dre =gt — t)e =) 5. (3.6)

We note that the free-field Green’s functions are dependent only on T and as such, the Wigner

transform becomes a Fourier transform. Noting that this expression is zero when 7 is positive,



§3.1  Solution of the Green’s functions in the Wigner space 55

we can redefine our integral limits to be
0 , _ ,
= / dTEZw(tit,)ieilek(tit )5kk// (37)
0 , ,
- / drel@=e) =15, (3.8)

This integral is not well-defined at the limit —co due to the complex exponential. In order to
counteract this, we introduce a new term —iz into the exponential where 7 > 0 and take the

limit as # goes to zero so that we have

0 . . /
— lim dTez(w—ek—l;y)(t—t )iékk’ (3.9)
n—0.J—oc0
i e 610
1—0i(w — g —in) -
tim e N Ok ifw—ep)(~c0) it —o0) (3.11)

-0 (w—er—in) (w—ep—in)

Clearly ¢7(=*) — 0 and so the entire second term will go to zero, leaving us with

~ Ok
3 =lim . 12
Gy (w, T) 171{{(1) (@ e —in) (3.12)

In the retarded case, we instead introduce +i7 into the exponential and perform an equivalent
derivation to find

~ Okr!
R 1 kk
Gow (W, T) = 111% @ —etin) (3.13)

3.1.2.2 Lesser Green’s Function

Beginning with (2.159), take the Wigner transform:

G (w0, T) = /_ 0; de " G (T, T) (3.14)
. / O:O dre@Tie =) £, 50 (3.15)
. / O; dre @i £,500 (3.16)
= 2771 fy o6 (w — €x), (3.17)

where we have utilized the definition of the Dirac-Delta function as given by

S(w—€) = % /_ drel(@w—e)T, (3.18)
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3.1.3 Self-energies in the Wigner space

3.1.3.1 Generalised self-energy

Rather than considering the expression for the self-energy as in (2.168), we will instead con-
sider the following more general expression

mAR/< = ZAM (D) Giaen” = () Biaer (), (3.19)
where A and B are arbitrary functions of time. Obviously, when A = B = t where t is our
Hamiltonian element, then we obtain £4/R/<_ The need for this generality will only become

clear in Section 3.3. We will neglect the A/R/ < notation in the following. Apply the Wigner

transform to the above to obtain

Boe = ;/_0:0 d7e“" Acka (T + T/2) Graka(t, ') Biae (T — 7/2) (3.20)
- Z/_oo dTe"“Ter Ay (T) Grag (£ )€ = 7 By (T) (3.21)
/ dreTer @40 Ay (T) Graka (') Biaer (T) (3.22)

— E[m dreiTen % 29%) A o (T) Grat (8, ') Braer (T). (3.23)
(3.24)

Here we have applied the Lagrange shift operator to A and B. The % notation denotes the
derivative operator acting to the left on the exponential. Now we take all the terms that are

independent of T outside of the integral, leaving us with

Etx ol = 2621 ae A cka (T) Bkac’ / dTEZWTGkak,X (t t ) (325)
150 A ~
- ZeZiaw (a7 d¥)Acka(T)Bk¢xc’(T)Gkockoc<T/ w)' (3-26)
k
(3.27)

Finally, we take a Mclaurin series expansion of the exponential to find

E EAckszkackchkacc’ + 5 2i Z

d szxkzx ( d Ackuc
k

dBp,
o " Brac —Ack“"“> + .. (3.28)

dr

I
[11

(0),&,cc’ + E“(1),:J¢,cc’ + oy (3.29)

where the functional dependencies are clear from the context. We will find that the higher or-

der terms in the expansion become important when considering motion on the leads interface
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in which a time dependence emerges in the ¢, element due to classical motion. This will be

considered in Section 4.

3.1.3.2 Advanced/Retarded self-energy

Our main aim is still to calculate expressions for the self-energies in the Wigner space. For

Oth

now we will consider only the 0™ order term from the expansion in (3.28) and let A = B = ¢.

Let’s first consider the advanced case whereby we substitute (3.12) to find

& Ernctkac
Z L= i kac— .
et = 1) Z S (3.30)
tk trac :
= 717%2 — z;“ 2 172 (w — €pq T+ 177) (3.31)
. ty trac (W ( ekoc trac' 1]
=1 kac kD(C , 3.32
nﬂ%(; (W — €xq) i Z W — €y )? + 172 (3:32)

where we have noted that t., = t;, . since the Hamiltonian is hermitian. We now make use of

the following Dirac-delta function identity in order to simplify the second term:

lim xz_”wz = 75(x). (3.33)

As a result, we find

~ £t /( — € ) s
A kactk k *
Z(O),a,cc’ = 11711’1’1 Z ” _Mek ) + 1;2 tim Zk: tktxctkﬂéc’(s(w - eka) (3.34)
= Azx,cc/ + Erzx,cc/r (3.35)
where we have introduced
Ao = lim Y nctioc (€ — €0) (3.36)
Y50 (W — e 12 '

FMC/ =27 Zt;actkﬂéc'&(w - ekzx)~ (337)
k

The expression for I' can be further simplified. First we let the terms under the summation

equal to a function n(e);
o Taeer =21 n(eg). (3.38)
k
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Now by introducing an arbitrary variable x, we can rewrite ) ; n(ex) as the following:

Yol = [ dxEn(s(e— ) 3.39)
k o k

= [ w0 ot ) (3:40)
= /_ o; dxn(x)pa(X), (3.41)

where p() is the density of states:
a(X) = ;Mek —X)- (3.42)

As one would expect, when the density of states is integrated over some region it provides

the number of states within the limits of that integration. Now utilizing (3.41), we can rewrite

I'as
T =27 [ dxf(0pa(x) (343)
=2 [ dxticted(@ — X)pax) (3.44)
= 27Tty brac Pu (W) (3.45)

In doing so, we have assumed that t,. is independent of the leads state k under consideration,
such that ty,. = ts.. Naturally, an equivalent derivation can be performed for the retarded self-

energy in which we obtain

- i
ZFO),DL,CC' = Aa,CC’ - Era,cc“ (3.46)

The I' term accounts for the energy broadening of the central state due to interactions with

the leads while the A term accounts for a shift in the energy level.

3.1.3.3 Lesser Self-Energy

Oth

Again, we take the order term from the expansion in (3.28) and let A = B = t while we

now consider the lesser case. We utilise (3.17) to find
i'(<O),vc,cc’ =27 EtZactktXC’fk(s(w - ek)- (3.47)
k

If we assume that the electronic populations in the leads as denoted by f; can be described by

a Fermi-Dirac distribution, then we can further simplify the above to

i(<0),0é,cc’ (0, T) = ifo(w)Taeo(w, T), (3.48)
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where
1
folw) = —— (3.49)
kBT,X —+ 1

Here, y, is the chemical potential for the a lead while T, is the macroscopic temperature and

kg is Boltzmann’s constant.

3.1.3.4 Wide-Band Approximation

To simplify the self-energy equations, we implement the wide-band approximation. Consider

the equation for A as given in (3.36):

t tac/ ( ele)

Ay = lim 3.50
w,cc 7—0 - ((U _ eka) T 172 ( )
w—w
— hmt ctaer Z/ dw's(w' — ek,x)( ( I —|)— 7 (3.51)
— lim £ t / deo'p(w) — =) (3.52)
=0 «c w w,) i 172 . .
Now we assume that the density of states in the leads is a constant such that
Wpin S w < w
p((U) _ 4 min > Wmax ) (353)

0 otherwise

where wy,;, and wy,.x denote the edges of the leads conduction band. As a result, p can be

pulled out of the integral in (3.52) and we can truncate the integral limits to find

N Winax 1
Aa,CC’ - tactzxc’p o dw/m (3.54)
Winin — W
=t} tyepIn || 3.55
acacpnwmux_w' ( )

where we have allowed the 7 term to go to zero as it will no longer affect our calculations. We
now introduce the wide-band approximation which assumes that the conducting band for the
electrons within the leads is wide such that we can approximate wy;x — o and wyi;, — —oo.

Under this approximation, it can be seen that A will go to zero.
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3.1.3.5 Summary

Here we summarise the main equations derived in this section. Under the wide-band approx-

imation, our adiabatic self-energies simplify to:

i

22%),04,@’('1—‘) = Eruc,cc’(T)r (3.56)
& i
Z?O),a,cc’(T) = _Era,cc’(T)/ (3.57)
2(<0),Dc,cc’((‘]’ T) = ifvé<w)ra,cc’(T)r (3.58)
given that
Ty oo =271t (T )ty (T) s (3.59)

We take I' as a parameter input for our model and thus, we are now able to calculate the

self-energies.

3.1.4 Kadanoff-Baym equations in the Wigner space
3.1.4.1 Left-hand side

We seek to transform our Kadanoff-Baym equations presented in (2.179) and (2.180) into the
Wigner space. We begin by considering the left-hand side (LHS) individually, which is equiv-
alent for each of the advanced, retarded and lesser case. Application of the Wigner transform
yields

o 9. id
_ iwt [ - .
LHS—/;ﬁn G&J+28TI MT+¢/D>GHW4#ZT+TQL (3.60)

where we have expressed the real-time derivative in terms of the Wigner coordinates according

to

9 9ta T

o " ator T araT (3.61)
d 4109 (3.62)

o Taar
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Let us now consider each term in this equation individually, starting with the i term.

- L 0; d*cei‘*’riaaTIG (3.63)
_i [ O:o dr;T [e7G] - aar e (3.64)
— [ O:o dT;T 7] G (3.65)
= wlG. (3.66)
We have used the fact that . 5
l dr 7G| =0, (3.67)

since G(T + 1/2,T —t/2) — 0 as |t| — oco. The second term in (3.60) is trivial; we thus
consider the third term. By utilising the Lagrange shift operator, we find

—_ / dte T3 (TVG(T + /2, T — ©/2) (3.68)
1573 ®

o Th(T)/ dTe“TG(T +1/2,T —1/2) (3.69)

= — 2% (T)G(T, w). (3.70)

The entire left-hand side can now be written as

_ i Laga =
LHS = <wl—|— sarl e Th(T)) G(T, w).

3.1.4.2 Right-Hand Side

We now consider the Wigner transform of the right-hand side of (3.60). We will explicitly

show the advanced /retarded case. We find

RHS = / dTe IS (E— ') + / drelT / A'TAR(E, OGAR(E ) (B71)

= [+ UFG-RFIFA/R(T, ) GA/R(T, w), (3.72)

where we have utilized the Wigner convolution theorem as introduced in (3.4).
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3.1.4.3 Summary

Our Kadanoff-Baym equations for the Green’s functions in the Wigner space are given by

1

| 0
<aJI + i—TI — e2%?

h

Th(T)> GA/R(T, w) = I + e3 1FE-EF I FA/R(T ) GA/R(T, w), (3.73)

(m LR eéfaﬁa’%hm> G<(T, w) = ex {PF96-937 } [i<(T,w)GA(T,w) + iR(T,w)G<(T,w)] .

20T
(3.74)

3.1.5 System energy-scales and the small parameter

We are now at the point where we can solve (3.73) and (3.74) perturbatively for the Green’s
functions via leveraging our small parameter introduced in Section 2.2. In the absence of an
AC driving in the leads, the central time dependence of each term in these equations arises
implicitly via the influence of the classical coordinate on our Hamiltonian elements. Then we
have

W(T) = h(x(T)),  HT) = t(x[T)), (375)

where x is the vector of classical degrees of freedom. The base-case for our perturbation is the
adiabatic case in which the nuclear geometry evolves adiabatically such that the tunnelling
electrons view the nuclei as entirely stationary. In this regime, any dr terms will become
negligible since the classical coordinates are unchanging relative to the electrons. Corrections
due to the nuclear motion are then included by allowing for dr terms to be non-zero. As will
be observed, the pairing of 9., and dr terms in (3.73) and (3.74) result in our small parameter,
/T, naturally emerging from the higher order terms in the expansions of the exponentials.
This then allows us to truncate the expansion at a chosen point. We will make the following
ansatzes:

G =G + Gy + s (3.76)

2= 2(0) + 2(1) + ..., (3.77)

where G, and £, are each n™ order in ()/T. We will solve for the 0™ and 1% order Green’s
functions via (3.73) and (3.74). As it happens, we have already solved for the self-energies; the
adiabatic component given in (3.56)-(3.58), while the first order correction can be found from
(3.28) which also contains a d79,, pair. We choose to neglect terms higher than first order in

our small parameter.
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3.1.6 Perturbatively solving for the Green’s functions

3.1.6.1 Adiabatic case

We will consider the advanced /retarded case explicitly. We begin by substituting (3.76) and
(3.77) into (3.73) to obtain

i d 13Ga! ~A/R _ L35G _9%36 1 (& A/R ~A/R
<w1+ Eﬁl—eﬁ Th> (G(o) +) = [+ez{ T 7} (Z(o) +> (G(o) +) . (3.78)
We will also take a Maclaurin series expansion of the exponentials on both sides of the equa-
tion. In the adiabatic case, we retain only the 0" order term in each expansion such that we
find
_ 1\ GA/R _ s A/RASA/R
(wI—h) Gy = I1+X4) Gy - (3.79)

-1
~A/R __ &SA/R
Gk = (wI—h—Z(O) ) : (3.80)

As usual, an equivalent method is applied in the lesser case to find the adiabatic form of the
Keldysh equation,
GA.. (3.81)

3.1.6.2 First-order correction

Solving for the first-order corrections to the Green’s functions is much the same process as
in the adiabatic case, except we now truncate all expansions after the first order. In the
advanced /retarded case, we find

- - - ~ 1 -~ ~ ~
A/R __ A/R<A/RAA/R - A/R A/R A/R A/R A/R
GAf® = GRERGH R + -Gl (A orG il ® + BA/Ro, Gl ) (3.82)

where we have introduced the convenient quantities, A and B, given by

AAR — 1 awié)gR, BA/R — orh + E)TE%R. (3.83)

The first order expression can be further simplified by explicitly calculating the Green’s func-

tion derivatives as per

~A/R _ AA/RpA/RAA/R ~A/R __ ~A/R 1A/RAA/R

(0) (0)
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Substituting these in, we now find
~ ~ ~ ~ 1~ ~ ~ ~ ~
A/R _ AA/R$A/RASA/R A/R ( fJA/RFAA/RpRA/RFA/R _ pA/RFA/R JA/RFA/R
Ga) = Gy 24) S) —|—21.G(0) (.A Go) B Go) B Go) A Go) ), (3.85)

~ ~ ~ 1 - ~ ~
_ AA/RsA/RAA/R A/R A/RAA/R nRA/RAA/R
= GHRSARGHR + SGN [AVRGHR, BARGHE| (3.86)

We note that the commutator will go to zero in the case of a single electronic level. The same

procedure is applied in the lesser case, in which we utilise the following derivatives:

S _ ~R RA< A< ARA ~R &< AA
a“]G(<0) - _G(O)‘A G(0) - G(O)A G(0) + G(o)awz G(o), (3.87)
arGy, = b BRG, + G, BAG, + Gfy)orZ=Gy). (3.88)

This then yields the final expression,

A< _ AR < RA AR < AA R o< AA
Gy = Go2m S T G0 Z0)G0) T 61)x0) S0
+ZG§0) BRGg)awzjo)+ARG(§))BA+ARG@)3TZ(<O)+11.C. G(/g). (3.89)

There is generally little need to simplify this further into the base components and so we leave

it in this form.

3.1.6.3 A note on the conjugate transpose

By applying our original Green’s function definitions in the Schwinger-Keldysh space accord-
ing to (2.30)-(2.33), along with utilising (2.88), it is reasonably simple to show that the full

Green’s functions obey the following conjugate transpose relations:
T t
6 =ct 6] =-c (3.90)

These properties are also carried into the Wigner space. In the advanced /retarded case this is

demonstrated by
GMw,T) = / dte“TGA(T + /2, T — ©/2), (3.91)

[GA (w, T)] o / " dre wTGR(T —1/2, T+ 7/2). (3.92)

(3.93)
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Now introduce the new dummy variable 7p = —7 and manipulate the integration limits to
find
A t —eo R
(¢4 (@) =~ / dte“TGR(T + /2, T — 1/2), (3.94)
- / dte“TGR(T + 1/2,T — 1/2), (3.95)
= GR(w, T). (3.96)

A similar approach is applied in the lesser/greater case. It is also clear that upon taking our
ansatz as in (3.76), the Green’s function of any arbitrary order n in our small parameter will

also satisfy the relations. The argument is as follows:

[GAT — GR, (3.97)

- - - 1 - - -
Gy + AGH) + ...+ A"GH, + } =GR+ AGE) + ..+ A"GR + .., (3.98)
(3.99)

where we have introduced the book-keeping parameter A which tells us that a term with A"

is of order n in our small parameter. Simple rearrangement leads to

([@gg)}* - cgg)> A ([G(AU] - cg)) A ([cg;)] - cg;)> F.=0 (3100)

Given that we have free rein over the choice of size of our small parameter and that we require

the above equation to always be satisfied, we find that
[GA r — GR (3.101)
(m)| — Yy :

for any order n. An equivalent argument can be applied for the lesser/great relation. The

argument also applies to our self-energy expansion as in (3.77).

3.2 Meir-Wingreen formula for the electric current with non-adiabatic

corrections

In this section we derive a Meir-Wingreen type formula for the electric current through the
molecular junction following the ideas of Yigal Meir and Ned Wingreen in their seminal paper
[175]. Our derivation differs in that we allow nuclei within the junction to move through our
choice of classical coordinates, which produces non-adiabatic dynamical corrections to the
current due to the nuclear motion. Additionally, we allow for the coupling element between

the central region and the leads to be implicitly time dependent through the motion of the
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classical coordinate; this is explored thoroughly in Section 4.

To begin, we define the current leaving the « lead, denoted I,, according to:

dN, dN,
Ia_—e< dt>_—<dt>, (3.102)

where N, is the total electronic occupation operator of the a lead and e is the charge of an

electron. In atomic units ¢ = 1. To avoid ambiguity in the following derivation, we will
explicitly consider the left current while an equivalent derivation will also apply for the right

current. Utilising the Heisenberg equation of motion for I yields

A

I (t) = —ie ([H(t),NL(1)]), (3.103)

where H is the Hamiltonian for the system. All operators here are time-dependent under the

Heisenberg representation. The Hamiltonian for our system is given by

H(t) = Y exattfaie + Y _hii(x[t))afa; + Y [tkm(x[t])a;aai + tika (x[t])a;aka] + K(t) + U(x[t]),
ka i

kai
(3.104)
while the total occupation operator for the left-lead is given by
t) =Y a ax. (3.105)
kL

Note that the creation and annihilation operators here are also in the Heisenberg picture; we
have only neglected to show the time dependence explicitly for brevity. With some manipula-
tion, it is clear that the only non-zero terms arising from the commutator in (3.103) are going
to be from the leads coupling terms of the Hamiltonian. Our expression for the current then

becomes

IL(t) = —i < [Z [tkzxiazaﬂi + tikaa?ﬂk“} ,Eﬂ}iyakyl > (3.106)

ki kL'
- < [;% <tkM [a}zaai, a,ﬁL,akU} + tika [a;aka,ﬂ;L/ﬂkL/] >] > (3.107)
= — Z% (tkm < [ﬂkaﬂuﬂkyﬂky] > + tika < [a;raka,a,’:yaky} >> (3.108)
= —igl;% (tkzxi <5kakL’ﬂ1tL/ﬂi> — tika <(5kakL’ﬂ;rﬂkL’>> (3.109)
=iy (iku (afiai) — taa (ala)) (3110)
= 1 (b (0Gia (6) ~ tan ()G (1,1) (3.111)
1

Here we have used the standard second quantization commutator relations as well as the
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general commutator identity:
[AB,CD] = A[B,C]D+ [A,C]BD+ CA[B,D]+C|[A,D]B. (3.112)

In order to facilitate a transformation to the Wigner space where we can easily identify the
different system time-scales, it necessary to introduce an auxiliary function, 7 (t,t'), which
satisfies the property, Z(t,t) = I(t) when t = t'. This will allow us to perform manipulations
on Z in the Wigner space before letting + = ' upon which we find the expression for the

current. We define

I(t, t,) = Z (tkocz( )sz(x< ) 1kzx( )ka<t t )) (3~113)

kui

The Green’s functions here span both the central region and left lead. We make use of the
Dyson equation found in (2.131) to re-express this in terms of Green’s functions for the central
region where the influence of the leads is contained within the leads self-energies. Inputting

the Dyson expansion yields

Z(t,t') :/ dty ) (tkm(t)cg(t, t1)ika (11) Gl (1, )+ trai () GE (£ 1) i (1) G (11, )
—® kaij

— tika () Gk (b 1) b (1) G (1, 1) — ik (£) G (8, t)taj(t1) G (b1, ))- (3.114)

The free-field Green’s functions here are given by Gyuxx = Go kake- This is made clear through
the indices since the leads are always non-interacting. Now we introduce the self-energies
according to (2.168) and (2.171) to obtain

Z(t,t) :/ dtlTr{G<(t,t1)Zf(t1,t/)+GR(t,t1)2§(t1,t/) (3.115)

—IE(LR)GA( ) — TR (L )G (B, 1) |, (3.116)

where the summation over matrix elements has been simplified to a trace over matrices. We
now find the equation in a form consisting of familiar quantities and are now in a position to

transition to the Wigner space. Apply the Wigner transform and use (3.4) to find

/oo AT T, (4 1) = Tr {621 (0GaZ —aGa%) (G<if,? n GRi;) _ o (9705 —0%09) (i;GA + 2§G<) } )
- (3.117)
where we have subdued the functional dependencies. Finally, we apply the inverse Wigner

transform and let t = ¢’ such that Z(¢,t) = I(t) which yields the final expression:

1 e e ~Re a2 <R A
L) = 5 /_ dewTr {e%(a?’aifaﬁa?) (G<2§) + GRz,j) — ¢ (375—350%) (z;GA + 2§G<) } .
(3.118)
We are now poised to find a perturbative solution to the current in a similar manner to the

Green’s functions in Section 3.1.6.



68 Non-adiabatic corrections to observables

3.2.1 Adiabatic Case

The adiabatic component of the electric current depends only on the instantaneous geometry
of the molecular bridge but disregards its motion. To solve for it, we once again input our
ansatzes according to (3.76) and (3.77) while considering the 0t order term in the expansion

of the exponentials. In doing so, we obtain

0) _ 1 © S< A AR $< $< AA SR A<
= 1 * < A ~R &<
T /_oo dwReTr {G((J)Za(m T G(O)th(o)} - (3.120)

3.2.2 First Order Correction

The first order correction to the current will contain terms linear in dr. A simple application
of the chain rule tells us that each term is then proportional to the velocities of the classical
coordinates. Thus, the first order correction accounts for the effects of the slow but non-zero
nuclear motion on the electronic environment. We once again input our ansatzes and expand

the exponentials to the 1 order, and retain only the first order terms to find

M= % / " dwTr {Gé)zg‘(m + G Ex0) — 0 Gl — R0/ G5, (3.121)
+Gio i) + G Zin — £ Clo) — iy G (3122)
- l.aTGf)awiA( 0 21 0 G(<)8TZA( 0+ l,aTc”;f)awij 0 zliawégg)aTi;(o) (3.123)
+5 aTz<( 100Gl — 21 dwLig )aTG(A)+ aTzR( 100G — ;awiﬁ(o)amé)}. (3.124)

The previously discussed conjugate transpose relations then allow us to simplify to

1 /> fe = ~R = e = ~R =

+o (aTG(<O) dwEeig) — 900G 50rE ) + 971G 0w o) — awcg)aﬁ;(o)) } . (3.126)

We now have these equations for the current in the form of an integral over terms with known

expressions. We will generally take the integral numerically.
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3.3 A Langevin description in terms of Green’s functions

So far, we have derived perturbative solutions to the Green’s functions which have allowed us
to calculate the adiabatic current along with dynamical corrections due to the nuclear motion.
However, we do not yet know how to calculate the nuclear motion self-consistently due to in-
teractions with the electronic environment. To this end, we follow the ideas of Bode, Kusmin-
skiy, Egger and Von Oppen in Reference [152], in which they derive a Langevin description
for the classical motion whereby the Langevin coefficients are calculated via the electronic
Green’s functions. Our derivation expands on this by allowing for a position dependency in

the coupling element between the leads and central region.

3.3.1 Force due to the quantum environment

For generality, we will consider an arbitrary number of classical degrees of freedom describing

the nuclear motion. Our vector classical coordinates is then given by
X = [vl,vz,...,vn]T. (3.127)

The force operator for the force acting on the classical coordinates due to the quantum envi-
ronment is given by
f=-VH, (3.128)

where V = [81,1,81,2, .. .]T and d,, is the partial derivative with respect to the classical coordi-
nate v1, and so on. For our purposes, it is simpler to consider each nuclear degree of freedom
separately as each will have its own respective Langevin equation to describe its motion. The

force on an arbitrary degree of freedom v is given by
fv=—0,H. (3.129)

Let’s now substitute in our expression for the full Hamiltonian H and retain only the terms

which are non-zero under the derivative:
fv = —aVU(X) — aVHM(X) — 8VHLM(x) — aVHRM(X), (3130)
This then leads to

= _a u-— Za hl] IZ 11] Z[ kucz( )akacal +Azko¢( )aj'-akoé] ’ (3-131)

kai
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where we have introduced the quantity A} . = d,tk,;. Expressed in the Heisenberg picture,

kai —
the force operator becomes

Folt) = =2utt = Lk ()] () = 2 [ A (D (988 + A Kl (o (6)]
(3.132)

3.3.2 Partitioning of the force

We now partition the quantum force operator into two separate contributions; a mean com-

ponent and a component which captures the quantum fluctuations about the mean:

Folt) = fu(t) +3fu(t), (3.133)

where f(t) = (f(t)). The mean force is also known as the Ehrenfest force and it will be
discussed in detail in chapter 7. So far, we have not yet made any assumptions beyond our

classical nuclei assumption.

3.3.3 Priming the mean force for a perturbative solution

The mean force is obtained by taking a quantum average of (3.132) which yields

fult) = —a,U — Zavhi]'(t) (afa;) - » Al <aka )+ A (aage) |

= =0 U +i) dhyj(t)G5i (1) + 1) [AL(D)Gia (B 1) + Al (DGR (1 1), (3.134)
ij kai

where we have introduced our non-equilibrium Green’s functions. The approach now is
clear, we transform the mean force to the Wigner space where we can implement a pertur-

bative solution. To do so, we introduce an auxilliary two-time function F, (t,t') that satisfies
Fu(t,t) = fy(t). We then have

Fo(t,t") = —a, u+128 hij(H)G3 (8 4) + 1) [Afi(F) Gig () + Ay (D Gy (£, 87)] . (3.135)

kai

The choices of t and ' here are not arbitrary, this becomes important upon introducing the
leads self-energies. The system-leads coupling component introduces Green’s functions which

span the space of central region and leads. As performed similarly when deriving the current,
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we can decompose these troublesome Green’s functions via (2.131) to find
Fuo(t,t') = —9,U +1) 0,k (1) G5 (1)
]
+i Z/ dt1 bt (1) G35 (8 1) ko (1) Gig (1, ) + A () G (1 01 ik (1) G (11, 1)
kaij

+ Ao (DG (8 1) b (1) G (11, ) + Al (DGR (E tl)tkaj(tl)cﬁ(tl,t’)] (3.136)

Cyclical permutation of the matrix elements is allowed here so that we can encompass the

influence of the leads in self-energy terms, yielding
Fo(t,t)=—a u+zZa hij(H)Gj (4,t) +12/ dt1 Gi; (t,01) @y (1, ) + G (1) @y (1, 1)
¥ )G (1, ) + ¥R, tl)c;(tl,t/)]. (3.137)

Here we have introduced the self-energy like terms, ¥ and ®, such that

Yo () ZAM (DGR = (1, )y (), (3.138)
QNN (1, 1) Zfzka (DGR () Araj (1), (3.139)

This then explains our insistence on considering the expansion to the generalised self-energy
as in (3.28). Indeed, we will also have to consider a perturbative expansion to ¥ and ®. Let’s

first simplify the sum over matrix elements to a trace over matrices:

Fo(tt) = Tr{iavh(t)G<(t, ) +i/ dt [G<(t, H)DA(t, ) + GR(t 1) D5 (4, )

+¥5 (1 0)G (1) +E (, tl)G<(f1,tl)} } (3.140)
We are now in a position to apply the Wigner transform to both sides, where we find
/oo dte T F, (t,t') = Tr{ie%d}%agavhé< + je (9795 —959F) (‘T’f@A +‘T’5G<>
+ied P00 (G<&f + GREY) }. (314D)

In solving for the first term on the right side, we have applied a method equivalent as in
solving for (3.70) while we have again applied (3.4) for the remaining terms. Finally, we apply
the inverse Wigner transform and let t = #' to find our final equation:

fo(t) = 2171/ dwTr{ie%d}%agava< + jo (9795 —3497) (‘T’f@A +‘T’§G<)

+ in (9733 -2597) (G%;“ + G%j) } (3.142)
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3.3.4 Perturbative solution to the mean force

We apply our usual approach for the calculation of a perturbative solution. We consider our
previous ansatz for the Green’s functions as in (3.76) while we must now also apply equivalent

ansatzes for ¥ and ® such that

b4 qj(o) + T(U + ..., (3.143)

= CI)(O) + q~)(1) + e (3.144)

We will once again truncate our expansions after the first order, such that we solve for an

adiabatic contribution to the force as well as a first order correction due to the nuclear motion.

3.3.4.1 Adiabatic force

Retaining only the 0! order terms in the exponential expansions as well as our ansatzes yields

the adiabatic force which depends only on the instantaneous nuclear geometry. It is given by

1 * i A 1 * J ~A FR ~
fiow= 5 [ _dwTr{ianG )~ — [ dotmT {568 + 9K G5}, G.149)

where ¥ o) and @) can be solved for via (3.28). We use ImTr to denote taking the imaginary
part of the trace. The adiabatic force can be thought of as a renormalisation to the classical

potential due to the presence of the electronic environment.

3.3.4.2 First order force

The first order force is obtained by substituting in our ansatzes and retaining only the first

order terms. Some simplification leads to

_ 1= A 1 re FR A< | W< ~A L WR A< @< SA
f(l),l/ = E Lw dCUTr {lath(l)} — ; Lw da)ImTr {TV(O)G(l) + Tv(l)G(O) + Tv(l)G(O) + TV(O) G(l)}
1 « 3 < ~A R AL F< ~A F R AL
o | dwReTe {015 0,y +0r¥Ho0uGF) — 005 drGl) — 2 ¥R 1G5 |
(3.146)
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3.3.5 Viscosity coefficient tensor

Through some manipulation, we find that this first order force is the very frictional force
which we desire for our Langevin description! This is observed by utilising the chain rule
for the time derivatives in both the above expression and the expressions for the first order
Green’s function corrections in (3.86) and (3.89) where we see that

d d 0 d

== = Uy 5— =+ .0y, 3.147

9T — gy, T Ungy, TPy, (3.147)

n

Here, v,, is the velocity of the v; classical coordinate and so on. It then becomes clear that the
total mean force acting on an arbitrary classical coordinate v can be decomposed into a sum

of forces due to the motion in each individual classical coordinate, according to

f(l),v = f(l),vv1 + f(l),vvz + ot f(l),vvn . (3148)

Here, f(1),,, denotes the force acting in the v direction due to motion in the v; direction. We

then define elements of the viscosity coefficient tensor according to

f(l),vv’

3.149
- (3.149)

S = —

We can then express the vector of first order forces acting on each classical coordinate accord-

ing to
f (1) G Guyy oo Gu, Oy,
f(l),vz _ €V2V1 51/21/2 cee ‘:Vzvn Oy, (3 150)
L f(l)rvn n L CVH V1 61/"1/2 e CVnVn 1 L UVn |
fq) = —&v. (3.151)

We use the hat on ¢ to denote that it is a tensor in the space of classical coordinates.

3.3.5.1 Symmetric and antisymmetric components

The diagonal components of & act as a conventional viscosity, directly opposing the motion
of the given classical coordinate. However, the off-diagonal components introduce non-trivial
forces which are not so well behaved. In order to analyse this further, the viscosity coefficient

tensor can be split into symmetric and antisymmetric components as
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&= % (tff +ET ¢ §T) (3.152)
=&+ &, (3.153)

where
& = % (§+ §T> , b= % (é - 6T> . (3.154)

We observe that the antisymmetric component produces a force which always acts orthogonal
to the motion through the space of classical coordinates and is often referred to as a "Lorentz-
like" force due to this. This property can be observed by considering the dot product of the

antisymmetric force and the velocity vector:

£y, v=(—Cv) v (3.155)

=v-(&v) (3.156)

=—v-f),. (3.157)

f1)av=—f1)a"V (3.158)

=0, (3.159)

where we have used ¢! = —¢&,. Clearly then, the antisymmetric component does no work on

the system but can produce interesting dynamics.

3.3.6 Stochastic force

We recall that we chose to partition our force according to

Folt) = fu(t) + 8 (1). (3.160)

Our perturbative treatment of the mean force was completed in the previous section. We now
must consider the quantum fluctuations about the mean. We know from its definition that
the mean of 6f(t) must be zero. In our work, we also assume a priori that the stochastic force
is a Gaussian process; a result which emerges naturally in the classical limit [162]. Thus, the

stochastic force is entirely quantified according to

(6fu()) =0, (6f()5fu () = Dyy(t,t'), (3.161)

where we have introduced the exact diffusion coefficient D. The expressions on the left hand
side of the above are also known as the first and second moments, respectively. The assump-

tion of Gaussianity implies that §f(t) is entirely defined by these two moments while any
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higher moments go to zero. The above autocorrelation function in general corresponds to

coloured noise in the stochastic force.

3.3.6.1 White-noise assumption for the diffusion

Coloured noise is notoriously difficult to simulate computationally, especially in the case of
an inhomogeneous environment such as ours. To alleviate this difficulty, the white-noise
assumption is often applied. Here, we assume that the exact, coloured-noise diffusion can be

replaced by a Markovian, white-noise equivalent:
D(t,t") = D¥(T)é(t —t), (3.162)

where we have introduced the white-noise diffusion D”. The question remains, how do we
calculate D™ to best approximate the dynamics produced by D(t,t')? In an attempt to answer
this, we consider a pedagogical example in which we neglect all forces except the stochastic

force. The governing equation of motion is then given by

m”;i; — 5f (). (3.163)

This is solved for the velocity at time ¢ according to

o(t) = 0(0) + % /Otdt/éf(t/). (3.164)

The change in kinetic energy of the classical coordinate is then found by squaring the above

and taking an average over the fluctuations such that we obtain

t t
AKE = - / dt' / dt"D(¥,t"). (3.165)
2m Jo 0

Now, we implement the white noise approximation according to (3.162) and solve for an
equation for D® which yields the same change in kinetic energy as produced when using the

exact diffusion. Making the transformation from (¢, ") to (T, T) yields
1t t
AKE = — / 4T / 41D (T)(7) (3.166)
2m Jo —t
1t
= — TD“(T). 3.167
5 [, 4TD¥(T) (3167)

By enforcing that (3.167) and (3.165) are equal, we find

t t t
/OdTD (T) :/O dT/_thD(T,T). (3.168)
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Application of 4 to both sides and using the symmetry property, D(T,t) = D(T, —7) (this
property is a consequence of Jf being a classical force and is explained in more detail in

section 7.3.3), then yields
t t
D¥(t) :/ er(t,r)+2/ dTD(T, 1). (3.169)
J—t 0

Finally, we assume that time f is sufficiently large such that D(T,t) is approximately zero.
This amounts to assuming that the correlations in the stochastic force decay to zero over
time intervals of t or longer. The second term disappears, while we can safely extend the
integration region of the first term from —oco — oo, leaving us with our final expression for the

white-noise diffusion coefficient:
D¥(t) = / dtD(t, 7). (3.170)

Clearly, the white noise approximation in this case will produce the same observable change in
kinetic energy over any time-scale. However, the inclusion of a frictional force and an external
potential will limit the validity of the approximation to finite time-scales dependent on their
respective strengths. This is because these forces may produce an appreciable effect on the
dynamics over the time-scales for which the stochastic force is correlated. We will analyse the
validity of the white-noise approximation in detail in chapter 7. Our task is now to calculate
D¥ in terms of the Green’s functions, as given by

D¥(T) = / T At GF(DSF(E)). (3.171)

—00

We will not encounter the exact diffusion coefficient again until chapter 7. Until that point,
when referring to the diffusion coefficient we will be talking about the white-noise diffusion

coefficient which we will denote simply as D for brevity.

3.3.6.2 Calculating the white-noise diffusion

We now calculate the diffusion coefficient tensor with which we will have all the required
ingredients to simulate the classical dynamics according to a Langevin equation. We need to
start by finding an expression for the autocorrelation function. Let’s take (3.160) and square it

for arbitrary times and classical degrees of freedom:

o) fr () = (Fo®) fur () + (£ ()3 f () + Fu () (SF () + (SF () fur () (3.172)
= £, () fur () 4+ (5F ()8 (E)). (3.173)
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The autocorrelation function is then given by

(@ (B)efu(t)) = (F(D)fu () = fult) fur (). (3.174)
We already have expressions for f,(t) and f,(t) given in (3.132) and (3.134), respectively.

The first term on the right hand side of (3.174) will result in quantum averages of creation and

annihilation operators of the form

(a%agalap) = (a%ap) (alap) + (alap){agal), (3.175)

where the right hand side is obtained via a Wick decomposition. In a serendipitous twist of
fate, the terms involving no permutation of the operators will cancel exactly with the terms
produced by f,(t)f,, (') and so we only need to consider the terms involving a permutation.
As a result, (3.174) takes the form

(0fo (D)o fu(t)) = Lo 0uhiduhiy{dlds) (d;df)
ijij
+ ) (A%aiAZ‘,;{<dltadf><didZ}c>+A;/kaA¥I;&<d;rdk_ac><dkvcdzi>
ikaike

AL () i) + A AL ldldr) (dadl,))

+ X (g AL (i) + duhi A (dldg) () )

- kai ik
ijika

+ Y ( Vi@l ds) (didl) + Al dyhir(dld) (dk,xd:!>) : (3.176)
ijika

In an attempt to somewhat simplify the notation, an index here also encompasses a time; an
index without an overbar denotes time t while an index with an overbar denotes time ¢’ so
that we need not show the time dependence explicitly. Note that i and 7 do not necessarily
index the same state, they are entirely different indices. Appropriate letters are hard to come
by! We can now substitute in our Green’s functions to obtain

(6f, (D6 fu (1)) = Y duhijduhiG; G

ijij
v vV o~< > v vV o~< >
+ ) (AkwiAkMGfkchik'a + ke N G Orat
ikaiko

ike ~ kako il kai i T kaka

+ AN Gt G + Mo NiGi G )

+) (ayhi]'AV—/ GG + dyhijAY Gf.G?_)

— kai =i ™ jka iko ki i
ijika
+ __Z (A;‘/"‘iavlh{fG]ia GE + A;'/kaav’hz?G]*f Gk>ocf> . (3.177)
Tika

Once again, we have Green’s functions spanning the system space and the leads. Also note
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that we have Green’s functions G, which will contain terms which span over both leads.
These can all be decomposed according to the Dyson equation in (2.131). Doing so is ardu-
ous and requires significant attention to detail. However, after doing this and subsequently

introducing our self-energy terms, we find

(0£,(H)8fu (1)) = Te{a,h())G™ (1, )3y h(F)G= (¢, 1)

+/wdt1dt2<G>(t,t2) Aty )G (¥, 1) DA (11, 1) (3.178)
+ GR(t, t2) @ (1o, t')G= (¥, 11) DL (1, 1)

+ G7 (1, 1)@ (12, ') GR(H, 1) Dy (11, 1) + GR(t, 1) D (b2, ) GR(F, 1) Dy (11, 1)
+ ¥ (1) G (b, )5 (H, 1) GA(t1, 1) + ¥R (1) G™ (12, )Y 5 (F, 1) GA (11, 1)
+¥ (1 12) G (b2, ) (F, 1) G (1, 1) + ¥ (8, 02) G (b, ) ¥ (F, 1) G (11, )
+G7 ()5, (E 1) + G ()G (H, 1)

+ G ()Y (E, )G (t, )@ (b, t) + ¥, (£, 1) GA(t, 1) DL (b2, ) G=(F, 1)
+G7 (L)Y S(E, 0)G™ (b, )7 (b, 1) + Y (1, 1) G (h, £2) @) (b2, 1) G (', )
+ G7 (t,)ER (Y, 1) GR (1, 1)@ (ta, 1) + YR (t, 1) GR (t1,12) D (b2, )G~ (¥ t)

+/ dt1<G> (t,t1) D0 (1, ) G=(F,)ah(t) + GR(t, 1)@ (t1, ') G=(t, 1) h(t)

+G” (VY5 (F, 1) GA(t, )ayh(t) + G ()R (F, )G~ (t1, )9, h(t)

+G” (t, )0, h(t)G= (¥, t1) D (t1, t) + G (t,t) o, h(t)GR(¥, t1) Dy (t1, )

¥ (6 5)GA (0, ()G (F, £) + 5 (4, 1) G (1, £)3uh(#)G= (¢, 1)) |
(3.179)

In deriving this rather cumbersome expression, we have collapsed the summations over in-
dices into a trace and cyclically permuted terms such that each group starts and ends at time .
Additionally, we have introduced another self-energy quantity ¢, whose elements are defined

as
Qv ii(t, 1) ZAM )G (£ ) Al (F). (3.180)

Let’s not forget that we wish to find the diffusion coefficient from this equation:

D, (T) = /oo dt (8f,(£)6f (t)) . (3.181)

We would like to be able to calculate D via our Green’s functions and self-energies in the
Wigner space. The right hand side here is very nearly a Wigner transform and can be coerced
into a full Wigner transform with some work. However, the method applied depends on which
term in (3.179) we consider. There are three different possibilities; terms with no integrals,
terms with one integral over time, and terms with two integrals over time. We consider each

case separately. Before we begin, we note that we will consider the diffusion coefficient to
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be wholly adiabatic. This means that our perturbative expansions will be truncated after the
0 order. This is for pragmatic purposes, since the Langevin equation and its surrounding
context assumes the diffusion coefficient to be independent of the motion of the Brownian
particle. In any case the inclusion of, for example, a velocity dependent term in the diffusion
coefficient would presumably have little effect since the velocity would average to zero over

any relevant experimental time scales.

Double Integral:

Let’s consider an arbitrary term from (3.179) with two integrals, which we will denote by a

subscript A. The same derivation will apply to all other terms with two integrals. We have

<5ﬁ,(t)5fvl(t/)>A - /j; A dt G (t, 1) DA (t, ') G= (¥, 1) DA (1, 1), (3.182)

and
Dy = /_0:0 dt /_0:0 dtydtaG™ (t, 1) D% (ta, t')G=(t, 1) DA (11, t) (3.183)
:/_o:odTA(t,t’)B(t’,t) (3.184)
:/_o;dTA(T,T)B(T,—T), (3.185)

where we have simply grouped together consecutive terms and included their respective in-

tegrals. Next, we are free to introduce an integral over a Dirac-delta function so that we

obtain
Dayw = _O:o dt /_O:O dté(t+7)A(T, T)B(T, —1) (3.186)
_ /_Z dT/_O; dt1d(t + 1) A(T, T)B(T, 1) 6187)
- % /_o; dew / dt /_ 0:0 du e A(T, 7)B(T, 1) (3.188)
- % [ O; dw L 0; dTe“T A(T, 7) L 0; 40T B(T, ) (3.189)
- % /jo dwA(T,w)B(T, w), (3.190)

where we have used the following Dirac-Delta function identity:

S(x—a) = % /_Oo dwe' =),
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Then the Wigner convolution theorem in (3.4) can be applied to calculate A and B. For A, we
find

AT, w) = / dre / d62G> (1, 12) D% (1, 1) (3.191)
= 319703097 } 6> (T, w) SA(T, w) (3.192)
= G (T, W)@, (T, w), (3.193)

since we only consider the 0th order. Similarly applying this logic to B, we find the contribution

to the diffusion coefficient from this entire term to be

DA,W/_ /de> d G(<)~(),V (3.194)

Single Integral:

Consider the single integral term
(8F(037s(1)), = [ O:o A1, h(E)G™ (£ 1) DA (1, )G (£, £). (3.195)
In this case it is convenient for us to cyclically permute the terms under the trace to arrive at
(8F,(06F(F) / At G™ (t, 1) DA (1, ') G=(F, )3, h(t). (3.196)
The corresponding diffusion coefficient is given by

DB,W,:/ dr/ At G (t,t1) D% (t, ') G=(t, £)d,h(t) (3.197)

- / Y dTA(LE)B(E, D), (3.198)

where the integral over ¢; has been grouped inside of A. Performing an equivalent derivation

as in the previous case yields
1 e . <
Dy = o / dwA (T, w)B(T,w). (3.199)
We can once again find A by utilising the Wigner convolution theorem:

A(T,w) = /_ _dnGl (T,w)®f (T, w). (3.200)
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However, given that B does not contain an integral, we cannot use our Wigner convolution

theorem. We instead revert to the derivation performed in (3.68)-(3.70) to find

B(T, w) = %4 G=(T, w)d,h(T) (3.201)
= G(f))(T,w)avh(T), (3.202)
Resultantly, we find
T [® . o aa A
Dpyur = 5 [ _dwGiy il Gl 2. (3.203)

No Integral:

The only term of this form in our expression for <(5 JAGUIAG )> is given by

(Sfu(D)f () = 0h(t)G™ (t,t')a,h(t")G= (¥, ¢). (3.204)
Once again, we find
De y = [ Z AT, h(£)G™ (1, )y h(¥)G= (¥, 1) (3.205)
- [ 0; dTA(LE)B(E, 1) (3.206)
= 217[/0; dwA(T,w)B(T,w), (3.207)

A and B each contain no integrals and so we again apply the method of (3.68)-(3.70) to even-
tually find

1 o ~ ~
D = 5 /_ _dwd,hGiy 2,hC. (3.208)
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Full Expression:

Applying the derivations outlined above to each term individually, we find the following total

expression for D,

N
+¥70),G0) ¥ 100G o) + 0,0 G0 Y100 G0y + G0y oy + C000 Gl

+ G0 ¥ 00 Clo)Pl0)0 + ¥10)0 G0 P00 Co) + G0y ¥ (00 Gy P00

+ %700 P0)Co) + G o) ¥oyw G0y Py + ¥ (00 G0y P00 Gty

+3uh | G5y (b, Gty + Clty 000G + Gy FioywClo) + Gy ¥l i)

+h [G(g)%vcg))+ R ®15,,C) + Gioy ¥, Gl + G5 ¥h),Ch }}. (3.209)

3.3.7 Summary

We have derived an equation for the quantum force operator which acts on an arbitrary

classical vibrational coordinate v as
fV(t) = f(O),v(t) - ZCVV’UV’ + 5fv(t)/ (3.210)
V/

where we have explicit expressions for f) and ¢ while § f is quantified according to a diffu-
sion coefficient D. The last step is to map this equation onto a classical equation of motion
where the forces are no longer quantum mechanical operators, but physical quantities. Our

governing equation of motion for the vibrational dynamics is then, finally, given by
folt) = floyu(t) = Y Cuwow + 8fu(1). (3.211)
V/

Since the stochastic force is now classical, the diffusion coefficient which quantifies it must
be real. This is not an issue for the white-noise diffusion as given by (3.209), but the exact

diffusion which we encounter in chapter 7 is not strictly real and special care must be taken.



Chapter 4

Motion on the Leads Interface

This chapter contains material that has been previously published in the following journal
article:

Current-induced atomic motion, structural instabilities, and negative temperatures on molecule-electrode
interfaces in electronic junctions,

R.J. Preston, V.F. Kershaw, D.S. Kosov, Phys. Rev. B, 101, 155415 (2019)

4.1 Motivation

With a handful of exceptions [95, 100, 127, 147, 176, 177], theoretical approaches to dynam-
ics in molecular junctions largely focus on nuclear motion localized in the central region;
however, the motion at the molecule-electrode interface is at least equally important. Large
amplitude conformational changes such as chemical reactions, switching between different
geometries, localized heating, and electromigration of atoms predominantly occur on the in-

terface in molecular electronic junctions.

Our goal is to apply our theory to the dynamics of nuclear motion on molecule-electrode
interfaces. In doing so, we observe the emergence of negative viscosity coefficients in the
interface region which leads to eventual device breakdown. Additionally, we observe the nat-
ural formation of bi-stable nuclear potentials which leads to stochastic switching behaviour in
the measured electric current, also known as telegraph noise. The telegraph noise is quanti-
fied according to the Fano factor. In bi-stable regimes, we observe strongly super-Poissonian
noise where the Fano factor reaches values larger than 300. The Fano factor can be used in

experimental systems to probe the otherwise difficult to observe nuclear dynamics.

This chapter is organized as follows: Section 4.2 describes the model and relevant theory, the
results of calculations are presented in Section 4.3, and the chapter is summarized in Section
4.4.

83
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4.2 Theory

4.2.1 System Hamiltonian and relevant equations of motion

4.2.1.1 System Hamiltonian

We will consider a commonly realised experimental geometry in which the valence state of
the molecular bridge which allows for electron transport is near to one lead; in our case the
left lead. The single classical degree of freedom present in the model will represent the dis-
placement of the valence state from the left lead whereby a classical dependence will emerge
in our Hamiltonian through the coupling to the left lead. Additionally, a classical dependence
is present in the energy of the valence state itself due to the electric fields produced by the

leads. Our general tunnelling junction Hamiltonian as discussed in Section 2.1 is given by
H(t) = Hy+ Hr + Hr + Hy + Hyvr + Hy- 4.1)
The molecular bridge is modelled by a single molecular orbital with energy e(x) as
Hy = e(x)a'a, (4.2)

where x is the classical time-dependent coordinate. This x-dependence of the molecular orbital

comes from the voltage drop across the junction
e(x) = e+ E(x —x0) + Vo, (4.3)

where

€= (ur —pur)/ (Lt — Lg), (4.4)

is the electric field across the junction and

Vo =wur —Lo(pr — pur)/(LL — Lg). (4.5)

is the x-independent energy level shift. Here we use L; and Lr to denote the positions of
the left and right leads, while p; and ug are the left and right lead chemical potentials.
The equilibrium bond-length is denoted by xo. The applied voltage bias V will be applied

symmetrically such that y; = V/2 and ug = —V /2 in all our calculations.

The tunnelling interaction is

Him(t) + Hrm(t) = Y trai(t)af,ai + hec. (4.6)
kai
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where the tunneling amplitudes f,;(t) are time-dependent tunneling amplitudes. We assume
that the coupling to the right electrode is rigid and the coupling to the left depends on the
bond-length:

tka(x) = (47)

{ trs(x), ifa =1L

iR, ifa =R

where the function s(x) is taken in the form of the overlap between two 1s orbitals separated
by distance x as given by
s(x) = e *(1+x+x2/3), (4.8)

and t; and tg are two constants. This choice of coordinate dependence mimics the behavior

of a generic isotropic chemical bond [169].

The left and right leads of the molecular junction are macroscopic reservoirs of non-interacting

electrons
Hp+ Hg =Y €xattfyika, (4.9)
ko

where af creates an electron in the single-particle state k of the « = L/R (left/right) lead with

energy €x,, and a, is the corresponding electron annihilation operator.
Finally, the classical Hamiltonian H,; is
Ha() = L+ u(), (4.10)

where p is the classical momentum, m is the mass associated with the classical degree of

freedom, and U(x) is the potential. The classical potential U(x) is taken to be harmonic
1 2
U(x) = Ek(x —x0)°, (4.11)

where x is the equilibrium bond-length and k is the spring constant associated with the bond

strength.

4.2.1.2 Simplifications to the Green’s functions and self-energies

The consideration of only a single electronic level in the central region allows us to greatly sim-
plify the form of the main dynamical quantities since the Green’s functions and self-energies
become scalars in this case. The simplifications are generally straight forward and so we

will merely present the simplified form here rather than showing each step explicitly. The
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adiabatic self-energy components in the Wigner space are given by

N ; 3 i N _
Ea(D) = 5Ta(D), £ (1) = —3Tu(D), £, 1) = ifu(@)Ta(T).  (412)
Meanwhile, the adiabatic self-energy-like terms, ‘T’(O), CTD(O) and (0), €an be found by noting
that dyfip (x) = t10xs(x) as per our definition for the tunnelling amplitude. Then we can say

that
dxs(x)

s(x)

This allows us to express the self-energy-like terms in terms of the self-energies according to

xtir (x) = ter (). (4.13)

% 0x8(X) - des(x)\? o
T(O),D{ = @ s - Z(O),ﬂé’ g(O),zx = ( S(x) Z(O),DU (414)

when « = L, while each term goes to zero when a« = R. Evaluating (3.28) for the appropriate
choices of A and B readily allow us to obtain the first order corrections to the self-energy

terms due to the motion of the classical coordinate. These are given by

i(w =0, Y1) =Py = F ( 02, ~( 0 — 2awg ) (4.15)
The adiabatic Green’s functions take the familiar form

~ ~ -1 ~ AR = ~
Gt = (w-n=%y®) ,  Gg” =Gh Ty Gl (4.16)

where the inverse here is now just a multiplicative inverse. The first order corrections to the

Green’s functions can be simplified to

GiR=0,  Gj =-iGhRe{G

A ~R & < R AR &< ~ A
0 08" +Gpdrxp + B G(o)awz(o)} Gl @17

(0)

4.2.1.3 Simplifications to the Langevin Coefficients

The Langevin coefficients which dictate the dynamics of the classical coordinate can also be

simplified in the case of a single electronic level. The adiabatic force is given by
15 < A R A<
- dwG dem 560 + ¥R G } (4.18)
(0) (0)~(0)
while the first order force which yields the viscosity coefficient is

i€ [ 1 koA o

1 o o
+ 5 / dwRe { ar¥( 2.6l —0.% 501Gl . 419)
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Finally, the diffusion coefficient is

4.2.1.4 Simplifications to the electric current

The adiabatic electric current through the junction is given by
1 = P -
10(t) = — / dwre{ G S +GREG) ), (4.21)

while the first order correction simplifies to

My - L 2 SA 1 AR o $< AR o <
100 = [doRe{G5 £} + 5 [dwim{ 0168 0,55, ~ .G 0155 ) @422)

4.2.2 Fluctuation-dissipation theorem

As we saw in Section 1.4.1, the temperature of the Brownian particle emerges through the
balance of the excitations due to the stochastic force and the dissipation of energy due to the

viscosity coefficient according to
D

=%

In the absence of a voltage bias over the junction, we expect the temperature of the classical

T (4.23)

coordinate to equilibrate to the temperature of the leads. The first test for the model is to
then take our explicit expressions for D and ¢ in equilibrium and observe if (4.23) is satisfied,
where T is the temperature of the leads. To do this, we must first simplify our expressions
to be in terms of the base parameters of the model; a tedious but simple process which we
don’t demonstrate explicitly. For the benefit of generality we show the result in the case of an

arbitrary number of classical degrees of freedom, which can be easily simplified to the case of
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a single classical degree of freedom. The first order force is given by

1
fre = 3= Low / dew ([(Y2 4 YLYR) duf + (Y& + YLYR) B fr] dyhd,

Ay T

+ (Y2 + YL YR) v [Pwfr(w —h) — fi] + (Yx + YL YR) [ wfr(w —h) — fg]
2

Y
+ —avh (aV/FLfL + av/erR) + Yz(w — ]’l)av/h ( wa 9y L >

Y? o, T 0, I'gd, T o1 1
g (3 [P T 4 o MR 2 [—zr] [aerawaaerawfR])),

r |y
(4.24)
where we have defined the quantity
Ly
Yy = ———. (4.25)
T2
(w—h)2+
An element of the viscosity tensor can then be found according to
fy = S0, (4.26)

Oyt

such that we have

1
C == / dw ([(Y2 +YLYR) duf + (Y3 + YLYR) D fr] Dyhd

oy oy

vh [P fr(w —h) — fr] + (Yz + YL YR) Wh 0w fr(w —h) — fR]

+ (YL +YLYR)

Y? o, T 0, T
—8 h (aV/rLfL +ayerfR) +Y2(w h) V/h ( wa L +8wfR R)

Y2 o,T av,r 3,Trd, T 9, T 1
+— ( [ wfr L S R RR R] + [Y - 2r] [aVrLawaJraeraa,fR])).

2 T
(4.27)

Let’s now consider the equilibrium case, such that we let f; = fr = f¢;. It then takes the form

£ = g [ X0ty (3004 (0~ )3+ 0= WP

1 [9,T19,T. 9,Trd,Tx 9,T3,T] 1
[ LoviL | OvlRIvIR | ]

5y T T | - 4ay,ravr> . (4.28)
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An element of the non-equilibrium diffusion coefficient is given by

Dw’ = % /dw (avhav’h [(1 _fL) (fLY% +fRYLYR) + (1 _fR> (fRY%Q —i—fLYLYR)}
+ (w — h)ﬁ (fuTr + frIR) x

(Ovh [0y TL(1 = fL) + 0y TR(1 = fr)] 4+ 0yh [0, TL(1 — fL) + 9TR(1 — fr)])

- in [0y T (1= fr) + 0y TR(1 = fr)] [0uTLfL + 0T R fR]
Y2 1

+ 7% (ZHV/FLE)VFLfL(l — fL) + 2av/rRaerfR(1 — fR)
#Ufel1 = fTR T+ ful1 = flduTe] (et + %08 ) ). @.29)

In equilibrium, this then simplifies to

w 1 9, T a,T
Dy, = / dwY2fog(1 = fo) (avhav,h + (@ = Wah== + (@ — h)ayh (4.30)
1 [9,09,T 9,T.9,T, aTrd,Tr] 1
+oy [ e T ] 4av,ravr> . (4.31)

The derivative of the Fermi-Dirac distributions for the leads can be calculated according to

1

awfoc = _fxftx(l_f(x)/ (4-32)

where T, is the temperature of the a lead. We will take T} = Tg = T, such that the system is
in thermal equilibrium. Upon applying the above identity in (4.28), we find that
D1

267 =T, (4.33)

v’

Thus, we have shown that in chemical and thermal equilibrium our classical coordinate will
equilibrate to the temperature of the leads, as would be expected from a physical standpoint.

This also applies for any arbitrary element of the diffusion and viscosity tensors.

4.2.2.1 Anti-symmetric viscosity components in equilibrium

Recall from Section 3.3.5 that an arbitrary element of the anti-symmetric component of the

viscosity coefficient can be defined according to

ga,w’ = % (gw/ - Cv’v) . (4-34)
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By using (4.27) we can show that an arbitrary anti-symmetric element is then given by

5 (G =) = g [ de (0= f) = (@ = W (fL — f)]

Y2 +YLY Yi+ LY
<(R+FLR> [0, TLdvh — 8,T 13, h] — (“r”) [0y TR — avFRav'h]>
1(1 1
+o0 (L= fR) T [Y N zr] . av’“aerD ' -

Let’s once again consider the equilibrium case in which we let f; = fr = fe;. It is immediately

clear that each term will go to zero and thus, we observe that
&l =o, (4.36)

where 0 is the corresponding matrix of zeroes. Despite this, it has been shown theoreti-
cally that the anti-symmetric viscosity can be non-zero in equilibrium if the Hamiltonian is
complex such as when the spin-orbit coupling is explicitly accounted for [178], or when a

time-dependent driving is present in the leads [179].

4.2.2.2 Positivity of the viscosity coefficient

The diagonal elements of the viscosity tensor are given by (4.27) when v = v'. These elements
correspond to a frictional force which directly opposes the motion of the v degree of freedom.
For pedagogical purposes, let’s for now assume that I'y is a scalar constant such that only
the first line of (4.27) survives; we will denote this by ¢, since now only & depends on the

classical coordinate. This can be simplified to the form

&, = F(avh)z/dw%u — fulL+ £(1— fr)Tr

4.37)
4 Bw—hﬁ+FH42

This quantity is purely positive since I' must be positive according to its definition. So we
see that in the single-level case where only the molecular Hamiltonian is dependent on the
classical coordinate, the force due to the viscosity coefficient must be purely dissipative. Al-
lowing I to have a classical dependence (motion on the leads interface) then has an important
effect; it allows for the viscosity coefficient to become negative in which there are no longer

any forces acting to dissipate energy away from the classical vibrations.



§4.3 Results 91

4.3 Results

4.3.1 Motion on the leads interface

Each of our calculations utilize a common set of unchanging parameters: the bandwidth for
numerical integration is set to [-5, 5]; left and right lead temperatures are set to be equal
(Ty = Tr = 300K); the reduced mass associated with the chemical bond is m = 1000; the
molecule is always strongly coupled to the left lead with I' = 4 and I'r = 0.03; and the
equilibrium bond-length is xo = 5. All numerical values in the text and figures are given in

atomic units.

We note that in a similar approach to previous work [180], we employ a finite bandwidth in

numerical calculations to avoid the logarithmic divergence of the adiabatic force (4.18).

4.3.1.1 Electronic friction, diffusion coefficient, and local effective temperature

We first study how the parameters of the model control the three main ingredients of the
Langevin equation: the diffusion coefficient, viscosity, and adiabatic force. Figure 4.1a shows
the diffusion coefficient D(x) as a function of the bond-length. The amplitude of the ran-
dom force is the square root of the diffusion coefficient. As seen in Figure 4.1a, the diffusion
coefficient has a strong dependence on the bond-length, reaching its maximum at the equilib-
rium bond-length and then decaying to zero as the bond stretches or contracts. As physically

expected, the amplitude of the random force increases as the voltage becomes larger.

The viscosity ¢(x) is shown in Figure 4.1b. At small voltages the viscosity behavior mirrors
the diffusion coefficient’s dependence on the bond-length. This is not surprising if one recalls
the fluctuation-dissipation theorem which relates the ratio of the diffusion coefficient D(x)
and viscosity ¢(x) to the temperature, and temperature should not deviate significantly from
the equilibrium value for small voltages. If the voltage is increased, we start to observe re-
gions of negative viscosity which energize the stretching/contraction of the bond rather than

dampening its oscillations as one may expect from the viscous force.

Figure 4.1c shows viscosity as a function of bond-length computed at V = 0.06 of applied
voltage. Once the level moves away from the resonance position €y = 0, the second peak in
the viscosity starts to shift closer to the equilibrium bond-length. The second peak occurs
when the energy of the level intersects the Fermi level of the right lead, such that electrons
are easily able to transition between the lead and the resonance level, while the left lead is

essentially disconnected due to the exponential coupling decay.
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Figure 4.1: (a) Diffusion coefficient D(x) and (b) viscosity &(x) as functions of nuclear position
computed for different values of the applied voltage and with resonant energy level set to zero
€0 = 0; (c) viscosity ¢(x) as a function of bond-length computed for different resonant-level
energies €y at voltage V = 0.06.

In analogy to the fluctuation-dissipation theorem [181], it is instructive to define an effective
temperature as
D(x

Tus(x) = Zg((x)) (438)
Figure 4.2 shows that there is a good agreement between the effective local temperature de-
fined using (4.38) and the local kinetic energy computed directly from simulations of the
Langevin equation. Therefore, the effective temperature (4.38) is an intuitively clear physical
quantity which reveals information on the steady-state spatial distribution of kinetic energy

within the junction and is related to current-induced localized heating or cooling effects.

It is clear from Figure 4.3a that in the equilibrium case (zero applied voltage), the fluctuation-
dissipation theorem is satisfied as T.g is independent of x and equals to 300 K, exactly the
temperature of left and right leads. Once the voltage is increased, the current carrying elec-
trons produce significant local heating in the junction leading to the rise of the effective tem-
perature. The coordinate dependence of effective temperature has a small dip at equilibrium

bond-length and then reaches its maximum value if the bond is stretched.

In Figure 4.3d, we observe a region of parameters in our junction in which the effective tem-
perature becomes negative, such that the nucleus has no defined steady-state local kinetic
energy in this region and as such, the kinetic energy of the nucleus will continue to increase

if constrained to this region.

Next, we compute the effective potential as a function of bond-length. By combining the
classical potential and integrating our adiabatic force f()(x) computed by (4.18), we obtain
the effective potential [182]

Unge(x) = U(x) — / Sy fo (). (4.39)

Notice that the lower limit in this integral a is completely arbitrary and serves as a reference
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Figure 4.2: Effective temperature Teg(x) computed via (4.38), and computationally measured
temperature computed from the local kinetic energy as a function of the bond-length, calcu-
lated in the resonance regime. The applied voltage is V = 0.02 and the spring constant is
k=2.

point for the computed potential energy. We use a = 0 in all our calculations. We observe
in 4.4a and 4.4b the possibility of different potential regimes in which we may observe two

separate stable minima.

These regimes are summarized according to the changing bond spring constant and coupling
in Figure 4.4. There is a narrow region of bistability. Once we move away from this region, one
minimum starts to dominate until the other minimum disappears completely. As the voltage
is increased, the bistable yellow region becomes wider and shifts towards smaller values of

the spring constant.

4.3.2 Current noise

In this section, we show results for the current computed along a given trajectory of the bond-
length time-evolution obtained from the solution of the Langevin equation. To compute a
trajectory x(t), we utilize an m-BAOAB algorithm provided by Sachs et al [183], which enables
a numerical solution of the Langevin equation with a coordinate dependent viscosity and
diffusion coefficient. The trajectory is used to compute Green’s functions, and current with
first order dynamical corrections using the equations presented in Section 4.2. We consider
three representative scenarios with very distinct nuclear dynamics: rigid chemical bonding
(k = 0.136), intermediate chemical bonding (k = 0.131), and soft chemical bonding (k = 0.127).

In the case of a rigid chemical bond, the bond-length oscillates around a single minima; this is
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Figure 4.3: (a) Effective temperature T.¢(x) as a function of bond-length computed in the
resonance regime €y = 0 at various values of the applied voltage. (b) Effective temperature
Tets(x) as a function of bond-length computed at applied voltage V = 0.02 for different values
of the resonant-level energies. Contour plots of effective temperature To¢(x) as a function of
voltage and bond-length for (c) low voltages and (d) high voltages; the white region represents
negative effective temperatures.
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Figure 4.4: Effective potential for (a) varying spring constants (V = 0), and (b) for varying
bias voltages (k = 0.12).
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Figure 4.5: (a) Different effective potential regimes for varying k and I'r, computed at V = 0
and color coded according to (b), (c), (d). Dashed lines show the boundaries of the bistable
yellow region for V = 0.2.
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reflected in the time dependence of current shown in Figure 4.6a, 4.6b. Both the electric current
with dynamical corrections I (f) = éo) (t) + I£1) (t) and the first order correction Iél) (t) itself
oscillate around single average values. Once the chemical bond becomes softer (k = 0.131), the
length of the chemical bond switches between two states, spending roughly equal time in each.
This behavior of the bond-length results into telegraphic switching of the current between two
values as shown in Figure 4.6¢, 4.6d. The first order dynamical correction is more noticeable in
the more conducting state. For a soft molecule-lead chemical bond, k = 0.127, the bond-length

experiences switching but has a preference for a specific value, as does the current.

4.3.2.1  Quantifying the current noise

The temporal correlations between stochastic fluctuations of the electric current (current noise)
have become a very important experimental and theoretical tool in studying transport prop-
erties of molecular junctions. Noise spectroscopy enables the study of the special features of a
single-molecule junction, which are not accessible by standard current-voltage measurements.
The experimental noise measurements provide significantly new information on fundamen-
tal mechanisms of electron transport in molecular junctions, such as atomistic details of the
local environment and metal-molecule interfaces[71, 184], coupling between electronic and
vibrational degrees of freedom[60, 88, 185, 186], identifications of the individual conduction
transport channel[61, 187-189], and mechanical stability of the junction[66].

Current noise is formally defined as

Sa(T) = TLiIJl’rIOO % /OT dt{ [(ﬁa(t),éfa(t + r)} +>, (4.40)
where 51(t) describes the instantaneous deviation of the electric current at time ¢ from its
average value and |...,...]+ is the anti-commutator. Eq.(4.40) involves two averages: (...) is the
quantum expectation value over electronic degrees of freedom and limr_, % fOT dt... is the
time average over the classical motion of the nuclei. The time average is equivalent to the
ensemble average over many realizations of geometries of the molecular junction. The current

noise power spectrum is the Fourier transformation of (4.40)

+o0 ,
Se(w) = / dte'TS, (7). (4.41)

—o0

The electric current noise provides valuable information about the system and originates from
multiple factors: (a) the quantum nature of electrons, discreteness of charge, Pauli exclusion
principle, shot noise, and the finite temperature of electrons; (b) various types of quantum
correlations between current-carrying electrons, which are not present in our model; (c) and

finally, the "mechanical” noise due to current-induced changes to the molecular junction ge-
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Figure 4.6: Current with dynamical corrections Iy (t) = I£O) (t) + Iél) (t) and first order correc-

tion [ él) (t) to the current as functions of time computed at V = 0.01 for different values of the

spring constant (a,b) k = 0.136 (c,d) k = 0.131 (e,f) k = 0.127. The red dashed line denotes the
current mean over the displayed time interval.
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ometry. Generally the total noise is not simply the addition of (a), (b), and (c) contributions;
there is a cross interference between different contributions. However, within our approach
the distinctly different time-scales of fast electronic and slow nuclear motion enables the sep-
aration of the mechanical noise contribution [190]. The characteristic time scale of shot noise
decay is 1/T’, whereas the noise due to nuclear motion appears on much longer times. Hence
the noise induced by geometrical fluctuations dominates the noise power spectrum at low

frequencies, and can exceed the shot noise contribution by orders of magnitude [190].

In what follows we focus on the "mechanical” noise as

1 T
Su(T) =2 lim — / At 1, (1)1 (t + 1), (4.42)
T—+o00 T Jo
where the current fluctuation at time ¢ is
1 1 Td
oL, (t) = I,(t) — Li — t1,(t). 4.4
a() «(t) T_lgr‘ooTO a() (4.43)
The Fano factor is

E, = M (4.44)

The variance and mean of a Poisson process is equal, therefore the Fano factor can be used
to characterize electron transport as either a sub-Poissonian (F < 1), Poissonian (F = 1), or
super-Poissonian (F > 1) process. Indeed, super-Poissonian or sub-Poissonian noise is caused

by a host of very interesting and often hidden physical effects.

Figures 4.7a and 4.7b show Fano factors computed as a functions of the applied voltage V and
spring constant k. The presence of telegraphic switching between two minima in a bi-stable
adiabatic potential results in the gigantic enhancement of the Fano factor, indicating that the
electron transport is a super-Poissonian process. The behavior of the Fano factor depends on
a number of factors relating to the microscopic details of the Langevin dynamics in a locally

heated adiabatic potential.

This behavior of the Fano factor can be rationalized based on the following observations. The
only negative contributions to the integral over time in the current noise (4.42) are on the
boundaries when the current crosses the mean. For the bi-stable case, this generally occurs
only when the current switches between stable states. It is an intuitive notion to then conclude
that larger switch rates will have an effect on decreasing the Fano factor (however having no

switches at all will minimize it).

The size of the positive contribution to the current noise is dependent on two factors: firstly,
the size of the fluctuations around the mean which correspond to the difference in current

values between two configurations; and secondly, the ratio of time spent in each minimum.
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Figure 4.7: (a) Fano factors as functions of the spring constant k. (b) Fano factors as functions
of voltage V. Here k = 0.13 yields two minima with approximately equal depth, while k =
0.125 yields a deeper left minimum. (c) Average switch rate between minima in a bi-stable
regime, varying k. (d) Average waiting times in a bi-stable regime for V' = 0.05. The vertical
dashed line denotes the k value for which the two minima have equal depth. All calculations

are performed for ¢y = 0.
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Figure 4.8: Fano factor computed as a function of the spring constant; V = 0.05 and €y = 0.
The background of the figure is color-coded in accordance to the different regimes of effective

potential shown in Figure 4.5 (b,c,d).
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An increase to the applied voltage results in a larger fluctuation around the mean and as such,
one would expect this to have an effect on increasing the Fano factor. However, this effect is
counteracted by an increase to the mean current, which stays in the denominator of the Fano
factor (4.44). Additionally, the noise should be maximized when the mean current is directly
in between our two current states; this occurs when the nucleus spends approximately equal
time in each minimum. Therefore, the two key parameters to control the Fano factor are the
average switch rate (a single switch being a transition from one minimum to the other) shown
in Figure 4.7c, as well as the average waiting time (the average amount of time spent waiting
in a minima before switching out) shown in Figure 4.7d. To maximize the Fano factor, one
wants to keep the switch rate between conformations as small as possible but at the same the
waiting times in both conformations should be comparable. For example, let us consider the
case of V = 0.05. As the voltage increases, the difference in effective temperatures between
the left and right minima increases as well, such that the left is substantially hotter, which will
decrease the time spent waiting in the left minimum. In addition, the large applied voltage
will physically deform the adiabatic potential in a manner akin to Figure 4.4b, decreasing the
depth of the left minimum relative to the right. These factors each act to decrease the left
minimum waiting time relative to the right (see Figure 4.7d). To compensate for this, the Fano
factor peaks shifts towards smaller values of k, which act to deepen the left minimum, thus

having the opposing effect of increasing the left minimum waiting time.

In Figure 4.8, we observe the Fano factor as the adiabatic potential transitions over the three
possible regimes in our system as the spring constant k is altered. The Fano factor demon-
strates a strong dependency on instabilities within the system, undergoing a large peak as
the bi-stable regime is entered, before decreasing back to sub-Poissonian values in the mono-
stable regimes. The peak is shifted towards lower k values for the reasons outlined regarding
Figure 4.7c. The peak decreases slowly into the blue mono-stable regime because the stable
minimum is very close to the left lead, which yields a small mean current in this region. As
such our Fano factor according to (4.44) is still large despite the adiabatic potential only being

mono-stable.

4.4 Summary

In this section, we studied current-induced atomic motion on molecule-electrode interfaces in
molecular electronic junctions. Structural changes on the interfaces are described in terms of a
Langevin equation, which is obtained from the quantum mechanical first principles in which
we extract the slow nuclear dynamics from Wigner space Green’s functions. The calculations
of Green’s functions and consequently all molecular junction observables include dynami-

cal velocity-dependent corrections to include non-adiabatic effects of nuclear motion into the



84.4 Summary 101

calculation of electronic properties. We illustrate the theory by computing the transport prop-
erties of a model molecular junction: a single position-dependent resonant energy level which
is coupled to the leads via a flexible (changing in time due to current flow) bond-length. The
Langevin equation for the bond-length is integrated numerically and then the Green’s func-
tions, electric current, and current noise are computed along the stochastic trajectory. We
observe that even if the initial classical potential is harmonic, the effective potential may de-
velop bi-stability depending upon the parameters of the model. We mapped the shapes of the
effective potential in the parameter space of the model. The different regimes for bistability
depend critically on the interplay between the softness of the linking electrode-molecule bond

and the coupling to the corresponding electrode.

We introduce the concept of an effective local temperature using fluctuation-dissipation theo-
rem ideas, which provides a useful insight on localized current-induced heating in molecular
electronic junctions. We observe a region of parameters in our junction where the effective
temperature becomes negative, which means the kinetic energy of nuclei will continue to
increase if constrained to this region. The structural instabilities and localized heating on
molecule-electrode interfaces are quantified in terms of the current noise and Fano Factor.
These demonstrated the influence of the calculated effective temperatures and adiabatic po-
tentials on the nuclear dynamics, in which super-Poissonian Fano factors on the order of ~ 400

were observed.



102 Motion on the Leads Interface




Chapter 5

Dynamics Under a Time-Dependent
AC Driving

This chapter contains material that has been previously published in the following journal
article:

Cooling molecular electronic junctions by AC current,

R.. Preston, T.D. Honeychurch, D.S. Kosov, ]. Chem. Phys., 153, 121102 (2020)

5.1 Motivation

The lifetime of molecular devices is notoriously small [41, 191, 192]. The record lifetime
achieved in a recent breakthrough experiment is still only 2.7 seconds [193], which is obvi-
ously much shorter than what is expected for feasible post-silicon technology. The significant
operational voltage bias of a few volts required in molecular junctions along with large electric
current densities destroy the molecular device’s structural integrity through chemical bond
rupture, large scale molecular geometry alteration or electromigration of the lead interfacial

atoms.

A practical solution to the sensitivity of structural stability in molecular junctions remains
elusive. Subsequently, in this chapter we propose a new strategy to decrease the Joule heating
in molecular junctions: the application of a sinusoidal voltage over the large DC voltage bias
which acts to reduce the effective vibrational temperature of the molecular junction. The
inclusion of an AC driving requires additions to our theory, which will be covered in Section
5.2. In Section 5.3 we analyse the results produced by the theory, in which an AC driving is
observed to produce selective heating/cooling to the classical degrees of freedom. The chapter

is then summarised in Section 5.5.

103
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5.2 Theory

5.2.1 System Hamiltonian

We consider a single-electronic state in the central region coupled to the leads which are each
under the influence of a sinusoidal time-dependent driving. As usual, we begin with our

general tunnelling Hamiltonian:
H = Hym + Hyr + Hur + Hp + Hr + Hy. (5.1)

The classical dependence of the system emerges solely through the molecular Hamiltonian as
given by
Hy = h(x)a'a, (5.2)

where 1(x) is the energy of a single molecular orbital and x is the classical coordinate. The
classical coordinate here can be interpreted as the position of the molecular orbital in the
junction where x = 0 is equidistant to the left and right leads. We assume in our calculations

that the molecular orbital depends linearly on x
h(x) = ey + Ax, (5.3)
where A is the coupling strength between the electronic and nuclear degrees of freedom. The

molecular Hamiltonian in tandem with the classical Hamiltonian as given by

2

-
Hy = 'm + U(x), (54)

provides a complete description of the nuclear geometry. The classical potential is taken in

the harmonic oscillator form
1
U(x) = Ekx2, (5.5)

where k is the spring constant associated with the chemical bonding to the leads. Both leads

are modelled as macroscopic reservoirs of noninteracting electrons

H; + Hg = Z ek,x(t)a}:“ak,x. (5.6)
ka=L,R

The leads energy levels have a sinusoidal dependence on time due to an external AC driving

with frequency ¢ and amplitude A,

€ka(t) = €xa + Ay cos({t). (5.7)
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Additionally, the leads are also held at different static chemical potentials y, at all times, the
difference between them corresponds to the applied DC voltage bias V = u; — pug. Both
sinusoidal AC and static DC voltages are applied symmetrically in our calculations: A; =

—AR and UL = —HUR.

The coupling between the central region and the left and right leads are given by the tunnelling
interaction

Hur+Hur = ) (taaf,d +he), (5.8)
ka=L,R

where fy, is the tunnelling amplitude between the leads single-particle states and the molec-
ular orbital. In contrast to Section 4, fy, is treated as a constant independent of the nuclear

geometry.

5.2.2 System time-scales

Our model exploits two separate small parameters related to the separation of time-scales

within the system. These are

Q 4
— 1, = 1, 9
T < < (5.9)

where the first is our usual assumption that the nuclear motion is slow relative to electron
tunnelling. Similarly, the second relation characterises the slow time-dependent driving of
the leads relative to the time-scale associated with electronic tunnelling. Our perturbative
expansions are then taken to the first order in either of the above small parameters. For
example, this means a term proportional to é would be treated as second order and is thus

neglected.

5.2.3 Calculating the time-dependent self-energies

The presence of a time-dependence in the leads necessitates special care upon calculating
explicit expressions for the leads self-energies. The leads self-energies follow the standard
definition

X ii(tt') thka )Gojkaka (bt ) tra (), (5.10)

where we recall that the free-field Green’s functions for the leads are given by (2.157)-(2.159).

For the benefit of the reader, these are

Gléxk’a(t' t/) = i9(t/ _ t)e—ifti dt]ekzx(tl)ék“k,“, (5.11)
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GRya(t, 1) = —i6(t — ') I dnetgy ., (5.12)

Gljxk/a(t/ t/) — l'e—l'ftl; dt]eka(t])fkﬂc(sk(xk’a' (513)

Due to the absence of any classical dependence on the leads interface in this section, we note
that ¥ = % ). Let’s consider the integrals in the above exponentials. By substituting in (5.7)

for €;,, we obtain

/t,t dti€re(t) = €x(t — ') + Ag‘" [sin(t) — sin(Zt')] (5.14)
— et —t) + 2?“ cos(Z(t+#)/2) sin(Z(t — £)/2), (5.15)

where we have used the fact that sin(x) — sin(y) = 2sin(*5?) cos(’%y). The free-field Green’s

functions then become

Gl (T, T) = i0(—T)e T pn pi%3 cos(ET)sin(¢T/2). (5.16)

standard GF for time-independent leads Gléx o (T

Gllc{zxk’oz (T/ T) = _iQ(T)e_iekaT‘Skuck’a e_iz% cos(¢T) sin(¢r/2) (5.17)
G}ﬁk’a (T)
Glixk/a (T’ T) = ifktxeiiekarfsktxk’tx eiiMTa cos(¢T) sin(gr/Z)/ (518)
~—————
Glitk’zx(r)

where we have made use of the central and relative times
1 / /
T=o(t+t), T=t-t. (5.19)

Thus, we see that our time-dependent free-field Green’s functions for the leads can be ex-
pressed by the time-independent Green’s functions under the influence of some phase factor

determined by the driving. Making use of the Jacobi-Anger expansion as given by
eizcosG — Z l-n]n (Z)einel (520)

n=—oo

where [, is a Bessel function of the first kind, we find that

e—iZAT“ cos({T)sin({T/2) _ ei% cos({T)cos({T/2+m/2) _ i in]n <2§¢x COS(@T)) ejn(§1/2+n/2)

= i (=1)"]u <2A”‘COCS(§T)> 3T, (5.21)

n=—oo

n=—oo
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Finally, all components of the leads GFs are written as

a7, ) = Guawa() 35 (<177, (2 EL gt 622)

These free-field Green’s functions are then substituted into the general expressions for the

self-energies to give

. = 2A, cos(CT i
Saij(t 1) =Y traiGraka (bt ) tiaj = T4ii (T) Y. (=1)"a <“(g)> e2"T,
K —— n=co ¢
self-energy of static leads
(5.23)

while the corresponding self-energy in the Wigner space takes the form

i“,ij(w, T) = /_O:o dTeinZa,i](T) = Z 2a,ij(w + Tlg/Z) (—1)”],1

n=—oo

<2Aa cos({T)

7 ) . (5.24)

self-energy of static leads

Now, we apply the wide-band approximation and utilise the following Bessel function prop-
erties [194]:

o]

i ]nik<z> =1, Z <_1)k]nik(z) = (_1)11’ (5.25)

k=—o00 k=—00

allowing us to simplify the self-energy components, now expressed as matrices, to

S<(@,T) = iTx Y fulw+nZ/2)(=1)"], 2Aucos(ET) ) (5.26)
4

Y2 (w,T) = —iTy + 25 (w, T), (5.27)

4 = —éra, R — %ra. (5.28)

For future use within the Kadanoff-Baym equations, we compute time and energy derivatives
of the lesser lead self-energy in Wigner space. Considering the derivative with respect to the

central time,

9755 (w, T) = iTs n:ioo fulw +ng/2)(~1)"37 < I (M;(m» ) (5.29)

where only the Bessel functions are dependent on the central time. Using the following

property of a Bessel function [194],

Jn-1 (X) - ]nJrl(x) = Zdjgix) ’ (5.30)
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we find that

(1 (P20 ) — i (o (556D (e
(5.31)

Substituting this back into our self-energy and making use of the fact that the summation is

infinite, we find that

(o]

18y (w,T) = 0187 (w, T) = iTayAgsin (CuT) Y (—)"fa(w +ny/2)
« {,m <2ACOS<CT>> i <2ACOS<CT>)] . 632)
Ca Ca
Considering the derivative with respect to omega,
0.5 (0 T) =T, Y dufilweng/D(-11 (PED ) 6y
where
1
0w fu(w+nl/2) =9y (1 N e(w+§ény)/Tiead> (5.34)
p(@t32n—p)/ T s lead
&k 5 (5.35)
(1—|—€ w+Ign—p /Tlead>
(f“ (w+ TZC/2)) (w+%€n—}t)/Tiead/Tiead, (5.36)
we find that
0,2y (w,T) = awi> (w,T) (5.37)
- 2 1 _ lead ZA,X DéT
- Tlead _Z_: ( <w + 71@)) (w+§n§“ pe) /T Jn <CC;(C)) .
(5.38)

For clarity, we emphasise here that T is the central time while T}¢?¢ is the temperature of the

« lead.

5.2.4 Simplifications to the Green’s functions

The adiabatic Green’s functions once again take the familiar form

~1
~A/R &S A/R < /> SR </ >~A
GA(R = (w—h—Z(O) ) ) Gy~ = GREG”Gh) (5.39)
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Meanwhile, the first order corrections can be simplified significantly as all terms are now

scalars in the single level case. They now take the form

~A/R s [ =R <A (SA _ AR 3 3

GAR —, Gli) = 56(0)G(0)(Glo) = G(o)) (OTE" + Irhd,E7). (5.40)
For convenience, we split é(<1) into a component which is first-order in nuclear motion, and a
component which is first-order in the motion of the leads energies. First, we separate dr into

a nuclear motion component, and a leads-energy motion component;
or = vdy + (aT)x, (541)

where the subscript outside brackets denotes the quantity held constant. Note that where a
v0y term is associated with (), (d7)y is similarly associated with . This allows us to partition

G(<1) into

Gy = Gliyo T Gliyer (5.42)
where '
G(<1),z; = %ve’(f)éﬁ)) GE%)(GE%) - Gﬁ)))awi<, (5.43)
and ‘
Glipe = 550Gty (Gl — Gfyarz=. (5.44)

Here we have used the fact that (d7),h = 0 and 9,2 = 0 for our model.

5.2.5 Langevin coefficients under a time-dependent driving

In the case of a single electronic level in the central region with no classical dependence on

the leads interface, the mean force prior to perturbative expansion is given by

1 (= . 14haG <o
() = — / dwiei ™59, hG<. (5.45)

27T J—o
The adiabatic is zeroth order in the nuclear motion; however, this does not additionally con-
strain it to zeroth order in the motion of the leads energies. In solving for the adiabatic force,
the higher order nuclear motion terms are neglected while we retain the first order leads

energy terms. As a result, the adiabatic force is given by

i i -
fion(t) = 5 | dw (3:0G5) +0:GF) ) (5.46)

Here, we have the usual renormalization of the classical potential due to the occupation of the
central electronic level along with an additional correction due to the time-dependent driving

in the leads. Similarly, the first order force (first order here meaning in terms of nuclear
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motion) is given by

®dw (.., ~ v, -
foy(8) = / o (0G5, + 502m0,C) ). (5.47)

We note that the last term in (5.47) reduces to zero as
| dwduGe =0, (5.48)
As usual, the diffusion coefficient is computed as a time-correlation of the force variations
(0f(B)of(t)) = D(T)o(t —t'), (5:49)
where the correlation function is found according to
(SF()Sf () = 0xh(t)G™ (t,t")oxh(t)G=(¥,t). (5.50)

We recall from Section 3.3.6 that (5.50) must now be transformed to the Wigner space where
we can perform a perturbative expansion and truncation. We find that in the Wigner space,

we have
1 o - -
D(t) = E/ dwA(T,w)B(T, w), (5.51)

where
A =ex%%y.nG>, B =e 5%99,hG". (5.52)

As previously, the dr terms are split into derivatives with respect to nuclear motion, and
derivatives with respect to the motion of the lead-energies. Noting that the central-region
Hamiltonian for this model is independent of the leads, the latter terms do not contribute. We
enact the adiabatic nucleus assumption, truncating D after the zeroth order in nuclear motion
which yields

® dw ( .

GGy + GGy +Cio)Giiye) (5.53)

D(t) = (1) [ 5 +Ga.Ch) + GG

0 27T
The diffusion coefficient consists of two contributions: the first term is again the standard
expression as used in DC current junctions, while the remaining terms are new and arise
from the dynamical corrections to the lesser and greater Green’s functions computed using

sinusoidally oscillating self-energies.
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Figure 5.1: Electronic viscosity (a) and diffusion coefficient (b) computed as functions of the

AC driving frequency and the molecular orbital energy. Parameters used in calculations:
A2/k =0.002T, V =2I'/3, A =T/3. Q and ¢ are given in terms of I'.

5.3 Results

5.3.1 Nonequilibrium viscosity and noise produced by AC driven electrons

Figure 5.1 shows the viscosity and diffusion coefficient (averaged over a period of oscillation
and also statistically averaged with respect to possible values of x). The viscosity and diffusion
coefficients are shown as a ratio to the corresponding DC (static) values for a given average
voltage, the DC calculations are performed using (5.47) and (5.53) and setting the amplitude
of sinusoidal voltage modulation A = 0 [143]. The leads temperature is set to 0.02I" in all
our calculations. In the centre of the resonance region, application of the AC driving acts to
decrease the diffusion coefficient while slightly increasing the viscosity. In our previous work
[143] (and in agreement with Subotnik et al. results [148]), peaks in the friction occur when
the molecular orbital energy aligns with either the left or right chemical potentials, since the
electrons can deposit any amount of energy taken from the nuclear degrees of freedom to
the leads via inelastic scattering to the available empty states above the chemical potential.
This is in contrast to the diffusion which has contributions from all lead states in the resonant
region. Applying this analysis to our system, we observe that the viscosity increase in the
resonant region is a result of the lead chemical potentials being allowed to shift closer to the
resonant level and inducing increased interaction between the nucleus and the high-energy
electrons in the leads. However, the AC voltage has minimal effect on increasing the diffusion
near the resonance. The growth of the viscosity relative to the diffusion coefficient results in
an optimal transport regime in which the molecular junction is cooled relative to the static
case. As we shift our resonant level to the edges of the resonant region, we observe a notable

decrease to the viscosity upon application of the AC leads, relative to the DC case. In the static
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regime, the viscosity is maximised here due to the alignment between the resonant level and
the leads, which is broken upon application of an AC voltage. Resultantly, the AC driving

acts to increase the junction temperature in this region.

5.4 Effective temperature

Using ¢ and D we define an effective temperature of the molecular junction via analogy with
the equilibrium fluctuation-dissipation theorem as given by 2% for one-dimensional motion.
There are two options in defining the effective temperature for a given frequency; we can
calculate the instantaneous effective temperature for each given time in a period of AC leads

oscillation and then average over the period, given by

. 0O 27t/Q) D(t)
inst
Thd = 5 /0 dt—ér 0 (5.54)

or alternately, we can first take D and ¢ to be time-averaged quantities over a period of AC
oscillation, then calculate the effective temperature as

[2 atD(t)

2 [ g (t)

ave __
AC —

. (5.55)
In Figure 5.2, we compare these options with average temperature data obtained from kinetic
energy calculated via numerical Langevin simulations for the same parameters. In the interest
of computational efficiency, A2/k = T /6, where all other parameters coincide with other
results presented in this study. We observe T4 to be a far more accurate measure of the
average nuclear temperature within the system for these parameters. Given that ¢ and D are
each proportional to A?, decreasing A /k (in line with the presented results in this paper) will
only further improve the accuracy of the average calculation, since the molecule will react
more slowly to temperature variations due to the AC leads oscillations. As such, we choose

to use T4 as our measure for the effective temperature.

Figure 5.3 shows the ratio Tac/Tpc computed for various transport regimes. The AC temper-
ature is compared to the static DC temperature Tpc computed again as the ratio between the
diffusion and friction coefficients, but now obtained using NEGF calculations for static leads
[143]. Both temperatures are again statistically averaged over x and over a period of AC driv-
ing. As we have already deduced from the behaviour of the viscosity and diffusion coefficient,
cooling is observed in the central resonance transport regime, while heating is observed at the
edges of resonant transport. The effect of cooling is more significant for slow AC driving (Fig-

ure 5.3a) and is amplified if the amplitude of voltage driving is increased (Figure 5.3b). Figure
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Figure 5.2: Comparison of methods of effective temperature calculation with Langevin-
simulated nuclear temperature results for the same parameters. Parameters used in calcu-
lations: A2/k=T/6, Q2 =T/15,V =2T/3and A =T/3. €y is given in terms of I'.

5.3c shows the case of a large static bias voltage, which also enables the consideration of large
AC voltage amplitudes; as one observes, it enables a reduction to the effective temperature by
as much as 80% for the chosen parameters, while the corresponding decrease to the average

current is less than 20% for the same €.

Figure 5.4 demonstrates the role of the chemical bond spring constant k and the coupling
strength between the electronic population and the nuclear motion. These parameters are
interconnected. The term Ax in (5.3) results in the shift of the molecular orbital energy due
to deviations away from the equilibrium nuclear position. A describes the magnitude of this
shift whilst k governs the range of variation in the x coordinate. Therefore, A?/k is an energy
related quantity which encapsulates both effects. As shown in figure 5.4, the cooling effects
are observed in the resonance regime when A?/k < 0.2T. This means that this cooling phe-
nomenon can be observed for systems with rigid chemical bonds, or weak electron-nuclear
coupling. In any other case, the deviations in the energy level due to nuclear motion may be

large enough such that the level leaves this cooling region.

The temperature change per se for a given average voltage may not be a complete measure of
heating/cooling, since the AC driving may simply produce a smaller current (averaged over
the period of oscillation) relative to the corresponding DC voltage, resulting in less power
dissipated over the molecule. It is illuminating for us to then consider the heating/cooling
effects upon application of an AC driving, relative to the DC case at a given average current
(but now a different average voltage). As such, the static lead electric current Jpc is computed

using the Landauer formula for static leads, and J4c is the exact electric current (averaged



114 Dynamics Under a Time-Dependent AC Driving

0.9 —A =1/12
—A =1/6
0.8 A =1/3
-15 -1 -05 0 05 1 15 -15 -1 05 0 05 1 15
€0 €0

A |—Tuc/Toc
/\—JAC/JDC
n

Figure 5.3: Ratio of AC and DC molecular temperatures computed as functions of molecular
orbital energy. (a) shows the results for different AC driving frequencies with A = T'/3
and V = 2I'/3 (b) shows the results for different amplitudes of AC voltage oscillations with
O =T/15and V = 2I'/3. (c) shows the temperatures ratio, currents ratio, and cooling ratio
defined by Eq.(5.56) for a higher DC voltage V = 5I'/3 and A = 5I'/6. A?/k = 0.002" and €
is given in terms of I'.
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Figure 5.4: Ratio of AC and DC molecular temperatures as function of A2/k and €p. Parame-

ters used in calculations: Q =T'/15, V = 2I'/3 and A = I'/3. Both A?/k and € are given in
terms of I

over a period of oscillation) computed using Jauho, Meir, and Wingreen NEGF theory for AC
driven quantum transport [195]. Then we introduce the following quantity called the "cooling

ratio"
_ Tuac())

~ Tpc())’

which provides a measure of the heating/cooling observed upon application of an AC driving,

(5.56)

for a given average current; # < 1 means that the AC driving yields a lower temperature
while allowing for the same average current. Figure 5.3c shows that the application of an AC
driving allows for in excess of 40% cooling of the molecular junction, while maintaining the

same average current as in the DC case.

5.5 Summary

We have demonstrated that the application of an AC driving in the leads’ voltage can result
in a significant reduction to the power dissipation in a molecular junction, relative to the case

E /KT “\where Ej, is the

of a large static voltage. The lifetime of a chemical bond is T ~ e
energetic barrier for bond dissociation. One observes that the lifetime depends exponentially
on the effective temperature T; therefore, even a moderate temperature reduction produces a
colossal extension of the device lifetime. The observed effect is quite robust and does not
require special fine-tailoring of the model parameters. Moreover, using a master equation de-

rived in the time-averaged Born-Markov approximation and assuming that the driving period
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must be shorter than characteristic electron tunneling time 1/T’, Peskin et al. demonstrated
that the harmonically driven leads may reduce the vibrational temperature of the molecular
junction [196] . The approach of Reference [196] is complementary in all respects to what we
consider in this paper regarding transport and AC driving regimes. They additionally treated
the nuclear vibrations on a quantum level, in which heating or cooling effects can be more
pronounced due to the resonance structure of vibrations. This serves as a strong indication
that the proposed effect is very robust, ubiquitous, and may be applicable for various trans-
port scenarios. Although the cooling was the main focus of our paper, it has not escaped our
notice that depending upon the parameters, the sinusoidal driving of the leads may result
in significant heating of the molecular junction. However, this may also allow for enhanced
device functionality as this parameter-controlled heating may be utilized for current-induced

selective bond breaking, and energy efficient single-molecule catalysis of chemical reactions.



Chapter 6

First-passage time theory of activated

rate chemical processes

This chapter contains material that has been previously published in the following journal
article:

First-passage time theory of activated rate chemical processes in electronic molecular junctions,

R.. Preston, MLE. Gelin, D.S. Kosov, J. Chem. Phys., 154, 114108 (2021)

6.1 Motivation

Molecular junctions provide an exciting opportunity to explore and produce new chemical
reactions by providing a device which traps a single molecule in a confined space of a few
nanometers where the electric field and current are applied locally and selectively [74, 197,
198]. In this chapter, we shift the focus to the calculation of chemical reaction rates in molec-

ular junctions.

The adequate and well established theories have been developed for reaction rate calculations
in gas and condensed phases [181, 199-205]. However, the development of similar theories for
molecules in an electronic junction environment is no simple task and as such, the scope of
theoretical work is still very limited. Three types of approaches have been proposed to model
current-induced dissociation. The first is based on the rate equation approach where a single
harmonic vibration is pumped beyond the dissociation threshold limit [94, 206]. The second
is a numerically exact scheme, which uses the hierarchical quantum master equation method
in conjunction with a discrete variable representation for the nuclear degrees of freedom to
numerically study current-induced dissociation [207]. The third uses Keldysh nonequilibrium
Green’s functions to obtain a Fokker-Planck equation for the reaction coordinate which is used
to compute average escape times and the accompanying reaction rates [172, 182]. The further

development of this approach is the subject of this paper. The method has proven successful

117
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in a range of circumstances [141, 143-146, 149-152, 172, 176, 177].

The method further lends itself to the study of current-induced chemical reaction rates [172,
182]. The use of Langevin dynamics to compute reaction rates was first explored by Kramers
in his seminal 1940 paper [208], in which the mean first-escape time of a particle trapped
in an arbitrary potential well subject to Langevin forces was approximated. The next sig-
nificant step was made in the 1990s, when Kramers’ theory was extended to account for
position-dependent friction and generalized Langevin equations describing finite-memory
(non-Markovian) fluctuation-dissipation processes [209-212]. The effect of a velocity-dependent
friction on Kramers’ rates was investigated in Reference [213]. However, these studies were
limited to the regime of thermodynamic equilibrium. Beyond this regime, the fluctuation-
dissipation theorem no longer holds, allowing for the emergence of localized heating effects
in analogy to Landauer’s proposed blowtorch effect [214, 215], in which specific configura-
tions of the reaction coordinate may experience heightened temperatures, which may have a
significant effect on the evolution of the system. Such systems are not limited to the realms
of molecular electronics; the most common examples include numerous molecular motors,
ratchets, and heat engines [216-218] as well as various confined nanosystems [219-223], no-
tably of biological significance [224, 225]. Several explicit simulations of Landauer’s blowtorch

effects in double-well potentials have also been performed recently [226-228].

One of the aims of this chapter is to further shed light on this topic. A comprehensive under-
standing of the effects of localized heating on the stability of molecular geometries is required
to ensure the productive development of specific functionalities of molecular-scale electronic
systems. In this chapter, we relax the requirement of thermodynamic equilibrium, allowing
for the self-consistent study of the mean first-passage times in model molecular electronic
junctions in both the underdamped and overdamped regimes. This is calculated through a
Fokker-Planck equation, which arises due to our Langevin description of the reaction coor-
dinate within the junction. The work presented here is a continuation of two papers [172,
182], however Reference [182] considered the problem employing the fluctuation-dissipation

theorem and Reference [172] focused on the underdamped case only.

The chapter is structured as follows. In Section 6.2, we demonstrate our calculations for the
mean first-passage time in the limiting regimes. This involves the calculation of the current-
induced forces in the system, from which a Fokker-Planck description then yields an equation
for the mean first-passage times. This is then applied to a simple model of the blowtorch
effect in Section 6.3.1. In Section 6.3.2, we calculate the reaction rates for a single-level junction
model, in which current-induced forces are calculated self-consistently within the model. This

is then further applied to a model two-level molecule within the junction in Section 6.3.3.
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6.2 Theory

Thus far, we have used the Langevin equation to calculate non-deterministic trajectories of
the classical coordinate in time. However, the study of reaction rates requires a more general
approach whereby the state of the classical coordinate a certain time is described by a proba-
bility distribution. The time evolution of the phase-space probability density is described by a
specific form of the Fokker-Planck equation generally known as the Klein-Kramers equation
and is given by

dp(x, pt) = (—%ax + U (x)2, + &(x) [ap% +RT(x)]) plx, p, 1), ©6.1)
Here, p(x, p,t) is the probability density to find the classical coordinate at position x with
momentum p at time t. The Langevin and Fokker-Planck descriptions contain exactly the same
information; a Langevin trajectory is merely a specific outcome of the probability distribution
solved for via the Fokker-Planck equation [229]. This then explains the appearance of our now
all too familiar Langevin coefficients in (6.1), where we have used T to denote the effective
temperature and U to denote the effective potential according to their usual definitions. A
note on the notation: we will use d, to denote a derivative acting on all terms to the right,
whereas the conventional notation %—ﬁ acts only on the arbitrary term A. In the interest of

brevity, we re-express (6.1) as

ap(x,p,t) = (A +¢(x) [ap% + alng(x)} ) o(x,p,t), (6.2)
where we have introduced the component A such that

JoH oH p ,
Pox Ox— = —8,(% +0,U" (x). (6.3)

A=09d 3p

A describes the time evolution of the probability density in the absence of an external envi-

ronment. We have defined the classical Hamiltonian as

2
H(x,p) = Zp—m +U(x). (6.4)

Our goal is to solve (6.2) for the probability density, from which we can then calculate relevant
observables such as the mean first-passage time. However, analytical solutions are generally
difficult to obtain; we must then resort to the consideration of two limiting cases. We will
separately consider the overdamped and underdamped cases, which concern the strength
of the interactions with the environment as governed by ¢ and T. The overdamped case
emerges when environmental interactions are strong such that A is dominated by the second
term in (6.2). In contrast, the underdamped case considers when the second term is weak

in comparison to A. The consideration of these regimes gives us the foothold we require to
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approach the problem of solving for the mean first-passage time.

6.2.1 Overdamped limit

The system is considered overdamped when ¢ /m is large; this parameter defines the timescale
of thermal relaxation of the classical coordinate. In this case, any inertial effects can be rea-

sonably neglected and our governing Langevin equation can be expressed as

o (—‘Zf +(Sf(t)) . (65)

d*x
a2

single degree of freedom for clarity. This amounts to assuming that the velocity distribution

Here we have taken the full Langevin equation and set = 0; expressed in the case of a
equilibrates instantaneously to the equilibrium distribution [120]. Following this logic, from
(6.5) one can then derive the overdamped form of the Klein-Kramers equation which describes
the time evolution of the probability density of the classical coordinate - now independent of

the velocity:

dip(x, ) = axalx) W (x) + 0:T(x)] p(x,8). 6.6)

This is commonly known as the Smoluchowski equation, after it was first applied by the
physicist in the description of Brownian motion. The form of (6.6) was derived by Van Kampen
in Reference [230], who circumvents the Ito-Stratonovich dilemma which arises upon the
consideration of a multiplicative noise [231]. The probability distribution as described by

this equation is the foundation for our calculations in the overdamped limit.

6.2.1.1 Stationary solution in the overdamped limit

We can reinterpret (6.6) as a continuity equation according to
atp(xl t) = axs(x/ t)/ (67)
where S must be interpreted as a probability current, defined as

1
S(x,t) = HEd) [U'(x) +0xT(x)] p(x, ). (6.8)
We require that the probability distribution must maintain its normalisation in time according
to
Xright
/ dxp(x,t) = constant, (6.9)
X

left
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where xjef; and Xy are the boundaries for our system. This implies that S(xjeft, t) = S(Xright, t),
since there is no source term in (6.7). When applying the natural boundaries of xjeft = —o0
and Xigpt = 00, probability cannot flow out of the system, since the system encompasses the
whole universe! Thus, we must have that S(—oo,t) = S(co,t) = 0 [229]. In the stationary case
when 90;p = 0, this then leads to

9:S(x) =0, (6.10)

/x dx'S(x') = 0, 6.11)
S(x) — S(—c0) = 0, 6.12)
S(x) = 0. (6.13)

As is perhaps self-evident, the probability current is zero for all x when in the stationary state.

Our stationary probability distribution ps; can then be calculated from

S(x) = 0, (6.14)

‘ ~

[U'(x) + 0xT(x)] pst(x) = 0. (6.15)

R

(x)

Note that this is equivalent to integrating (6.6) over x when d;p = 0, and setting the integration
constant to zero. The process to find an expression for ps; is now straight-forward: begin by

writing the above in the form of a separable differential equation,

U'(x) +T'(x) 1 dpst

- = , 6.16
T(x) pst(x) dx (6.16)
Apply a definite integral over x to both sides to obtain
/ /
/ g L)+ T'(x) +T / dx— dp” 6.17)
Pst

! /
/ dx u —1 (T( )> In (p“(x)). 6.18)
T(a) pst(a)
Here, a is an arbitrary constant which has no bearing on the final result. Consequently, we
find that

T(a) _ xu’(x)
pst(x') :pst(a)T((x/))e Jo Ty (6.19)

By applying our normalisation condition, we find that ps(a) is given by

1
pst(a) = 1 [x, PRI (6.20)
f dx/ a T(x)
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Our final result for the stationary distribution in the overdamped limit is then calculated

according to [230]
1 _fx, ML)
N — a T(x) 21
pSt(x ) ZT(x/)e 7 (6 )

where the partition function, Z, is defined as

1

= X! Ll/(x) °
0 p1 =[x
S d¥ e T T

7 (6.22)

6.2.1.2 Alternate form of the Smoluchowski equation

Now that we have knowledge of the stationary distribution, we can re-express (6.6) in a form

more tenable for our first-passage time calculations; it is given by

Oup(x, 1) = 3 1 ) (520 (1o, ). (623)

This is demonstrated as follows; firstly
(U'(x) +0:T(x)) = (U'(x) + 9xT(x)) pst(x)p5* (x). (6.24)

It is straight forward to show that
3xst (x) = — - (T'(x) + U (%)) psr(x) (6.25)
xpst T(x) Pst ’ .
which can be used to find
(U’ (%) + 0:T(x)) pst ()05 (x) = T(x)pst (x)0x05" (). (6.26)

Substituting (6.26) back into (6.6) yields our result in (6.23).

6.2.1.3 Calculation of the mean first-passage times

Equation (6.23) describes the evolution of the probability density for an arbitrary classical po-
tential, where the interaction with the environment determines the inhomogeneous Langevin
coefficients. In this section, we calculate an explicit expression for the mean first-passage time
of the classical coordinate through some boundary, xg. The choice of xp is again unrestricted;
however, in our treatment we will always consider xp to correspond to a maximum in the
potential, thereby naturally separating the reactant and product states. This is shown dia-

grammatically in Figure 6.1, where any x > xp (corresponding to the dashed line) becomes
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Figure 6.1: The reaction potential, where a barrier at xp separates the product state from the
reactant state.

irrelevant to the calculations. Now, the task is to use (6.23) to find an expression for the mean
first-passage time. We begin by applying suitable initial and boundary conditions. We choose

the classical coordinate to have value x( at time t(, so that the initial condition is given by
p(x,tp) = 6(x — xo), (6.27)

where xop < xp. Additionally, we define an absorbing boundary condition such that the

probability density exactly at the barrier is set to zero:
p(xp, t) = 0. (6.28)

This ensures that once the reaction coordinate has crossed xp, it is unable to re-enter the
reactant region. At the initial time fy, the probability of finding the classical coordinate within
our potential is 1. The proportion of paths that are still within our potential after time t given
some initial condition xy is given by

P(t,x0) = /X:O dxp(x,t). (6.29)

The proportion of paths which crossed xp in the time period t — t + dt is given by

P(t,xg) — P(t+dt,X0) = ](t,xo)dt, (6.30)
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where we have defined the distribution of first-passage times (as a function of time) J(t, xo) as

_dp(t, xo)
dt

J(t,x0) tells us how quickly the proportion of paths inside the potential is changing at any

J(t,x0) = . (6.31)

given time t. The mean first-passage time is then given by

(x0) = / a1 (¢, xo)t. 6.32)

fo

Now we need to find a useable form to be able to calculate this quantity. Let’s begin by
integrating it by parts and use the fact that [ dt](t,x0) = —P(t,x0):

T(x0) = [~P(t x0)t]° +/t°° dtP(t, xo) 6.33)
=fg+ oodtp(t, Xo) (6.34)

fo
_ /O Y atp(t, xo), (6.35)

where we have let tp = 0 for simplicity and used the fact that P(co,x9) = 0, since all paths

must eventually escape. Now, recall that our overdamped equation for the probability density

is given by
Oup(x, ) = 3 ) (x)2sp (o1 (6.36)
= Lp(x,1), (6.37)

where the time evolution is determined by the operator £. The general solution to the above
can be found as
o(x,t) = e“8(x — xp), (6.38)

where we have again applied the initial condition. Note that the ordering is important here

since L acts on the /-function. Thus, T becomes

T(x0) = /0 Y atp(t, xo) (6.39)
= /000 dt /Ojoo dxp(x,t) (6.40)
_ / "t / " dxeC5(x — xo). (6.41)

0 —00

Since p must always be real, it must also be self-adjoint. The adjoint of an operator is defined

according to (Ay,¢) = (¢, AT¢), where (,) denotes a complex inner product. The adjoint of
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p is then found by
(o(x, ), @) = (eCo(x — x0)¢p, ) (6.42)
= (8(x = xo)p,e'9) (6.43)
= (9,6(x = x0)e™™'p) (6.4)
= (g0 (x.09). (6.45)
As a result, (6.41) becomes
(%) / dt / dxb(x — x0)e'c'1 (6.46)
= / dte''1. (6.47)
0
We can find a differential equation for the mean first-passage time by applying £ on the left
of both sides, yielding
Lit(x) = / dtLtett'1 (6.48)
t/:’f
- / i (6.49)
= fﬂ*uo (6.50)
=1, (6.51)

where the upper limit vanishes due to the absorbing boundary condition. We must now

calculate the form of £. We have
(Lf(x),8(x) = (F(x), L78(x)), (6.52)
/ﬂb dxLf*(x)g(x) = /ab dxf*(x) L g(x). (6.53)

The strategy to find L' is to integrate the LHS above by parts (given that £ is a differential
operator) until we arrive at the RHS. Starting with the LHS:

[ Z dxLf*(x)g(x) = [ Z dx <ax§fgpst(x)axp;1 (x) f(x)) e, (654)

where this choice of integration limits removes unwanted terms after integrating by parts.
Here, the derivatives act to the right only on the terms inside the parentheses. Note also that

the Langevin terms and probability densities must be purely real. Begin integrating by parts
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to find
[ xer g = [ ix (G pawaes 0 ) o) 659
/de o )f*(x))pst<x>§((jf))axg(x> (6:56)
= [ o 0f (x)upalx )?Ejgaxgw (657)
= [ A W (0 5 D) (659)
- /_ _dxf ()L (%), (6.59)

We have used the fact that ps(00) = pst(—0c0) = 0. Thus, the adjoint of £ is found to be

_ T(x)
Lh= pstl(x)axpst(x)max/ (6.60)
and the differential equation for the mean first-passage time is
_ T(x
psf(x>axpsf<x>¢(<x))axr<x> ) (6.61)

with the boundary condition 7(x;) = 0. Finally, the mean first-passage time can be solved for

via the following:

Byt (x )ééjsaxr<x> — (), (6.62)

pst(x') g((z,/)) 0 T(x / dxps (x (6.63)
/ ¢(x') ¥

dyT(x') = TP () /_oo dxpst(x), (6.64)

_ [ S v
T(x0) = /xo dx T(x’)pst(x’)/_oodxp“(x)' (6.65)

This is our final equation for the mean first-passage time through a barrier at x;, given a

starting position of xo.

6.2.2 Underdamped limit

6.2.2.1 Energy-diffusion form of the Fokker-Planck equation

In the underdamped regime the classical oscillations are approximately harmonic and the en-
ergy is approximately conserved over time-scales associated with classical oscillations. It is

then convenient for us to re-express the Fokker-Planck equation for the phase space probabil-
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ity density to be in terms of the probability density of the energy of the classical coordinate.
The probability density for the energy can be found by

p(E, t) = /dxdp&(H(x,p) —E)p(x, p, t). (6.66)

The J-function chooses only the phase space coordinates which yield H(x, p) = E. It is clear

that p(E, t) is normalised since

/dEp(E,t) = /dE/dxdp5(H(x,p) —E)p(x,p, t) (6.67)
= /dxdpp(x, p,t)/dEé(H(x,p) —E) (6.68)
= /dxdpp(x, p,t) =1 (6.69)

Let’s now define the operator
Q(E) = /dxdpzs(H(x, p) — E). (6.70)
By applying Q)(E) to the left of each side of (6.2) we obtain
Q(E)rp(x, p,t) = O(E) (A+E(x) [ap% +2T(x)]) plx,p,1). 6.71)

We expect that the Q(E)Ap(x, p, t) term should go to zero since it corresponds to the case of
no interactions with the environment; thus the energy distribution should be constant in time.

Indeed, we can show this rigorously via

Q(E)3ipo(x, p, ) = Q(E)Apo(x, p, t), 6.72)
9:00(E, 1) = / dxdpé(H(x, p) — E)Apo(x, p, t) 6.73)

— / dxdpé(H(x, p) — E) _?jap - ?;a] 00(x, p, ) 6.74)

— / dxdps(H(x,p) - E) [U'(x)3, — L] po(x, p,1) (6.75)

— [axape(H(x,p) = B) [U' () P on = L' x)au] po(x,pt)  (676)

=0, (6.77)

where py is the probability density in the unperturbed case. As a result, we are left with

QBN (x,p, 1) = QEE() [3p: ] +3T(0)] o, p,0) (678)
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Let’s consider each of the two bracketed terms individually. The first term is given by
A = QE)E(x)3, L p(x, p, ) (6.79)

—/dxé /dp5 (x,p) —E) p(x p.t)+ %app(x,w) : (6.80)

We make the assumption that the phase-space probability density can be expressed as a func-

tion of the Hamiltonian H, such that

p(x,p,t) = ¢(H, ). (6.81)

The function ¢ is determined by enforcing that it leads to the correct energy distribution:

p(E ) = [ dxdps(H(x,p) ~ E)p(x,p,t) = [ dxdps(H(x,p) ~ ENp(H, 1) (6.82)
— §(E 1) / dxdpé(H(x, p) — E) (6.83)
= ¢(E, t)Q(E). (6.84)

Let’s now take (6.80) and replace p(x, p, t) by ¢(H, t) while utilizing the fact that 9, = £9y:

/dxg /dw (x,p) ){ o(H, t)+<rZ)28H¢(H,t)]. (6.85)

The é-function allows us to consider H = E under the integral. We will then make use of the

following J-function identity:

/dpf (p* —a*) = f2(Z)' a>0. (6.86)
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p

N TTAMS then need to

In order to use the identity, we will introduce the arbitrary variable g =

change the integration variable to q. With some manipulation, we find
1 /dxg(x) /d s (2~ E—uw)) [oE 0+ Lop(E 1 (6.87)
om P\ 2m P m OEPLE '

= 7}1/dx§(x) /dp5 ([\/;2)71]2 —+/E— U(x)2> [(])(E,t) + 7;1231547(]5,1‘)] (6.88)
= @ /dxg(x) /dq(S <q2 —/E— U(x)2> [¢(E, t) +2q%0rp(E, 1)] (6.89)

\/ﬂ E(x) F J(E—U(x))
Y Et/dx —u() 8¢Et/d E e (6.90)

_ 2\/;(;;(15,,5) / dxit_u(x) + \/;aw(g, f) / dx&(x)1/E — U(x) (6.91)
P {\/qu(}i,t) /dxrj(x)\/E — U(x)} (6.92)

= 3 {u(E)g(E,1)}. (6.93)

An equivalent method of simplification can be applied to the second term in (6.78). The main

steps are as follows:

AP = Q(E)E ()BT (X)p(x, p.1), (694)

— / dxdpd(H(x, p) — E)E(x)T(x)2p(H, 1) (6.95)

— [ axaps(H(x,p) ~ E)ET(x)2, 2 069 (E, 1 (6.96)

= [ axdps(H(x p) - E)E(OT() uaE + (Z)za%} o (E, 1) 697)

_/dxg /dp(S (x,p) — { aE+(”)2a%] (E, 1) (6.98)
faE(p (E, 1) /dxg /dp5 (x,p) — E)

= / dxE(x / dp<5 (x, p) )aa%(p(E,t) 6.99)

—8 o (E, 1) /d \/:jma% {¢(E,t)}/dxg(x)T(x) E—U(x) (6.100)

P {\/;/dxé(x)T(x)\/E - LI(x)aEcp(E,t)} (6.101)

= 9 {v(E)3r¢p(E, 1)} (6.102)
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Putting all the components back together, our Fokker-Planck equation in the energy-diffusion

form is given by

dp(E,t) = 9g (u(E) +v(E)dE) ¢(E, t) (6.103)
= 9 (u(E) +v(E)r) QY (E)p(E, t), (6.104)

where we have defined

u(E) = \/z/dxg(x),/E _U(x),  v(E)= ﬁ/dx@(x)T(x) E—U(x). (6.105)

We can additionally find a more useful form for Q)(E). To do so, we again utilise (6.86) to

obtain

Q(E) = / dxdps(H(x, p) — E) (6.106)
- fawaps ([ =] - yE—ueo ) 6107
— \Vam / dxdqé <q2 _ m2> (6.108)

(6.109)

\/?/dx\/E—liU(x)'

6.2.2.2 Stationary solution to the energy-diffusion equation

The energy-diffusion equation given in (6.104) has a form very reminiscent of the overdamped
diffusion equation in (6.6). As such, many of the same techniques used in the overdamped
case are also applicable here and we will gloss over the intimate details where appropriate.
Repeating the logic from Section 6.2.1.1, the probability current (now in terms of energy) must

go to zero at E = oo to retain the normalisation of the probability distribution. So,

S(E,t)
S(oo,t) =

(u(E) +v(E)9g) Q' (E)p(E, t), (6.110)
] (6.111)

This implies that in the stationary case, S(E) = 0 for all E, and the equation for the stationary

distribution satisfies
0= u(E)Q ' (E)pst(E) + v(E)deQ " (E)pst(E). (6.112)

This is a separable first-order differential equation for Q~1(E)ps(E) which can be solved to

give

1 7]‘]5 AE’ }‘(El,>
pst(E) = Q7 (a)pst(a)QU(E)e o 7 vE), (6.113)
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where a is arbitrary. Enforcing ps; to be normalised then yields

Q(a
pst(a) = (a) F (6.114)
[ dEQ(E)e Jo 4F i
The resultant stationary solution then takes the form
_ (E gpru(E)
st(E) = Z7'Q(E)e Ju aE ;V“E’), (6.115)
P
where the partition function, Z, is given by
0 _ (E jprp(E)
Z= / dEQ(E)e b v 6.116)
0

6.2.2.3 Alternate form of the Energy-Diffusion equation

Similar to the overdamped case, knowledge of the stationary distribution allows us to re-

express the energy-diffusion equation in a more tenable form via

dip(E, ) = 9eD(E)pst (E)Oppg ' (E)p(E, 1), (6.117)

where we have introduced the energy diffusion according to D(E) = % This is verified by

substituting (6.115) into (6.117) and re-deriving (6.104):

3p(E, ) = 0 (V)(é)) Z10(E)e & 415 {aE {p;l} o(E, t) + p5 aep(E, t)} (6.118)
_ apu(E)z-le I 4 [ <zaE {Q*l(E)} ol AE ZQl(E)zggefﬂE e > o(E, 1)
+ zo—l(ls)eﬂ)E 4o aEp(E,t)] (6.119)
_ _ u(E) N
= 9rv(E) [ o {Q l(E)} +0 1(E)V(E) ) p(E,t) +Q 1(E)8Ep(E,t)} (6.120)
=3 (Q_l(E)y(E)p(E,t) +v(E)aE {Q—l(E)} o(E,t) + V(E)Q_l(E)BEp(E,t))
(6.121)
= 3¢ (O (E)W(E)p(E, 1) + v(E)asQ ™ (E)p(E, 1) ) (6.122)
= 9 (u(E) +v(E)ar) QY (E)p(E, t). (6.123)

Thus, it is satisfied.
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6.2.2.4 Calculation of the mean first-passage times

Noting the equivalence between our governing equations in the overdamped case in (6.23)
and the underdamped case in (6.117), the derivations for the mean first-passage time are also
equivalent, requiring only a change in variables and some alternate boundary conditions.
Rather than repeat the derivation of Section 6.2.1.3, we simply present the result in the under-

damped regime:
Ep 1 !
Fo)= [ dE' S o [ dEpa(E). 6.124
T( 0) Ey D(E/)Pst(E,) 0 pt( ) ( )

We use Ej to denote the initial energy of the classical coordinate which we will generally take
to be at the minimum of the reaction potential. E, then denotes the energy of the barrier

between reactants and products.

6.3 Results

6.3.1 The blowtorch effect

In this section we investigate Landauer’s proposed blowtorch effect [215], in which a non-
equilibrium system allows for coordinate-dependent variations to the dissipative forces acting
on a particle which then has an effect on the properties of the steady-state distribution. Lan-
dauer’s blowtorch effect plays a critical role in chemical reactions in molecular electronic
junctions, therefore we first discuss its general features which will be relevant for our subse-
quent discussion. For pedagogical purposes, we will treat the coordinate-dependent diffusion
and viscosity coefficients as inputs in this section in the hopes to gain a better understanding
of the blowtorch effect before proceeding to the following sections in which we calculate the
Langevin coefficients using our usual methods. For consistency with Kramers’ seminal paper
[208] on chemical reaction rates, our analysis is formulated in terms of the mean first escape
time from the left minimum of a bistable potential, which we model according to a quartic of
the form

U(x) = —ax*+bx?, (6.125)

where x is our reaction coordinate. The constants a and b are adjustable parameters which
determine the width and depth of the minimum. In all tests in this section, we set a = 0.04
and b = 0.008, such that U, = 0.05. In addition, the particle always begins its trajectory with
zero velocity at the minimum of the reaction potential. To begin with, the viscosity ¢y and
diffusion coefficients Dy are set to a constant value over the range of x, yielding a constant

temperature as determined by the fluctuation-dissipation theorem.
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Figure 6.2: An adjustable temperature spike is introduced which heats a chosen part of our
reaction coordinate potential.

In order to introduce an inhomogeneity into the temperature, a Gaussian spike is applied to

the diffusion coefficient locally at position xo,

D(x) = Do+ Dpeak(x), (6.126)
where ,
_ (x—xq)

Dpeak(x) = Dme &, (6.127)

with adjustable width ¢ and magnitude D,, parameters. The effective temperature profile is

given by (4.38), the effective temperature at the peak is then given by

D

0
where .
Ty = 2. 6.129
1= o (6129)

This represents Laundauer’s so-called "blowtorch" which heats a small segment of the reaction
coordinate, as shown diagramatically in Figure 6.2. Here, the intention is to study the effect of
shifting the temperature spike along the reaction coordinate on the mean first-passage time 7.
We analyse the overdamped and underdamped regimes separately for the same parameters
except for the mass m of the Brownian particle, which is chosen to satisfy the desired regime.
In Figure 6.3, we observe the behaviour of the mean first-passage time as the position of the

temperature peak is shifted along the reaction coordinate (shown in blue), while the reaction
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Figure 6.3: The calculated mean first-passage time T as a function of the temperature peak’s
position along the reaction coordinate, for the (a) overdamped and (b) underdamped regime
(m = 1000a.u). The black line denotes T in the absence of an applied blowtorch. Parameters:
Do = 0.01, go = 1, o = 0.05.

potential is shown as a reference in orange. In the underdamped regime, we observe T to
be minimized when the heating is applied to the bottom of the potential. This enables the
molecule to heat up quickly at low energies, and repeatedly attain more energy as it passes

through this region in a near-harmonic manner.

The overdamped regime differs, in that T is minimized when the heating is applied approx-
imately halfway up the potential, around the point of steepest ascent. In the overdamped
regime, the escaping particle will very quickly equilibrate to any given temperature fluctua-
tion to which it is exposed. As such, the heated region causes a flattening of the probability
distribution in that region, nullifying the dependence of the distribution on the reaction coor-
dinate. This causes an effective reduction to the height of the energy barrier U, as elucidated
by Landauer [214, 215]; a phenomenon which is maximized when the heating is applied in
the region of steepest ascent. We note the counter-intuitive observation that if the heating is
applied to the bottom of the potential in the overdamped case, this causes only a small reduc-
tion to 7. This is because the particle will quickly lose the obtained energy as it returns to the

cooler regions when it attempts to escape.

It is insightful for us to also study the effect of the strength of interaction of a Brownian particle
with the environment, while maintaining a homogeneous temperature. This entails that any
changes in the diffusion coefficient as a function of x will be counteracted by a corresponding
changes in the viscosity coefficient at the same x, enforcing a homogeneous temperature as per
the fluctuation-dissipation theorem. Here, we perform a similar analysis as above, such that
we have a moveable peak of increased interaction (simultaneously locally increased diffusion
and viscosity) while the temperature is homogeneous. The results of this are displayed in

Figure 6.4.
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Figure 6.4: The calculated mean first-passage time as a function of the interaction peak’s
position along the reaction coordinate, for the (a) overdamped and (b) underdamped regime
(m, = 1000a.u). The black line denotes T in the absence of an applied blowtorch. Parameters:
Dy =0.01,¢p =1, o = 0.05.

In the underdamped regime, we observe that the largest reduction to T occurs when the
interaction peak is placed at the minimum. The decrease in T agrees with the homogeneous-
case solution, with the distinction that reaction coordinates at higher energies in the potential
have diminishing contributions to the decreasing 7. In the overdamped regime, it is seen that
the interaction peak results in an increase to T as also predicted in the homogeneous case.
However, we observe that this is dominated by the increased interaction strength near to the
maximum of the potential, while changing the interaction strength in the rest of the potential
has negligible effect. This demonstrates that T has little regard for the interaction strength in

the overdamped regime, except in the region approaching the maximum.

This general analysis arms us with the required physical intution before proceeding to the next
section, in which we first observe how a Landauer blowtorch emerges naturally from a simple

molecular junction model, then demonstrate the effect on hypothetical chemical reaction rates.

6.3.2 Application to a molecule with a single current-carrying molecular orbital

In this section, we analyze the calculated mean first-passage time 7 for our model of a molecu-
lar junction. Contrary to Section 6.3.1, the viscosity and diffusion coefficients will be computed
using nonequilibrium Green’s functions according to eqs. (3.146) and (3.209). We consider the
case of a single electronic level coupled to the left and right leads under some applied bias

voltage. The molecular Hamiltonian is given by

Hy = (ho + Ax)a'a, (6.130)
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where subscript a' and a' denote the creation and annihilation operators for an electron on
the molecular orbital. Here, the dependency of Hjy; on the reaction coordinate acts to shift
the electronic level, as scaled by the tuneable parameter A. The left and right lead are each at
room temperature (0.001au) and are symmetrically coupled to the central electronic state such

that our level-width function is given by I', = I'r = 0.03.

In the interest of consistency, we again utilize the same quartic to describe our classical nuclear
potential for the reaction coordinate, which is now acted on by an additional adiabatic force
term computed using nonequilibrium Green’s functions according to equation 3.145. This
has the effect of shifting and shallowing/deepening the reaction potential depending on the
parameters chosen. We also allow for the manual shift of the external potential along the

reaction coordinate according to some parameter x,:

U(x) = —a(x — x,)> + b(x — x,)* (6.131)

This means that when x, = 0, the potential minimum (ignoring the effects of the adiabatic
force) occurs at x = 0, while a positive x, shifts the input potential to the right. Any bias
voltage is applied symmetrically, such that y; = —pur = V/2, where yr and ugr are the
chemical potentials of the left and right leads.

We study the effect of applying a gate voltage to the system, as modelled by a shift in the hg
value. This allows for a degree of controllability of the reaction rates for a given system. Fig-
ures 6.5a and 6.5b demonstrate the resultant viscosity coefficient and temperature respectively,
as a function of the reaction coordinate. Application of a gate voltage acts to shift the curve
along the reaction coordinate. This analysis is performed for a non-zero bias voltage such
that the temperature is now inhomogeneous in addition to the viscosity. In the underdamped
regime shown in Figure 6.5d, T is minimized when the viscosity and temperature peaks are
shifted near to the minimum of the reaction potential (note however, that the minimum in
does not occur exactly when the peaks are shifted to the minimum of the potential due to
the slight asymmetry of the reaction potential). In contrast, the overdamped regime displays
highly non-trivial behaviour, arising as a result of the interplay between the strength of the
viscosity and the temperature. In our analysis of the overdamped regime in the previous
section, we noted that the dependence of T on the temperature is dominated by the region
of steepest ascent up towards the maximum. Here, we again observe this behaviour as the
large peak in Figure 6.5¢ corresponds to when the dip in the temperature occurs in this region
(when the temperature peak has been shifted to the right). A corresponding but smaller peak
also occurs due to a shift to the left in the temperature such that the low temperature aligns
with the steep region of the potential. The difference in peak sizes arises as a result of the

inhomogeneous viscosity, which per the previous section, we know is important in the region
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Figure 6.5: The effect of an applied gate voltage to (a) the viscosity coefficient and (b) the effec-
tive temperature. The mean first-passage time 7 in the (c) overdamped and (d) underdamped
regime is plotted against the peak coordinate of the viscosity and temperature (as determined
by the applied gate voltage) for different A. The coordinates of the minimum and maximum
of the reaction potential are denoted by the vertical black lines in (c) and (d).
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near the maximum of the reaction potential. The large peak in T occurs when the temperature
is low in the steep region, while the viscosity is high towards the maximum. The small peak

has a low viscosity near the maximum, explaining its comparatively smaller magnitude.

6.3.3 Model of a two-level molecule

In this section, we expand the model to consider a two-level system. In our model, the
molecular energy levels are taken to correspond to the bonding and anti-bonding states of a

free H;r molecule [169]. As such, the molecular Hamiltonian now reads

Hu(t) = ) hi(q(t))aiaj, (6.132)
ij

where a:f and aj are now in the molecular orbital basis. The electronic Hamiltonian elements

are represented in the form of a 2 x 2 matrix according to

h:(Hb(‘” 0 ) (6.133)
0  H.g)

where we use Hy(q) and H,(q) to denote the bonding and anti-bonding molecular orbitals, re-
spectively, while g is the bond-length. The values for H,(q) and H,(q) are calculated according

to molecular orbital theory [169] and are given by

Hua+H
Hy(q) = 7;‘1 sABAB , (6.134)
and
Hya—H
Ha(q) = =15 sABAB , (6.135)

where Hy 4 and Hjp are the Hamiltonian elements in the atomic basis and S 4p is the overlap

integral between atomic 1s Slater orbitals. The constituent components are then given by

_ b gy 1
Han =3 +e (1+q) - (6.136)
S
Hap = _Al;(q) —e*q(l —|—l]), (6137)

and
Sap=¢ 1(14+q+4*/3). (6.138)
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Figure 6.6: The adiabatic potential as a function of the bond-length presented for (a) varying
bias voltages and (b) varying the magnitude of leads coupling to H,. Parameters: V = 0,
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I'sa/Tpp = 1, unless otherwise specified. I'y, = 0.03 in all calculations.

(a)

0.03

0.02}

Teff(q)

0.01f

(b)

Figure 6.7: The effect of varying the bias voltage is shown for the (a) viscosity coefficient and
(b) the effective temperature, as a function of the bond length. Insets: Shows the same quantity
at V =0.02 for I';, /Ty, = 0 (dashed) and T, /Ty, = 0.5 (solid). Parameters; I';; /Ty, = 1 in the

main plots. I'y, = 0.03 in all calculations.
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Figure 6.8: The mean first-passage time T as a function of the bias voltage, varying the cou-
pling to H, in the (a) overdamped and (b) underdamped cases.

In the interest of simplicity, each of the molecular orbitals is symmetrically coupled to the left

and right leads; as controlled by the parameter I' which now takes the form of a matrix as per

r r
Iy = ( “Bb b) (6.139)

rzx,ab r(X,ﬂEl

for the « lead, where the off-diagonal components can be defined according to,

rzx,ba = rzx,ab =V rtx,aarzx,bb- (6.140)

In each test, we have y; = —0.7 and ugr = ur — V, while the lead temperatures are again set

to room temperature.

The external potential now represents the classical nuclear repulsion, which in atomic units is
given by
U(q) = - (6.141)

Inclusion of the electronic forces allows us to generate modified electronic potentials for varied
parameters in order to assess the molecular stability. Examples of these potentials are shown
in Figure 6.6; where in (a) an applied bias voltage is shown to decrease the energy required
for bond rupture, while (b) shows the effect of the additional electronic level which when

occupied, acts to increase the bond stability.

Along with the shape of the effective potential, the bond stability is also determined by the
electronic viscosity and effective temperature, which are demonstrated in Figure 6.7. In the
viscosity coefficient, each curve shows a peak at small 4, which approximately corresponds to
when H, crosses the fermi-level of the left lead. Likewise, the peaks at large q are a result of

Hj, crossing the fermi-level of the right, then left, leads (these split peaks merge together when
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V = 0). The inset plot demonstrates the effect of allowing an additional transport channel
through the excited state which not only introduces the peak at small g, but also increases
the magnitude of the viscous forces overall. The effective temperature is equal to the leads
temperature for V = 0, while non-zero voltages yield a complex array of localized heating
and cooling effects, which arise as the energy levels shift in and out of the resonance region

as the bond-length is increased.

These competing effects culminate in our calculation of the mean first-passage time, which is
demonstrated in Figure 6.8 as a function of the bias voltage, for different coupling values to
the excited electronic state. In both limiting regimes, an increase to the bias voltage acts to
destabilize the bond and decrease 7, both due to the increased effective temperatures and the
weakening of the bond due to the current-induced forces. In the overdamped regime, allowing
the leads to be coupled to an additional level in the central region has a stabilizing effect for all
voltages tested, increasing the average amount of time for bond rupture. The underdamped
case shows similar behavior for very low voltages; however, at higher voltages the availability
of the additional transport channel through the excited state increases the current-induced

forces such that the energy required for a bond-rupture is found more easily, decreasing 7.

6.4 Summary

In this section, we have demonstrated that the rates of chemical reactions for molecules in
electronic junctions depend on three crucial ingredients; the potential energy surface which
defines the energy required for a configuration change or bond rupture, the rate of the energy
removal from vibrational to electronic degrees of freedom given by the electronic viscosity co-
efficient, and lastly, the effective temperature dynamically established in the molecule. While
the magnitude of these quantities is of high importance, the local distribution of the viscosity
and effective temperature along the potential energy surface (Landauer’s blowtorch effect)

also proves to be critical.

The addition of localized heating and cooling effects as a result of inhomogeneity with re-
spect to the molecular configuration has been shown to induce significant variations in the
mean first-passage time, as calculated according to a Fokker-Planck description. This has
been demonstrated for a single-level molecular junction model, as well as a two-level model
inspired by H,” molecular orbitals with the bond length considered as the reaction coordi-
nate. This interplay between the amount of energy required for bond rupture and the energy
supplied due to tunneling electrons has been shown to be strongly dependent on the choice
of experimentally tuneable parameters for the system. This enables the possibility of a high

degree of controllability for molecular junction systems, with promises of controlled initiation



142 First-passage time theory of activated rate chemical processes

of chemical reactions or conversely, enforcing the stability of specific configurations within the

system.



Chapter 7

Ehrenfest dynamics

This chapter contains material that has been previously published in the following journal
article:

Emergence of negative viscosities and colored noise under current-driven Ehrenfest molecular dynamics,
R.J. Preston, T.D. Honeychurch, D.S. Kosov, arXiv preprint, arXiv:2204.08278

7.1  Motivation

In this chapter, we extend the quasi-classical formalism by utilising a numerically exact
method to calculate the forces acting on our classical coordinates without resorting to the
assumption of a time-scale separation within the system. This is commonly known as the
Ehrenfest approach to classical dynamics and it has garnered significant interest in the mod-
elling of nuclear motion in nanoscale systems [100, 132-140]. This approach treats the electron-
nuclear interaction on a mean-field level; it therefore does not provide a full description of the
inelastic scattering between electrons and nuclei and cannot fully capture the effects of joule
heating within the system [133, 134, 154-156]. Efforts have been made to remedy these caveats
via perturbative corrections to the electron-nuclear correlations with some success [155, 156].
However, in this study we seek only to utilise Ehrenfest dynamics as a basis for comparison

for predictions made by the perturbative Langevin approach which we have applied thus far.

One such predicted phenomenon which we encountered in Section 4 is the notion of a nega-
tive dissipation; under a Langevin approach, this implies that the viscosity coefficient becomes
negative [132, 140, 143, 146, 152, 165, 166]. In this regime, energy is applied to rather than
dissipated from the classical coordinate until it reaches unsustainable temperatures for the
device. Negative dissipations have also been predicted using purely quantum mechanical
methods in which a population inversion in the quantized phonons leads to ever-increasing
temperatures [89, 232-237]. The physicality of such theoretical results have often been called

into question, thought to arise as an artifact of assumptions applied in the theory rather than

143
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a demonstration of real behaviour [83]. The application of Ehrenfest dynamics allows us to
avoid assuming a time-scale separation in the system. In doing so, we once again observe
the emergence of negative dissipations and validate the results of the perturbative Langevin
approximation, depending on the parameter range applied. We note, however, that implicit in
the assumption of classical vibrations is an assumption of time-scale separation between the
massive, slow-moving classical particle and the surrounding quantum environment. How-
ever, one can conceive of regimes in which a classical description for vibrations is valid even
in the absence of a time-scale separation; for example, in the case of very high vibrational

temperatures. The approach introduced in this chapter allows us to probe these regimes.

The Ehrenfest approach additionally allows for the exploration of the autocorrelations in the
stochastic force. In general, the stochastic force is correlated at different times dependent on
the electronic structure of the system considered; this corresponds to coloured noise [120, 162,
238]. The correlations are additionally dependent on the non-adiabatic motion of the classical
coordinate. However, it is often computationally infeasible to account for coloured noise and
it becomes necessary to employ a white-noise approximation. Under this approximation, the
coloured-noise diffusion is replaced by a Markovian, white-noise equivalent which attempts
to produce the same dynamical behaviour [142-144, 149, 152, 172]. We apply our method
to investigate the effects of a time-scale separation on the diffusion coefficient along with
assessing the validity of the white-noise approximation to the diffusion under a variety of

regimes.

In Section 7.2 we introduce the theory which describes the classical dynamics. This involves
the introduction of the Ehrenfest force along with its corresponding perturbative Langevin
approximation, both expressed in terms of non-equilibrium Green'’s functions. We also dis-
cuss our iterative method for evaluating the Ehrenfest force through time. In Section 7.3.1, we
demonstrate the accuracy of the perturbative approximation for a simple system consisting of
a single classical degree of freedom, while in Section 7.3.2 we then apply Ehrenfest dynam-
ics to a system with two classical degrees of freedom. Finally, in Section 7.3.3 we utilise our
method to evaluate the diffusion coefficient and the suitability of the white-noise approxima-

tion for the stochastic force over a range of parameters.
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7.2 Theory

7.2.1 The Ehrenfest force

Under the influence of a quantum environment, a system of vibrational degrees of freedom

in the classical limit is calculated in its most general form according to
f(t) = —VU(x) — (VH(x)) + 0£(t). (7.1)
The main object of this chapter is the Ehrenfest force, defined as
Fhr (1) = —(VH(x)). (7.2)

For our Hamiltonian where we neglect any motion on the leads interface, the Ehrenfest force
can be represented in terms of the lesser component of exact non-equilibrium Green’s func-
tions as

Fehr () = iTr{ayh(t)G<(t,t)}, (7.3)

where h contains the elements of the molecular Hamiltonian. A Langevin description is found
by applying a time-scale separation to the Ehrenfest force, where following the steps detailed

in Section 3.3, we find for an arbitrary classical degree of freedom v,

) dw ~ ~
Fehr(p) = zTr{ / () (Gfo)(t,w) +Gj5) (b w) + )} (7.4)
= Fv,(O) + Fv,(l) +F1/,(2) + ... (75)
————

retained in Langevin approach

Retaining only the zeroth and first order contributions to the Ehrenfest force yields the deter-
ministic forces present in the Langevin description, namely the adiabatic force and frictional

force.

Ehrenfest dynamics is the process of evolving the vibrational degrees of freedom according
to only the Ehrenfest force while neglecting the contribution due to the stochastic force Jf(t)
in (7.1). As discussed, the Ehrenfest force alone is ill-equipped to capture the entirety of the
dynamics of the system. However, Ehrenfest dynamics simulations allow for a direct insight
into the importance of the higher order forces present in (7.5) which are ordinarily neglected

in the Langevin approach.
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7.2.2 Time-stepping approach to the evolution of the Green’s function

Clearly, if we are able to calculate G=(t,t) at each time, then (7.3) allows us to readily calcu-
late the Ehrenfest force without need to resort to a perturbative approach involving time-scale
separation. In this section, we introduce our algorithm for iteratively evolving G=(t,t) for-
wards in time. In approaching these calculations, we borrow the main defined quantities from
reference [195]. The lesser and greater Green’s function in the time domain are given by the

Keldysh equation,
G</>(t,t) /dtl/dtzG (£, 1)Z<"> (b1, £2) GA(t, t). (7.6)

For the sake of clarity, in this section we will use (...) to denote a functional dependence,
whereas [...] will denote a term in the equation. Now we will take (7.6) and express the ©</>

term according to the inverse Wigner transform of (3.58). In the lesser case, we find

G<(1,1) =iL [an [an6*n) [ gﬂe-fw[fl-fz] Fu(@)TaGA b 1) 77)
= zZ/dtl /dtzGR (t, 1) / e Wh=blf ()T,GA(ty, )l =1 (7.8)
= iZ/—flx(w)ei“’[t ] /dtleiw =hlGR (¢, tl)Fa/dtze_i“’[t/_tZ]GA(tz, Y (7.9
=iy / e f (W) A(w, DT A (w0, ). (7.10)
An equivalent derivation can be applied in the greater case to find
=iy / e[ — f ()] Aw, T AT (w, 1), (7.11)
Here we have defined the quantity,
Alw, t) = /dtle"“’[f*fﬂcR(t, t). (7.12)
The evolution of GR is found via the Kadanoff-Baym equation in the time domain:

(lz?t —h(t ))GR(t, ) =6(t—t)+ /dtlzR(t, H)GR(t, ). (7.13)

By utilising the fact that '
SR(t 1) = —%F(S(t —t), (7.14)

we can solve for the general solution of (7.13) as

GR(t,t) = —iO(t — t/)Texp{ - i/t,t dth(ty) — %r[t - t’]}, (7.15)
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Here, T is the time-ordering operator and @ is the Heaviside step function. By substituting
(7.15) into (7.12), we arrive at

Alw,t) = —i/t dtlfexp{iw[t—tl] —i/t dth(ty) — %F[t—tl]}. (7.16)
—00 t1

This is the quantity which we will iteratively evolve forwards in time, from which we can then

extract G= via (7.10). We begin by applying a step At forwards in time to (7.16)),

HAE t+At 1
Alw,t+ At) = —i/ dts Texpicoft + At — 1] - i/ dtoh(tz) = STl +At— 1]} (7.17)

—o0 t

t R t+At 1
— —i/ b Fexpicoft + At — 1] - i/ dh(t) - STlE+ At =]} (7.18)
—o0 t

tAE HHAL 1
. i/ at: Texp{ico[t + At — 1] - i/ dah(t) — STE+ At —h]}  (719)
t 51

= ANw, t+ At) + AB(w, t + At). (7.20)

Here we have split A into A? which reflects how the history before t informs the system at
t + At, and AP which contains the effects of the system from t to t + At. A4 can be further

simplified by partitioning the inner integral as follows:

t R t+At 1
AA(w, t+ M) = —i / b Texpiwnt —i / dtah(tr) — STAt} (7.21)
—00 t

. t 1
X Texp{iw[t— H] —i/ dtsh(ts) — ~T[t — tl]} (7.22)

f 2

. t+At 1
= Texp{iwAt — i / dbah(t) = STAL}A(w, ). (7.23)
t

We will make the assumption that for a sufficiently small At, h(t) can be approximated as
being piecewise constant. Thus, at some time-step t,, we assume that for t, < t < t,4q,
we have h(t) = h(t,). This entails that our time step size should be sufficiently small in
the computational implementation when calculating classical trajectories. This enables us to
directly calculate the integrals over h(t) appearing in (7.23) and (7.19) along with removing
the time-ordering operators. We thus re-express A (w, t + At) and AB(w, t + At) according to

A w, t+ At) = exp{iAt(a) —h(t) + %r) }A(a), ), (7.24)
and
A .
AP(w,t 401 = i | tdtzexp{itz (a) —h(t) + %r) } (7.25)

— _i<eAAf _ 1) AT (7.26)
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where [ is the identity matrix and for cleanliness, we have used A = i(w —h(t)+ 51“) Here

we have used the matrix exponential identity:
T
/ dteXt = (eXT - 1) X1 (7.27)
0

Now we have everything we need to be able to perform an Ehrenfest simulation of the classical
dynamics. The algorithm functions as follows. First, we assume an adiabatic initial condition

such that (7.12) at the initial time is given by
Aw, t) = Gy (T, w), (7.28)

for which we already have an explicit expression for. The initial force can then be computed
according to (7.10) and (7.3) given the chosen initial conditions for the classical coordinate.
The calculated Ehrenfest force feeds into an external algorithm which updates the nuclear
dynamics to the next time step, at which point we use (7.24) and (7.26) to non-adiabatically
compute A at the next time step. From here the process repeats, yielding a wholly non-

adiabatic, classical trajectory in time.

7.3 Results

7.3.1 Single classical degree of freedom

With our time-stepping algorithm at our disposal, we can simulate classical vibrations using
Ehrenfest dynamics. For the purposes of our simulations, we entirely disregard the stochastic
force and instead focus solely on the deterministic forces. When we refer to the perturbative
method of simulation, this means we are evolving the classical coordinate according to the
deterministic forces present in the Langevin equation; namely, the adiabatic and frictional

forces along with any external potentials.

It must be emphasized that the demonstrated dynamics are not physical since we do not
include the stochastic force and so we cannot hope to have a full description of heating effects.
However, it is not intended to be; the goal of this study is to identify the applicable regimes

of the Langevin method via comparison with Ehrenfest dynamics.

First, we present results for a two-level system with a single classical degree of freedom. The

matrix elements of the molecular Hamiltonian take the form

—A
Hy = ( S ) ) (7.29)
N Ax
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Figure 7.1: The viscosity coefficient as a function of the classical coordinate.

where the classical coordinate x has the effect of linearly shifting the two atomic orbitals and
1 dictates the overlap. We choose the left lead to be coupled to the first state and the right

lead to be coupled to the second state which gives our I matrices the following form:

rL:<7 0), rR:<O O). (7.30)
0 0 0 7

We choose to model the classical potential for any degree of freedom according to a harmonic

potential as given by
1
U(x) = 2 Ekv(y —19)?, (7.31)

where k, is the spring constant for the v degree of freedom, and vy is a parameter which shifts
the potential along the v coordinate. In this section, the common parameters are A = # = 0.1,
v =005 k=1,x = —022and pu; = —pur = 0.12, where y, is the chemical potential of the a
lead. In contrast to the single-level case, this model allows us to observe negative viscosities.
An example of this is shown in Figure 7.1 where the coordinate dependent viscosity coefficient
(now a scalar function in the case of a single classical degree of freedom) becomes negative in

a small region around x ~ —0.2.

By utilising our time-stepping algorithm to evolve G* in time as presented in the previous
section, we can calculate the Ehrenfest force as a function of time from which we can then
computationally simulate the dynamics of the classical coordinate. In Figure 7.2, we calcu-
late a classical Ehrenfest trajectory and record F'" at each time step. We also record the
corresponding forces which the classical coordinate would experience under the perturbative

truncation of Fe'* after the first order. We note that the methods clearly differ in the transient
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Figure 7.3: Comparison of the first order force against the sum of all higher order forces. (a)
O/T =0.14, (b) O/T =~ 3.2.

regime depending on the chosen initial conditions, before each settles into periodicity as the
coordinate oscillates in time. The cause of the differences between the calculated Ehrenfest
and perturbative forces are made clearer in Figure 7.3, where a direct comparison has been
made of the magnitude of the first order force relative to the sum of all higher order forces
(Fo) + E3) + ...) for different values of (3/T". This is achieved by varying the effective mass of
the classical coordinate while keeping all other parameters constant. We can then estimate ()
by assuming that the oscillations are approximately harmonic. We observe that when (/T is
small in (a), the higher order forces have only a small relative contribution. In (b) however,
Q)/T is no longer small and thus our perturbative assumption is no longer satistfied, meaning

the higher order forces have become increasingly relevant.

Calculation of the time-dependent forces allows us to then simulate the phase-space trajectory
of the classical coordinate as a function of time. Figure 7.4 shows time dependent trajectories
of the classical coordinate x for three different values of the small parameter (2/T". We also
calculate the instantaneous power of the classical coordinate at each time step according to
(Fehr — Foy) - L which includes only the effects of the excitational and dissipative forces. The
classical coordinate is intentionally confined to the region of negative viscosity shown in Fig-
ure 7.1 via our choice of U(x) such that under the perturbative assumption, the instantaneous

power will be positive at all time-steps. We observe that when (3/I' < 1 as in (a); rendering
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the perturbative approximation as valid, the instantaneous power is overwhelmingly positive
in agreeance with the perturbative approximation. This entails that the oscillations will in-
crease until reaching regions of positive viscosity, whereby they will form a limit cycle. This is
further illustrated in Figure 7.6 via long trajectories for the same parameters, where the ampli-
tude of oscillations increases in both the Ehrenfest and perturbative approaches. This result
demonstrates that even in the absence of time-scale separation, negative viscosities emerge
and dictate the behaviour of the system. However, we observe the resultant trajectories from
the two methods to diverge from each other over longer time-scales, demonstrating the im-
portance of the higher order forces even for these parameters where we expect they can be
reasonably neglected. We note that Ehrenfest dynamics has been used to observe the effects
of negative viscosities in different regimes in the literature [132, 136, 140, 237]. In Figure 7.4
(b) and (c) where (/T > 1 and our perturbative assumption is no longer adequate, we ob-
serve that the instantaneous power is more often negative wherein the electronic environment
is taking energy away from the classical coordinate. This means that the higher order terms
(2nd order and above) in our perturbative expansion for F®'" have become more relevant and
the dissipative nature of these forces are overwhelming the negative viscosity produced by
F(1). These results are summarised in Figure 7.5 in which the average power input to the
classical coordinate over a period of oscillation is calculated and classified as negative (blue)
or positive (red). We observe that the average power input to the classical coordinate is pos-
itive far beyond when the perturbative assumption is valid. We anticipate that this cut-off
between positive and negative average power input is highly dependent on the model and pa-
rameters at hand. However, this demonstrates that while negative viscosities will still emerge
under a numerically exact approach, it can be dominated by dissipative higher order forces
for large values of ()/I'. These results suggest that the inclusion of the higher order forces
which emerge through Ehrenfest dynamics acts to further subdue classical vibrations within

the system.

7.3.2 Two classical degrees of freedom

The algorithm for calculating F®'" can be readily extended to account for many classical de-
grees of freedom. In this section, we consider another 2-level model consisting now of two
classical degrees of freedom; a stretching component and an angular component. The stretch-
ing coordinate 4 modulates the hopping amplitude between electronic sites in the central
region, while the angular coordinate 6 accounts for the shift in electric levels due to the elec-

tric field produced by the applied voltage bias. Thus, the molecular Hamiltonian now takes

he(0)  #1(q)
Hy = . 7.32
" (ﬂ(q) th)) 73

the form
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Figure 7.4: Samples of Ehrenfest trajectories of the classical coordinate against time for (a)
Q/T = 014, (b) Q/T = 22, (c) Q/T = 3.2. Colour shows the instantaneous power of the
classical coordinate.
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Figure 7.5: Regimes of negative (blue) or positive (red) average power input to the classical
coordinate over a period of oscillation. The green points refer to the corresponding plots in
Figure 7.4.
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Figure 7.6: Comparison of long trajectories of the classical coordinate in time using the Ehren-
fest approach and the truncated perturbative approach. The viscosity coefficient is negative
between the red dashed lines and positive outside. (/T ~ 0.14.

The hopping amplitude is given by

n(g) =ne™1 (1 +q+ q2/3>. (7.33)

This is a generic 1s-orbital overlap scaled by some constant # [169]. Meanwhile, the atomic
levels are given by
hr/r(68) = £Eqocos(0), (7.34)

where g is the constant bond-length parameter which appears in our classical potential for g,

while E is the linear approximation to the electric field across the junction as determined by

E=B_F% (7.35)

and L is the junction length. For all results in this section, we set y = 0.1, g0 = 2, 6p = 0,
L=4,k; =01, kg =0.05 and yp = —pr = 0.1. All other components of the full Hamiltonian

take the same form as in section 7.3.1.

In Figure 7.7, we calculate an Ehrenfest trajectory and record the Ehrenfest and perturbative
forces on each degree of freedom separately. Given that we have more than one classical
degree of freedom, this also includes the so-called non-equilibrium anti-symmetric forces in
which the motion of 6 induces a force on g and vice versa; the net anti-symmetric force being
perpendicular to the motion of the classical coordinate. Figure 7.8 performs a direct com-
parison between the time dependent trajectories calculated via the Ehrenfest force and the
perturbative approximation. To do so, we first calculate a classical Ehrenfest trajectory of
our two coordinates. From this trajectory at some point in time after the unusual transient

behaviour in Fe'* has subsided, we extract the initial conditions for a comparative trajectory
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Figure 7.7: The force trajectories in time for the Ehrenfest force (blue) and perturbative force
(black) acting on (a) g and (b) 6. ), /T ~ 0.32, (39/T" ~ 0.22.

where the forces are calculated according to the perturbative approximation. In Figure 7.8
(a), the trajectories are compared for large effective masses for each coordinate such that the
perturbative assumption should be satisfied. We observe only small differences between the
trajectories resulting from the different methods in this case. Contrarily, Figure 7.8 (b) demon-
strates for small effective masses that the trajectories deviate away from each other almost
instantly and undergo largely different oscillatory behaviour. This is because the perturbative

assumption is no longer valid since ()/T is not sufficiently small.

7.3.3 Evaluating the diffusion coefficient

The stochastic force term which we have thus far avoided in the calculation of dynamics in

this chapter is a stochastic Gaussian process entirely defined by the following [162]:

(0f()) =0, (of(t)of(t)) = D(tt), (7.36)

where D(t,t') is the exact diffusion coefficient. We will consider a system consisting of a single
electronic level coupled to a single classical degree of freedom. Our molecular Hamiltonian is
given by

Huy = ho + Ax, (7.37)
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Figure 7.8: Short classical trajectories in the coordinate-space comparing the Ehrenfest method
and perturbative method. Green(red) points denote the start(end) of the trajectory. The vector
field shows VU(x) + Fg). (a) Qy/T =~ 0.32, Qg /T =~ 0.22, and a trajectory length of 600, and
(b) Q;/T =1,09/T = 0.7, and a trajectory length of 200.

where x represents any generic classical degree of freedom. We will let iy = 0 and our I',
become scalar inputs in the single level case. As illustrated in Section 3.3, the exact diffusion
coefficient in (7.36) for our model (in the absence of motion on the leads interface) can then

be expressed in terms of nonequilibrium Green’s functions according to
D(t,t') = A2G” (t,t)G=(t', 1). (7.38)

Since D(t,t') represents the correlations in a classical force, we require it to be a purely real
quantity. This further implies that we should have D(t,t') = D(#,t). This, however, is not
strictly the case since the derivations leading to (7.38) treat /f as a quantum object. To rem-
edy this, upon mapping the quantum force, 6f, onto the classical stochastic force, df, which
appears in our Langevin equation, we must symmetrize (7.38) in time by considering only the
real component:

Re{D(t,t)} = = (D(t, )+ D*(t,t)), (7.39)

NI~ N[~

(D(t,t")+ D(¥,1)) . (7.40)

Thus, we treat this real component as our classical diffusion coefficient. In doing so, our

expression for D(t,t') is now in correspondence with reference [162] as per
D(t,t') =Re {A\*G™ (t,t)G=(t', 1)} . (7.41)

Note that we have previously not had to consider this symmetrization procedure since we em-
ployed the white-noise approximation which immediately enforces that D(t,t') = D(t',t) =0
when t £ t'.
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D(t,t') accounts for the effects of the random fluctuations about the mean-field of the elec-
tronic environment on the classical degrees of freedom along with accounting for the feedback
of the classical coordinate on the electronic environment due to its motion. However, gener-
ally a time-scale separation within the system is utilised in order to produce a perturbative
solution to D(¢,#) in which the feedback due to the motion of the classical coordinate is not
included; in other words, the classical coordinate evolves adiabatically. In order to easily
identify the different time-scales within the system, we first transform (7.41) into the Wigner

domain as follows. We have
D(t,t') = A* (G™ (t,t)G=(t',t) + G=(t,t')G” (¥, 1)) . (7.42)
Direct application of the Wigner transform then yields
D(w,T) = AZ/drei‘*’T (G™(t,t)G=(t,t) + G=(t,t)G” (1)) . (7.43)

We will apply an equivalent process to each of the two terms; for brevity, we only show
the first explicitly. We replace G< in the time domain by the corresponding inverse Wigner

transform of G< and simplify to find

A2 / dTe TG (1, ) G<(F', ) / dte TG (1, ) / dw'e @' OGS (W, T)  (7.44)
2 . ~
- ;Ln / dw' / dtel @) G> (1 1) G (!, T) (7.45)
A2 ) )
- —n/dw’(?(w—kw’, T)G<(«', T), (7.46)

where we have used the definition of the Wigner transform. Applying the same process for

the second term then yields the diffusion coefficient in the Wigner domain as
2
D(w, T) = 2% [ (67 (@+@, T)G= (@, T) + 65w+, )G (@, T)). (747

Now, the adiabatic diffusion is found by taking G</> to be our adiabatic Green’s functions.
The subsequent application of the inverse Wigner transform then yields the adiabatic diffusion
in the time domain as
Do) (t,T) = A2 40 i / de’ (G> (W, T)CS (), T) + G5 (w + o, T)CS, (o T)).
27° 27t \ (0 (0) (0) (0)

(7.48)
The adiabatic diffusion will serve as a base of comparison with the exact diffusion in order
to analyse the effects of a time-scale separation within the system. We additionally analyse
the validity of the white-noise approximation for different parameters. The white-noise ap-

proximation is a method of coarse-graining the diffusion coefficient which allows for a simpler

mathematical and computational treatment. This is done by assuming that the non-Markovian
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exact diffusion coefficient can instead be replaced by a Markovian equivalent according to
D(t,t') = D¥(T)é(t —t), (7.49)

where we have introduced the white-noise diffusion coefficient D¥. Thus, the aim is to ac-
curately reproduce the effects of the stochastic force under the assumption that it is entirely
uncorrelated in time. In order to replicate the correct dynamics using this approximation, we

observed in Section 3.3.6.1 that D% must then take the form

t
D¥(t;) = Z dtD(t;,7), (7.50)
—f

where to avoid ambiguity, ¢ denotes a specific point along the trajectory. (7.50) is just the
Wigner transform of D(t,t') when w = 0 such that D” is independent of w; hence the name
"white-noise" diffusion. Thus, the white-noise diffusion coefficient contains information about
the correlations in the stochastic force but applies that information in a Markovian manner.
A time-scale separation can be applied to the white-noise diffusion in a similar way as previ-

ously, where the adiabatic white-noise diffusion is given by
w tf
D(O)(tf) = . dTD(O)(tf, T). (7.51)

The adiabatic white-noise diffusion is the most commonly used approximation to the diffusion
coefficient [142, 143, 152]. The white-noise approximation is valid when correlations in the
exact diffusion coefficient decay over time-scales in which the effects of other forces present
in the system (in our case, the Ehrenfest and the classical forces) are negligible. In order to

quantify its validity, we introduce the correlation time defined according to

t
B fftf dtD(tf, T)

teorr (tf) = m (7.52)

This is a measure of the persistence of correlations in the stochastic force, independent of
their strength. The numerator of (7.52) is our expression for the white-noise diffusion while
the denominator is the variance in the stochastic force at time t;. With all quantities now

defined, we can begin to discuss the results.

We once again apply the time-stepping algorithm presented in Section 7.2.2 to find classical
Ehrenfest trajectories in time for our classical coordinate. In doing so, we store A(w,t) at
each time-step. The two-time lesser and greater Green’s functions can then be computed
according to (7.10) and (7.11) by inputting A(w, t) at different points in the stored trajectory
and numerically integrating over w for each possible value of 7. We then calculate the exact
diffusion coefficient as a function of T according to (7.38), where D(t = 0) corresponds to

the variance in the stochastic force at the end point of the trajectory and D(t > 0) is the
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correlation in the stochastic force between the times t and t — 7. To clarify the method, the
stochastic force is not included in the simulation. We instead calculate the trajectory using
Ehrenfest dynamics as a means to assess the behaviour of the exact diffusion coefficient. The

common parameters in this section are A = 0.1, k = 1 and xo = 0.

In Figure 7.9 (a)-(d) we observe the exact diffusion as in (7.38) for different values of our
small parameter (solid line) plotted against the corresponding adiabatic diffusion as per (7.48)
(dashed line). Here, time ¢ corresponds to the end point of the trajectory where in (a)/(b) the
trajectory is ended at a point when x = 0, while in (c)/(d) the trajectory is ended at a turning
point. The left plots are calculated in equilibrium while the right plots are calculated at a
non-zero voltage. The differences between the solid and dashed lines give an indication of the
effects of the feedback on the electronic environment due to the motion of the classical coor-
dinate. As expected, this feedback becomes especially important when the small parameter
becomes larger, such that the perturbative truncation of (7.38) is no longer satisfied. However,
we observe that an increase to the voltage nullifies the effects of the feedback. This is justified
by the knowledge that the electronic tunnelling time-scale is faster at higher voltages [239],
meaning that the electronic environment can more readily equilibrate to any changes in the
classical geometry. Thus, the time-scale separation becomes increasingly justifiable further
from equilibrium, even despite (3/I" being large. We also find that the correlations in the
stochastic force are dissipated over shorter time-scales when /T is smaller such that D(7)
approaches a shape more reminiscent of a delta function. Finally, we note that the time-scale
separation appears less satisfactory at the turning points of the trajectory. The acceleration
of the classical coordinate is largest around the turning points and we posit that acceleration
dependent terms become important here, which are otherwise unaccounted for under the

assumption of adiabatic motion.

The effectiveness of the time-scale separation for different ending positions along the trajectory
is quantified in Figure 7.10, in which we have calculated D%/ DE’(’)) for different end positions
along a period of the trajectory when ()/T" = 1. For these parameters, the time-scale separation
is ineffective as D™ is over twice as large as DE‘(’)) at a minimum. We observe the adiabatic

assumption to be at its weakest in the vicinity of the turning points.

In Figure 7.11(a), we use t.orr/ T as a measure of the suitability of the white-noise approxima-
tion, where T is the period of oscillations in the classical coordinate. Here, t.or contains any
information about the electronic forces acting on the coordinate, while T contains information
on the classical force. We observe that an increase to (/I results in a corresponding increase
to teorr/ T, implying that the white-noise approximation is more valid at smaller (3/T" where
the time-scale separation is more well-defined. However, we note that the validity decreases
upon increasing the voltage which would ordinarily serve to further increase the time-scale

separation. For this system, a larger voltage results in more persistent correlations in the
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shifted values of /p. The dashed blue lines show the edges of the voltage window. Parameters:
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stochastic force which emerges in the numerator of (7.52), while the change in the denomina-

tor is comparatively irrelevant.

This counter-intuitive result also indirectly emerges in Figure 7.11(b) where we observe the
white-noise approximation to become more applicable outside of the voltage window and
away from the chemical potentials of the leads. In this region, electrons tunnel more slowly

through the central region. We do not yet have a convincing explanation for this.

7.4 Summary

In this chapter, we have introduced a novel time-stepping algorithm for evaluating the exact
lesser Green’s function at equal times, which allows us to simulate the trajectory of multiple
classical coordinates simultaneously via an Ehrenfest approach. We use this to benchmark

the commonly used Langevin approach which necessitates the use of a time-scale separation
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between classical and electronic coordinates within the system. We observe that despite our
avoidance of a time-scale separation within our system, we observe negative dissipations
(positive power input to the classical coordinate) as predicted by the Langevin approach. We
also note that these negative dissipations can be overwhelmed by positive dissipations due to
higher order forces unaccounted for in the Langevin approach. We also apply our method
to the calculation of the diffusion coefficient in which we observe the effect of the feedback
of the classical coordinate onto the electronic environment and its behaviour under a time-
scale separation. Additionally, we assess the validity of the white-noise approximation for the
diffusion coefficient for a range of parameters and find that it is most applicable under a clear

time-scale separation within the system and is better applied outside of the voltage window.
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Chapter 8

Conclusion

This thesis was a theoretical exploration into the current-induced forces experienced by nu-
clei in molecular electronic junctions. In Chapters 2 and 3, using the framework of non-
equilibrium Green’s functions we were able to cast the equations of motion for a set of
classically-described vibrational degrees of freedom in terms of a Langevin equation, from
which we self-consistently derived the forces acting on the classical degrees of freedom. The
main ingredients of our Langevin description are the adiabatic force, which quantifies the
renormalisation of the vibrational potential due to the coupling to the leads and occupation of
electronic states in the central region, along with the viscosity coefficient and diffusion coeffi-
cient which together describe heating effects. Each was derived for the case of many classical

degrees of freedom, allowing for motion in both the central region and on the leads interface.

Motion on the leads interface was the focus of Chapter 4. We found that for the case of a
single electronic level on the molecular bridge with only a central region dependence on the
classical coordinate, the viscosity coefficient must be purely positive. Allowing for motion on
the leads interface then enables the viscosity coefficient to become negative at high voltages
which may quickly lead to device breakdown. Additionally, we observed the formation of
bistable potentials as dependent on the strength of the electronic coupling between the central
region and leads, as well as the stiffness of the classical potential. We used the mechanical
current noise, an experimental observable, as a means of quantifying the classical dynamics
under an applied voltage, summarised in terms of a Fano factor. We found strongly super-

Poissonian noise (F ~ 400) in the bistable regime.

Chapter 5 saw us expand the theory to allow for a slow, sinusoidal, time-dependent driving in
the leads energy levels. This involved the calculation of additional corrections to the Langevin
coefficients due to the motion of the leads energy levels. We found the AC case to produce
considerable heating or cooling over the DC case, dependent on the parameter regime consid-
ered. Increasing the cooling involves increasing the viscosity coefficient, which is maximised
when the central electronic level is in resonance with the fermi-energy of the lead. Whether

the AC case produces additional heating or cooling depends on the energy of the electronic
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level on the molecular bridge relative to the fermi-energy. We observed the application of an
AC driving to produce in excess of 50 percent cooling relative to the DC case while producing

the same average current, which would result in a monumental increase to device lifetimes.

Device lifetimes were analysed in detail in Chapter 6, in terms of reaction rates. Here, we
utilised a Fokker-Planck description for the phase space probability density of our classical
vibration. We considered two limiting cases; the overdamped case, in which the probability
density was described by the Smoluchowski equation, and the underdamped case where we
instead utilised an energy-diffusion equation. This allowed us to derive analytical expressions
for the mean first passage time in both regimes. We found that the ingredients governing the
reaction rate were the size of the energy barrier as determined by the adiabatic force, as well
as the inhomogeneous effective temperature over the reaction potential which is calculated
via the viscosity and diffusion coefficients. The natural emergence of localised heating in
the junction leads to an effect reminiscent of Landauer’s blowtorch effect in which there is
an effective lowering of the energy barrier due to localised heating. We considered a H;
molecule in the central region where the chemical bond length acted as the vibrational degree

of freedom and subsequently calculated the device lifetimes in both limiting regimes.

The Langevin approach to dynamics relies upon assuming a clear separation of time-scales
in the system, along with assuming that the stochastic force can be reasonably estimated as
being delta-correlated. We benchmarked these assumptions in detail in Chapter 7, where we
introduced a novel algorithm for calculating the lesser Green’s function exactly, avoiding the
need for a time-scale separation. This allowed us to rephrase the classical dynamics in terms
of an Ehrenfest force. We found that negative viscosities are robust, emerging even when
using Ehrenfest dynamics. This validates the result in contradiction with claims that negative
viscosities are an unphysical artifact of applying a time-scale separation. We calculated the
coloured noise over trajectories and observed the effects of the feedback of the non-adiabatic
motion of the classical vibrations onto the electronic environment. We found that the white-
noise approximation is in general, a valid approximation to make when there is a clear time-
scale separation within the system. We did, however, find that its validity is decreased when

the electronic level of the molecular bridge is in the resonance region.
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