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Abstract

A theoretical model for the diffusion of large molecules adsorbed on surfaces is devel-
oped. Starting from the classical equations of motion, a generalized non-Markovian
Langevin equation for the center of mass diffusive motion of an adsorbed molecule is
derived. In this model, the influence of the background on the molecule is separated
into an adiabatic force, and a rapidly fluctuating stochastic force with a correspond-
ing frictional damping term. The model accounts for energy exchange between the
center of mass motion and vibrational degrees of freedom of the molecule, and ex-
pressions for the friction coefficient in terms of vibrational properties of the molecule
and substrate are derived.

This stochastic model is first applied to a harmonically bound dimer diffusing in
one dimension. This simple model system allows for a systematic test of how the
diffusive motion of a molecule is affected by its vibrational degrees of freedom, and
specifically how important memory effects are in determining the diffusion coefficient.
It is found that coupling to molecular vibrations leads to increased frictional damping
and slower diffusion, and that memory effects are typically not important for small
molecules, but could be significant in large molecules.

The model is then used to study the diffusion of dithioanthracene on a Cu(111)
surface. Density functional theory is employed to calculate the adiabatic force and
vibrational properties, allowing for a first principles determination of all required
quantities in the stochastic model. The diffusion coefficient is calculated and com-
pared to scanning tunnelling microscopy measurements. Reasonable agreement with
experiment is obtained, and it is seen that the stochastic model gives an estimate
of the diffusion prefactor much closer to the measured value compared to standard

transition state theory.

X
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Chapter 1

Introduction

The thermal migration of atoms and molecules adsorbed at surfaces is an essential
process in any kind of surface reaction, such as crystal growth, desorption, and catal-
ysis. The direct experimental observation of the diffusion of individual atoms across
surfaces was first made possible by the invention of the field ion microscope (FIM)
in the 1950s [1]. The FIM allowed surface diffusion of metal atoms on metal surfaces
to be viewed in real time, and with atomic resolution. Since these early studies, the
development of the scanning tunnelling microscope (STM) has vastly extended the
range of systems for which surface diffusion can be observed. In particular, STM
experiments have provided powerful insights into the behaviour of organic molecules
adsorbed on metal surfaces in recent years. These systems are of interest for many
potential commercial applications, such as solar cells, organic light-emitting diodes,

and molecular electronics [2].

The STM can produce images of metal surfaces with atomic resolution, allowing
for a determination of molecular orientation with respect to the surface, and even
revealing conformational changes of molecules upon adsorption [3]. Such high reso-
lution images have revealed a variety of interesting behaviour in organic molecules
on metal surfaces, such as the formation supramolecular structures coordinated by
metal adatoms [4]. By taking a series of STM images and putting them together into
an “STM movie”, the diffusion of individual adsorbed molecules can be tracked on
clean surfaces over length scales of nanometers. Several unique phenomena related
to the surface diffusion of organic molecules have been revealed in this way, including
unidirectional migration of molecules along their molecular axis [5,6], and a so called
“lock and key” effect, where a diffusing molecule is immobilized by changing its ori-
entation on the surface via manipulation with the STM tip [7]. These complex and
varied phenomena originate from a sensitive interplay between the molecular struc-

ture and surface geometry. The aim of this thesis is to develop a consistent theoretical



framework for the study of diffusion in these systems from first principles.

1.1 Surface Diffusion Theory

At a coarse-grained level, surface diffusion can be seen as a series of jumps between
stable adsorption sites on the surface. For a clean crystalline surface, such as those
typically employed in STM experiments, these sites will be arranged in a periodic
lattice. If the energy barrier AV between sites is large compared to the thermal
energy, AV > kT, the jumps will be separated by long periods of oscillatory motion
at the stable sites. In this case, the migration of adsorbed molecules in characterized

by a jump rate x that has the Arrhenius form [8],
K = roe BV/KT (1.1)

where the prefactor kg is roughly temperature independent.

Surface diffusion at finite coverage can then be described by a lattice gas model [8-
10], in which the surface is represented by a lattice of sites that can be occupied by an
adsorbate. The microstate of the system is then described by a vector of occupancies
fi, 0 or 1 for each site. The probability P(7,t) then obeys the following master

equation

dp(nt) _ S [P W (i — i) — P(ii, )W (i — iT')], (1.2)

=1

n

where W (ri — 7’) is the transition rate from state 7 to /. These transition rates
are determined by the site-to-site jump rate r, although the master equation (1.2)
also allows different rates x; for jumps spanning multiple sites, and depending on
adsorbate-adsorbate interactions.

At a more coarse-grained level, the system can be described by an adsorbate
density p(7,t). In the limit of long-wavelength fluctuations in the density, the above
master equation leads to Fick’s law for diffusion [9,11]

o0 _

where D, is the collective diffusion coefficient, which can be determined from the

transition rates W (1 — 1').
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The dynamics of surface diffusion at both low and high coverage is therefore
fundamentally determined by the site-to-site jump rate x. The focus of this thesis is
the development of a method to calculate jump rates for adsorbed organic molecules,

accounting for the dynamics of internal molecular degrees of freedom.

1.2 Rate Calculations

There exist many approaches for calculating rates of thermally activated processes
described phenomenologically by the Arrhenius law (1.1) (see Ref. [12] for a review).
The simplest approach is transition state theory (TST), in which the jump rate is
calculated from equilibrium statistical mechanics considerations [12]. To find the
escape rate of an adsorbed particle from its adsorption site in TST), it is assumed
that the particle is in local thermal equilibrium so that the probability density is
given by the equilibrium distribution p(7,7) o< e™V /AT e=mv*/2T where V(F) is a
potential energy describing the particle’s interaction with the surface. The rate is then
calculated as the flux of particles passing through some barrier region (usually taken
to be the saddle point on the potential energy surface connecting two neighboring

potential wells), normalized to the probability density in the potential well, i.e.

# of particles at barrier with v > 0

RTST — (1.4)

# of particles at minimum

where v > 0 means that the particle has a velocity pointing in the forward direction
across the barrier.

To illustrate the calculation of the TST jump rate, consider the simple model
system consisting of a particle diffusing in a one dimensional periodic potential V' (z),

as shown in Fig. 1.1. Eq. (1.4) then leads to [12]

e~ AV/ET fooo dvve—"v>/2kT B T 1

RTsT = an dre—V(@)/kT f—oooo dve—mv?/2kT TZvib

e AVIET (1.5)

where Z;, is the vibrational partition function at the minimum of the potential well,
and h is Planck’s constant. In the harmonic approximation, Zyy, = 27kT /hw (where
w is the harmonic vibration frequency at the minimum), and the jump rate becomes

YW —AV/RT (1.6)

RTST = o



-1.0p -

0.0 0.5 1.0 1.5 2.0

Figure 1.1: One dimensional periodic potential V' (z) for an adsorbed atom, with
energy barrier of height AV, and potential wells separated by length a.

The TST rate has the Arrhenius form of Eq. (1.1), i.e. a Boltzmann factor represent-
ing the probability to find the particle at the barrier, times a prefactor which can be
interpreted as an attempt frequency. In the harmonic approximation, the attempt
frequency is simply the vibration frequency at the minimum. For an N-dimensional

system, the rate generalizes in a straightforward way to [12]

b N m
KrsT = E Z\(/ili o~ AV/KT 1 | Wz( )6—AV/kT (1.7)
b7 WP |

where the labels (m) and (b) refer to the minimum and barrier regions, respectively.
(6)

Note that there is one less frequency w;’ at the barrier region, since motion in the
unstable direction is excluded.

TST provides a simple way to estimate the rate prefactor from properties of the
potential energy surface, however it is not always accurate. The prefactor estimated
from Eq. (1.7) is usually on the order of a typical vibration frequency for the diffusing
molecule, but measured prefactors can differ from this by several orders of magnitude.
For example, tetra-pyridal porphyrin molecules (TPyP) diffusing on a Cu(111) surface

were measured to have a rate prefactor of approximately 10'?Hz [6]. When two TPyP
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molecules came together on the surface to form a stable dimer, the prefactor was seen
to increase by two orders of magnitude to 10'*Hz. This is the opposite of what one
would naively expect from a TST estimation, since the vibration frequencies for the
dimer are expected to be lowered compared to the monomer (due to both its higher

mass, and the weaker inter-molecular force holding the dimer together).

TST relies on two main assumptions, the first of which is that once a particle
crosses the barrier, it is immediately captured by the neighboring well, i.e. that there
is no re-crossing of the barrier. This assumption is valid if energy exchange with the
surface is slow compared to the time scale for adsorbate motion, so that a particle
moving across the barrier will continue in the same direction until it leaves the barrier
region, without being turned around via interactions with the surface. Accounting for
the effects of such re-crossings will tend to lower the effective jump rate. The second
assumption is that the velocity distribution at the barrier is given by the equilibrium
thermal distribution. This assumption is valid if energy exchange with the surface is
fast compared to the time scale for adsorbate motion, so that the adsorbed particle
rapidly thermalizes at each site before making a jump. If this is not the case, the
jump rate can be affected in the following way. When the particle escapes over a
barrier it will be in an activated state with an unusually high energy; if the energy
exchange with the surface is not fast enough, it may escape over a second barrier
before it has time to relax back to a typical equilibrium state, resulting in several
jumps in rapid succession (which may be thought of as long jumps spanning multiple
lattice sites). This phenomenon has been observed in the surface diffusion of large

molecules on metal surfaces [13].

Due to the conflicting requirements for the assumptions made by TST, it can only
be valid in an intermediate regime, where energy exchange with the surface is not
too fast and not too slow. It is only in this regime that the dynamics of adsorbate
motion become unimportant and the escape rate can be calculated from equilibrium
considerations. Relaxing these assumptions, and accounting for effects such as long

jumps requires a more detailed consideration of the dynamics.

In a classical mechanical model (appropriate for the large molecules considered in
this thesis), the most detailed description of the dynamics is obtained by solving the

Newtonian equations of motion for the system consisting of the surface and adsorbed
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1 1 1 1
0 2000 4000 6000 8000 10000
t

Figure 1.2: Displacement of an atom moving in the potential shown Fig. 1.1. The
trajectory is a solution of a one dimensional Langevin equation of the form (1.8) with
F(z) =sin(2rz/a) and v = 1.

molecule, i.e. molecular dynamics (MD) simulations. For diffusion at low temper-
atures, however, MD simulations are not feasible due to the large difference in the
timescales for vibrational and diffusive motion. The time step in an MD simulation
must be chosen according to the shortest timescale in the system, which for surface
diffusion is typically the vibrations of the surface atoms. This frequency is many
orders of magnitude faster than the jump rate, making a direct simulation of surface

diffusion at low temperatures unfeasible.

Fig. 1.2 shows a typical trajectory followed by a particle diffusing along a surface
in one dimension, in which case the average force on the particle is described by a
periodic potential such as that shown in Fig. 1.1. The motion consists of rapid oscil-
lations around the minimum of the potential wells, punctuated by occasional jumps
between neighboring wells, with the jumps occurring on a time scale much longer
than the oscillations. For studies of surface diffusion, this short-time vibrational mo-
tion of the adsorbed particle is not of interest, nor is the vibrational motion of the

atoms making up the surface. A simplified description of the motion can therefore be
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obtained by replacing the microscopic force on the adsorbed particle with an effective
force which reproduces the statistics of the jumps between wells.
In such a stochastic approach, the equation of motion for a single adsorbed atom

takes the form of a Langevin equation [14,15],

mit = F(7) — v+ f(1), (1.8)
where F is the average force on the diffusing atom, i.e. the force on the atom with the
surface atoms at their equilibrium positions. The friction term and stochastic force
f (t) account for the exchange of energy between the adsorbed atom and surface,
via surface phonons. The two terms are related through the fluctuation-dissipation

theorem [14, 15],

(f(O)f () = 29kTS(t — 1), (1.9)

ensuring the approach of a system described by Eq. (1.8) to thermal equilibrium. The
instantaneous decay of the correlations in the stochastic force f (t) is an approximation
(the Markov approximation) valid for systems where the motion of the substrate
atoms is fast compared to that of the adsorbed atoms. If the surface is treated as
an elastic continuum, a simple expression for the friction coefficient v can be derived
from the microscopic equations of motion [15,16],
277\ 2
v= 273%% (%) : (1.10)
where myg is the mass of the surface atoms, and wp is the Debye frequency of the
surface, and V() is the potential energy of the adsorbed atom. Models based on the
Langevin equation (1.8) [14,15,17,18], and equivalent approaches based on the Fokker-
Planck equation [16, 19, 20], or projection operaters [21,22] have been widely used
to describe the surface diffusion of adsorbed atoms. These models can successfully
describe many aspects of surface diffusion, including those not accounted for in a
simple transition state theory (TST) approach, such as long jumps spanning multiple
lattice site, and non-Arrhenius behavior at high temperatures.
Applying this approach directly to an adsorbed molecule made up of N atoms
would result in N coupled Langevin equations of the type shown in Eq. (1.8). For a

large molecule, it becomes impractical to solve such a large set of coupled equations,
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particularly for the Fokker-Planck equation-based method described in Chapter 2,
for which only one or two-dimensional systems are tractable. For the purposes of de-
scribing surface diffusion, however, only overall center of mass motion of the molecule
is of interest. The internal molecular degrees of freedom (including both vibrations
and rotations) can therefore be treated as “background” degrees of freedom on the
same footing as the positions of the surface atoms, and will give rise to an additional
contribution to the friction coefficient and stochastic force in Eq. (1.8).

Large molecules may also have soft vibrational degrees of freedom that occur
on the same timescale as the center of mass motion. These can be either hindered
rotations and translations (as we will see in Chapter 5), or long wavelength bending
modes. In this case, the Markovian approximation employed in Eq. (1.8) is unrealistic,

and the equation of motion takes the more general form [14,15]

—

mB = F(R) - /t d'T(t — )R + F(1), (1.11)

where B is the center of mass coordinate of the diffusing molecule. The stochastic
force f(t) has a finite correlation time, and is related to the memory function I'(t —t')

by [14,15]
(D)) = KTT(t 1), (1.12)

We employ this stochastic model as the basis of our treatment of molecular surface
diffusion.

The connection between this picture of continuous adsorbate diffusion and the
discreet jump model described above is provided by the tracer diffusion coefficient. In
the long-time limit, the mean squared displacement of a particle undergoing random
thermal motion will increase linearly with time; the tracer diffusion coefficient is

defined as the proportionality constant,

_(|7(E) —0)[%)
For a particle undergoing a random walk of discreet jumps, the mean square dis-
placement will also increase linearly with time, proportional to the number of steps

N = tk, i.e. {|F(t) —7(0)]*) = tr (I*), where (I?) is the mean square length of each
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jump (determined by the lattice constant). The tracer diffusion coefficient and jump
rate are then related by
D, = im (1%). (1.14)

A transport equation analogous to Fick’s law (1.3) can also be obtained for a
diffusing particle described by the Langevin equations (1.8) and (1.11). Though
the particle density p(7) is not a meaningful quantity for an isolated particle, one
can consider the probability density p(7,¥,t) for the particle to have position 7 and
velocity U. In the overdamped limit, the Markovian Langevin equation (1.8) leads to
the following equation for the marginal distribution p(7,t) = [ dip(7, ¥) [23,24]

ap = _

2=V (DY — F(7)/kT)p, (1.15)
where Dy = kT'/~ is the tracer diffusion coefficient in the corresponding homogeneous
system (i.e. F = 0). D, can then be calculated from Eq. (1.13) using the solution to
Eq. (1.15) in the long time limit. For general damping, the equation takes the form
of a Fokker-Planck equation for the distribution p(7, 7, t) [23,24].

The layout of the remainder of this thesis is as follows. In Chapter 2 we de-
rive the Langevin equations for adsorbed atoms that are the basis of our stochastic
model from the microscopic equations of motion for a system of atoms adsorbed on
a surface. We then show how to derive the Fokker-Planck equation corresponding to
Langevin dynamics, and give details of the numerical solution we employ to calculate
the diffusion coefficient D;.

In Chapter 3 we derive an expression for the contribution of the internal degrees
of freedom of a diffusing molecule to the memory function I'(¢ — ¢') in Eq. (1.11),
and the resulting effective friction in the Markov limit. We apply this model to the
simplest molecular system, a dimer diffusing in one dimension, in order to elucidate
the qualitative effect the internal degrees of freedom can have on the diffusive motion.

In Chapters 4 and 5 we apply our stochastic model of surface diffusion to a sys-
tem of experimental interest, dithioanthracene diffusing on a Cu(111) surface. In
Chapter 4 we perform density functional theory calculations to obtain the necessary
potential energy and vibration frequencies for the stochastic model, and discuss some

issues with the accuracy of density functional theory calculations for surface adsorp-

tion problems. In Chapter 5 we then make use of the stochastic model to study the
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diffusion of dithioanthracene, comparing our results with experimental measurements
of the jump rate.
Finally, in Chapter 6 we give some concluding remarks as well as an outlook for

future studies.



Chapter 2

Theoretical Background

In this chapter we outline the necessary theoretical background for the stochastic
model of molecular surface diffusion developed in Chapter 3. The starting point for
this model is the Langevin equations (LE) for adsorbed atoms, introduced in Eq. (1.8),
and we begin with a derivation of the LE from the microscopic equations of motion
for the adsorbate-surface system in section 2.1. This derivation can be accomplished
with several different methods; here we use a method introduced by Zwanzig [14] for
a system where the background particles are treated in the harmonic approximation.
A more general method for obtaining Langevin equations is the use of projection

operators, and we briefly discuss this method in section 2.2.3.

As discussed in Chapter 1, an advantage of the stochastic approach is that the
fast vibrational motion of the surface atoms is eliminated. However, when solving
the LE for diffusion at low temperatures, one is still faced with the problem that the
timescale for jumps between neighboring potential wells is many orders of magnitude
longer than the timescale for vibrational motion within a well. For example, for
dithioanthracene diffusing on a Cu(111) surface (a system to be considered in the
next chapters) the vibrational frequencies are on the order of 10'?Hz, while the jump
frequencies are on the order of 1073 ~ 107'Hz. Direct integration of the LE therefore

becomes impractical for such systems.

Since the LE is stochastic in nature, its solution generates an ensemble of trajec-
tories rather than a single trajectory. Physical quantities of interest must then be
averaged over this ensemble. The diffusion coefficient, for example, can be calculated

from the position correlation function [25]

t—o0 2t ’

or equivalently in terms of the velocity correlation function, from the Green-Kubo

11
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relation [25]

D:Amﬁ@@mmy (2.2)

The averages in Egs. (2.1) and (2.2) can be calculated by averaging over many trajec-
tories obtained by solving the LE. One can also consider the probability density for
the ensemble generated by solutions of the LE. The averages can then be calculated

as moments of this distribution, e.g.

<mmw:/m/mﬁm/mme%mm@ (2.3)

where p(x,v,t;x9,v0) is the joint probability for the particle to have position x and
velocity v at time ¢, and initial position zy and velocity vy. Rather than solving
the LE directly, an equation for the probability density p can be derived. In the
case of Markovian friction, this equation takes the form of a Fokker-Planck equation
(FPE) [23,24],

% = Lp, (2.4)
where L is a second order differential operator in the position and velocity variables.
This FPE can be solved efficiently by the matrix continued fraction (MCF) method
of Risken [24], thus avoiding the problem of separation of time scales in the LE at
low temperatures.

In section 2.2, we will derive the FPE corresponding to the LE of Eq. (1.8), and
give the equation corresponding to the general non-Markovian LE of Eq.(1.11). We

will then outline, in section 2.3, the use of the MCF method to calculate the diffusion

coefficient in a periodic potential, appropriate for the treatment of surface diffusion.

2.1 Langevin Equation

Consider a system of adsorbed atoms with masses m; and positions 7;. The atoms
of the solid have mass m,, and we denote their positions by ﬁl To account for the

vibrations of the substrate atoms, we write

— —

R =R+, (2.5)
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where ; is the deviation from the equilibrium position 13%(0). The interactions between
the atoms are described by a potential energy V' ({7}, {u;}). The Newtonian equations
of motion for the system are

mifi = =V, V({7i}, {@:})

' . (2.6)

Expanding the potential to second order in the displacements u; gives
1 fe . oo 1 _ ,
V{7i}{a}) = Vo{mih) + D gi - il + 5 > il Ky -, (2.7)
i 4,7

where g; = V,Vl]g,—0y, and Kij = V,, Vo, Vl]ig,—0y . In the derivation that is to
follow, the second derivatives K;; must be assumed to be constant, while the g;’s can
depend on the adatom positions 7 (i.e. a linear coupling between the adsorbed atoms
and the surface atoms is assumed). Now consider the normal mode coordinates g, for
the substrate vibrations, with corresponding vibration frequencies w; and eigenvectors

G- The potential then becomes

VR (@) = (D) + 3 duge+ 5 S wilacl” (23)

where ¢, = 2L . The equations of motion then become
%0k H{gr}=0
mits + Ve Vo + Y eV =0 (2.9)
k
G + Wiy + ¢, = 0, (2.10)

where ¢; denotes the complex conjugate of ¢y.
The equations for ¢, are simply uncoupled driven harmonic oscillators, which can
be solved analytically. By substituting the solutions into Eq. (2.9) we will obtain a

set of Langevin equations for the adatom positions 7;. Egs. (2.10) have the solutions

Wi

¢k (t) = qx(0) cos(wgt) + wikq'k(()) sin(wyt) — L /0 sinfwy, (t — )| ({7 (t) })dt’.

(2.11)

To make Eq. (2.9) take the form of a Langevin equation, we must rewrite (2.11) using
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integration by parts,

) = 10+ AT OD)] coslont) + - (0)sin(eat) = (70
+ wii i cosfwi(t — t')] Z Vrjgb,’g({Fn(t’)}) . ?j(t’)dt’. (2.12)
Making use of these solutions, Eq. (2.9) becomes
mit; = -V, Vo= / Ty F (4 T (2.13)
where
D[RO (7)1 - 1] = 37 =0
p k (2.14)
B 1 lowl?
Va_vo—§zk: :’% : (2.15)
Fmmnn = -3 [(qk«n ¥ M) costint) + E sinn
; 2 k (2.16)

X Vi, k({7 (t)})-

Eq. (2.13) has the form of a generalized Langevin equation (GLE) for the ith adatom,
with memory function I';; and stochastic force ﬁ . The stochastic nature of ﬁ comes
from its dependence on the initial conditions ¢x(0), ¢x(0), which we denote collectively
by X. Assuming the system is initially in thermal equilibrium the probability of a

set of initial conditions is given by

1
p(X) = Ze B/t (2.17)

where Ex = >, (|dx(0)[?/2 + w?|qx(0)[?/2), and Z = [ dXe Ex/*5T ig the partition
function. The average of a quantity A(X) is then given by

(A) — % / X A(X)p(X). (2.18)

Using this averaging procedure, it is easy to show that the average force is zero,

(fil{r}.0) =0, (2.19)
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as expected for a Langevin force [23,24].
The memory term and random force both arise from interaction of the adsorbed

atoms with the phonons, and they are related by the fluctuation-dissipation theorem
23, 24]

Lm0} O f{F()} ) = ksTTy {70} A7 (1)} t — 1], (2.20)
which can be verified by making use of Egs. (2.16) and (2.14). The memory term
therefore arises from the finite time correlations of the random force. If these cor-
relations decay quickly compared to the timescale of interest, the random force can
be treated as being uncorrelated in time, (f(t)f(¢')) ~ 6(t — /). The integral in the

memory term in Eq. (2.13) then disappears, and a simple friction term is recovered,

leading to the LE

mr; = =V Vo - Z’Yz‘j : 7:.)7 + f; (2.21)
J

This is termed the Markov approximation (a Markov process is one in which the state
of the system at time t + dt depends only on the state of the system at time ¢ [23]),
and the stochastic force ﬁ(t) is called white noise. The statistical properties of the

stochastic forces in this approximation are

(Fiw) =0 (FOF)) = KTy, 1), (2.22)
If the surface vibrations are described within the Debye model, it can be shown that
the Markov approximation is valid in the limit that the Debye frequency wp is fast

compared to the time scale of interest [15], and the friction coefficients are given by

the expression

3T
=V, VoV, Vo (2.23)

Yis = 2mswy,
This condition is usually satisfied for surface diffusion on metal surfaces, where typical
Debye frequencies are on the order of 10'*Hz, while typical vibration frequencies for
adsorbates are on the order of 10*?Hz.

The potential energy appearing in the LE (2.21) and GLE (2.13) is called the
adiabatic potential. In general, V, is defined by an average over the positions of the

substrate atoms in the following way

e~ VaP/T / dge” VO 7. (2.24)



16

The adiabatic potential defined in this way is the potential of mean force for the

adsorbed atoms,

(Ve V{7 Aaeh) = Ve Va{rn}), (2.25)

where the average is performed over the substrate degrees of freedom as in Eq. (2.18).
The expression for V, given in Eq. (2.15) is simply this average calculated using the
harmonic approximation to the potential, Eq. (2.8). Effects beyond the harmonic
approximation in the background degrees of freedom (including thermal expansion
of the surface) can therefore be incorporated into the GLE (2.13) by evaluating the
adiabatic potential using Eq. (2.24) rather than Eq. (2.15). This point is discussed

further in section 2.2 and later in Chapter 3.

2.2 Fokker-Planck Equation

In this section we consider the FPE for the probability density p(, v, t) for a system
described by the LE’s derived in the previous section. This provides an alternative,
mathematically equivalent description of the system which is sometimes more conve-
nient to work with. For surface diffusion, the FPE description allows for a much more
efficient calculation of the diffusion coefficient, by avoiding the problem of separation

of time scales in the vibrational and diffusive motion.

2.2.1 Markovian Langevin Equation

We first consider the one-dimensional LE with Markovian friction,
mo = F(r) —~yv+ f(t), (2.26)
where the stochastic force f(t) is Gaussian white noise, and satisfies

(f(t))=0
(fO)f(E) = 2kTvo(t —t'). (2.27)
Following Ref. [26], an equation for the probability density can be obtained by

considering the equation of motion for an arbitrary function of the position and

velocity y = g(r,v). Applying this transformation of variables to the above LE, and
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using the rules of Ito calculus [26] (for an equation of the form (2.26) where the
stochastic force has no velocity dependence, there is no difference between the Ito

and Stratonovich pictures [23]) gives

_ 99, .99
_87“ 8

0*g kT
2 m2

—(F—yv+ f)/m+ — (2.28)

Upon taking the average of both sides, the term involving the stochastic force f(t)

will vanish, giving

W) (Soy+ (S —rom)+ (5L @)

This can be written in terms of the probability density p(r,v,t) as

22 / / dv [—g + 9P — ) fm +§2g’f 7} o0 1)
/dr/dv {—v—— F/m )%4—%;—0 (v+ ljf;) :|g(7“7'y)7 (2.30)

where integration by parts has been used in the second line. Since the left hand

side can be written as = [dr [ dvg(r,v)% 57, and Eq. (2.30) must be true for any

W
function g(z,v), the following equation for the probability density must hold

dp  0Op op v 0 kT 0
5~ V% — (F/m) —I— v+ — 50 ) P (2.31)

This is the FPE for the probability density corresponding to the Langevin equation
(2.26).

For an N-dimensional system of Langevin equations,

7+ f(1), < (t)>:

L : (2.32)
(T Fe)) =260~ ¥)

similar arguments lead to the following FPE

0 o
a—f = - Vep— F(F) - M~ - Vap+ V- My (6+kTM ™ -V5) p.  (2.33)

Here M is a matrix with the particle masses on the diagonal, and v is a matrix of

friction coefficients.
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2.2.2 Generalized Langevin Equation

Consider now the GLE with memory,

—

M-b:ﬁ(f)—/o AT (L), 7)), t — )5() + f(t), (2.34)

—

where the stochastic force f(t) is Gaussian, but with a finite correlation time, satis-

fying
(F)=o. (Ffte)) = kIO, 7). |t~ ). (235)
The equation for the probability density in this case is considerably more complicated
than the FPE,
8”:—1; Vip — F(7) - M™' - Vp
/ dt' / ar / AV MOt~ 1) (54 KM Vi) o101,
(2.36)

where O(F, 7/t — t') = T(7,r',t — t')p(F,0,t — t'|r/,v'). This generalized FPE is
non-local in time, as well as the position and velocity variables. The presence of
the probability density p(7, @,t — ¢/|r/,v') in the memory function © also makes the
equation non-linear, greatly complicating its solution.

The need to work with a non-Markovian FPE such as Eq. (2.36) can sometimes
be avoided by explicitly including more degrees of freedom in the equations of mo-
tion. The source of the memory term in a non-Markovian equation is degrees of
freedom whose motion occurs on the same time scale as, or slower than, the degrees
of freedom of interest. For an adsorbed molecule, this could include vibrational or
rotational degrees of freedom that occur on the same time scale as center of mass mo-
tion, while surface vibrations are fast compared to center of mass motion. Explicitly
including these slow degrees of freedom in the equations of motion will then result
in a Markovian LE (or FPE) of higher dimensionality. In Chapter 3, we will take
advantage of this approach when studying a dimer in one dimension by working with
the two-variable Markovian FPE including both molecular degrees of freedom, rather
than the generalized FPE including only the center of mass coordinate.

In Chapter 5, where diffusion of a molecule with many vibrational degrees of

freedom is studied, this approach is no longer feasible. We will therefore consider an
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approximate solution for the jump rate in a system described by Eq. (2.36) in order
to estimate the importance of memory effects for diffusion. This approximation, the
Grote-Hynes theory [27], is valid when the energy barrier is large compared to kT,
and the friction is not too small compared to typical vibration frequencies (both
assumptions are found to be valid for the system studied in Chapter 5). In the
Grote-Hynes approximation, the jump rate is given by

A Wi —AV/kT
= —— 2.37
= ot , (2.37)

where w,, and w, are the harmonic vibration frequencies at the minimum and barrier
regions, and A is determined by the following equation

2
W

A=— b (2.38)
A+T(\)/M

where I'()\) is the Laplace transform of the memory function, and M is the total mass

of the molecule.

2.2.3 Projection Operator Methods

Generalized Langevin equations, and their corresponding generalized FPE’s, can also
be derived from the microscopic equations of motion using the projection operator
technique of Mori [28]. The basic idea of the Mori projection operator technique is to
derive an equation of motion for the “slow” variables X; of the system of interest by
operating on the basic equations of motion with a projection operator that averages
out the effect of the “fast” variables (in the case of surface diffusion, the coordinates
and momenta of the vibrating atoms of the surface). The projection operator P, onto

the variable X; is defined such that for some function of the microscopic variables A,
PA = X (X,4). (2.3

where here, and for the rest of this section Einstein summation notation is used for
the repeated indices. (X) denotes the average of X over an equilibrium ensemble,

and y is the susceptibility matrix, defined as

Xij = (XiXj) . (2.40)
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The following equations of motion for the X; can then be derived [28]

d;t(i (8) = 24 X;(1) = /0 dt'Ty;(t — ) X;(t) + fi(t). (2.41)

The “adiabatic” or average force is given by the first term, while the effects of the
fast motion of the background particles are contained in the random forces f; and the

memory functions I';;. The various terms in Eq. (2.41) are given by

Qij = <X1Xk> X];jl
filt) = €9UQX;
Tyt — ) = <Q X, QLRU-) () Xk> il (2.42)
where Q = 1 —> P, can be thought of as projecting into a subspace orthogonal to the
variables X;, in the sense that it is uncorrelated with all the X, i.e. <XZ(QA)> =0

for any quantity A. The operator L is the Liouville operator, defined so that the

microscopic equations of motion for the variables are given by
X; =ilX;. (2.43)

In analogy to Eq. (2.20) for the random force of the usual GLE for surface diffusion,

the random forces here satisfy

(fi()X;) =0 (2.44)
(fi®)f;(t) = Dirxag- (2.45)

For a diffusing particle with position and velocity 7 and v, if one takes as the
variables X; a set of functions complete in 7 and v, the projection operator method
gives a generalized Langevin equation of the type shown in Eq. (2.32), but with a
memory term that in general depends non-linearly on the velocity. The same method
can also be used to derive equations of motion for correlation functions of the variables
X;. A generalized FPE corresponding to the Langevin equation can be derived in

this way, since the probability density can be thought of as the correlation function
p(@,1,1) = (6(7 — F()O (i — 5(1))) (2.46)

resulting in an equation of the form shown in Eq. (2.36). This approach has been

used by Ying et al. to study the surface diffusion of adatoms [21,29]. Rather than
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working with the generalized FPE directly, they use the projection operator formalism

to derive equations of motion for correlation functions of interest.

The force appearing in the Langevin and Fokker-Planck equations obtained in the
projection operator method is exactly the adiabatic force defined in Eq. (2.24), which
can be shown from the expression for the force in Eq. (2.42). This provides a firm
justification for the approach mentioned above in section 2.1, where the effective force
in the Langevin equation obtained in the harmonic approximation is replaced with
the adiabatic force as defined in Eq. (2.24). It may seem questionable to combine
an equation of motion derived in the harmonic approximation with a force term
derived from a different model. However, using the projection operator method, an
equation of motion with a force term that is exactly the adiabatic force and with
the same form as the GLE derived in section 2.1 can be derived rigorously from the
microscopic equations of motion. The difference between the two equations lies in

the memory and stochastic force terms.

In the method of section 2.1, the memory term and stochastic force are given
by Egs. (2.14) and (2.16), while in the projection operator method, they must be
evaluated using Eq. (2.42). The generalized Langevin equation Eq. (2.41) is a formally
exact equation of motion for the variables X; (no approximations have been made in
deriving it). An exact evaluation of the random force and memory function would
therefore amount to a solution of the full N-body problem of the system of interest
plus the background particles, and so it is generally not possible. In order to make
use of this GLE, approximations for these terms must therefore be made. The formal
expressions in Eq. (2.42) are, however, difficult to deal with due to the presence of
the projection operators. The method given in section 2.1 for deriving the GLE can
then be viewed as a convenient approximation scheme for the memory and stochastic
force terms appearing in the GLE (2.41). This approximation is physically intuitive
and simple to apply, and allows one to avoid working directly with the expressions in
Eq. (2.42), which require an approximation to the complicated operator eiQLQt The
approach of section 2.1 will be used later in Chapter 3 to account for differences in

vibrational entropy as a adsorbed dimer moves across the surface.
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2.3 Numerical Solution of Fokker-Planck Equation

To solve Eq. (2.33), the probability density is expanded in a complete set of functions

for each variable. For example, in one dimension, p(r,v,t) is written as
p(r,v0,) =Y Cr () (r) 1 (v). (2.47)

Provided an orthonormal set of functions ¢,, for the position variable, and ), for the
velocity variable are chosen, the coefficients C,,, are related to the probability density

by

Con(t) = [Duth, p(t)], (2.48)

where [A, B] is the inner product of A and B, defined by the integral

[A,B] = /dr/dvA(r, v)B(r,v). (2.49)

The FPE then becomes a matrix equation,

0

acm,u(t) - Lm,u,nucnzz(t)a (250>

where L,,, n, are the matrix elements of the Fokker-Planck (FP) operator in the

chosen basis,

Lm,u,nl/ - [(,bmw,ua Lébn?/fu} : (251>

The FPE in this form is solved by taking the Laplace transform of the equation,

giving
(Z - Lm,u,m/)énu<z> - Cm,u(o)a (252>
where (), (z) is the Laplace transform of Cy,, (t), defined as

C(2) = LIO®)](2) = / gt o). (2.53)

0

The matrix z — L can then be inverted to give the Laplace transform ¢ (2).
To calculate correlation functions we will need to consider the conditional prob-

ability distribution p(r,v,t|rg, vg), the probability for the particle to have position
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and velocity r,v at time ¢ given initial position and velocity rg, vy. This conditional

distribution is the Green’s function of the FPE, i.e. the solution with initial condition
p(ryv,t =0)=0(r —19)0(v — vp). (2.54)
p(r,v,t|rg, vg) can be expanded in both sets of variables r, v and rg, vg, with coefficients

mu,m/ - [d)m( )¢u(v)¢n(ro)¢V(U0)7 p(T’, v, t|T07 UO)] ) (255)

and the FPE (2.52) becomes
(2 = Lingaa) Cacnn(2) = Crngun (0) = GG (2.56)

The problem can be made more numerically tractable by choosing a favourable
set of basis functions for the expansion. For the velocity variables, Hermite functions
are the optimal choice, since the FP operator becomes tridiagonal in the indices
corresponding to these functions. That is, the elements of the matrix L, », are zero
if v >p+1orv < pu—1. This allows the use of the efficient tridiagonal matrix
algorithm to solve the system (2.56). For the position variables, a Fourier series can
be used for coordinates where the force is periodic, or Hermite functions can again be
used for coordinates which the force confines to a finite region (such as for vibrational
coordinates).

This method is known as the matrix continued fraction method, since an appli-
cation of the tridiagonal matrix algorithm to the transformed FPE (2.56) gives the
solution to C’mu,ny(z) in terms of a continued fraction of matrices derived from the FP
operator. See Ref. [24] for a detailed account of the MCF method, and e.g. Ref. [19]
for an application of the MCF method to diffusion in a periodic system.

2.3.1 Matrix Elements of the Fokker-Planck Operator

Use of the MCF method to solve the FPE requires a calculation of the matrix elements
of the FP operator. To calculate these matrix elements, it is convenient to introduce

the following scaled variables

_ kT __[m
T = —r t= \/ v—,/ﬁv 27”/ k;T 2k;TF' (2.57)
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It will also be helpful to apply the following transformation to the FPE

I = V(2402 /4T =V (r)/2-v?/4 o = e—V(ro)/2—1)(2)/46V(7")/2+v2/4p. (2.58)

This transformation leaves the form of the FPE unchanged, so that p/ = L'p’. The

transformed FP operator then becomes
L' = —(bD +b' D + yb'b), (2.59)

in terms of the following differential operators,

0 1 0 1
= — — T:__ —)
b= TRt Y="5 2
g 1., .0 1

To solve the FPE, we must find the matrix elements of the operators b, b', D, D in
the chosen basis.
The b and b operators can be recognized as the creation and annihilation operators

for the Hermite functions,
b () = Vnty—1 (0) b1 (0) = Vi + 1911 (0). (2.61)

where the 1,,’s are defined as

n' _02/4
(V) = ,/mﬂn(v/\@)e " (2.62)

and H,, are the Hermite polynomials. Looking at Eq. (2.58) for the FP operator, the
benefit of using Hermite functions as the basis for the velocity variable is now clear.
With this choice of basis, the matrix elements of b and b’ can easily be found from
the properties given in Egs. (2.61), and the matrix elements for the three terms in L'

take the following tridiagonal form

[bD]m/,L,m/ - \/;(Sp,y—len (263)
[btb]m#,mf =Vv+ 15u,u+1ﬁmn (264)
h/bTb]mH,nV = vuém,ndu,u- (265)

The matrix elements D,,,, and ﬁmn depend on the choice of basis for the position
variable, and in general must be evaluated numerically. However, for the 1D dimer
studied Chapter 3, they can be calculated analytically, and we give the resulting

matrix elements in Appendix A.
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2.3.2 Calculation of Diffusion Coefficient

Physical quantities of interest can be calculated in terms of correlation functions
in the position and velocity variables. The quantity of most direct experimental
relevance for surface diffusion at low coverage is the tracer diffusion coefficient, which
is related to the jump rate as explained in Chapter 1. The simplest way to calculate
the diffusion coefficient from the FPE is to use the relationship

D, = /0 "t (w()e(0)) = Tim L{w()o(0))](2). (2.66)

z—0

where L[(v(t)v(0))](z) is the Laplace transform of the correlation function.
The velocity autocorrelation function needed to calculate D; is related to the

conditional probability distribution p(r, v, t|rg, vg) through

/dr/d’u/dro/dvop 7, v, t|ro, vo)po(ro, vo)vvo, (2.67)

where po(ro,vo) is the initial probability distribution. To calculate the velocity au-
tocorrelation function, and then D,, by solving the FPE, we wish to relate these
quantities to the coefficients Cy,;, 0, (7). The Hermite function ¢, (v) with g = 1 is

linear in the velocity,
Y1 (v) = ve /4 (2.68)

The velocity correlation function can therefore be related to the Cy,1 ,1(2) coefficients,

given by

Cir1(2) 2/ dt@Zt/dr/dv/dro/dvop'(r,v,t]ro,vo)@(r)(ﬁk(ro)vvoe“2/46”3/4.
0
(2.69)

The integrand, written here in terms of the scaled probability p’, can be rewritten as

p(r, v, tlro, U0)¢i(r>¢k(’/‘0)6_1)3/26_‘/(”))/2€V(T)/2UUO
= p(r, U,t|7‘0,Uo)ﬁeq(TmUO)NSV(TO)/%V( 26 (r) i (ro)vvo,

V(ro)

where peq(r0,v0) = €~ eV /2 /N is the equilibrium probability density, with the

normalization factor

N =+2r / dre=V), (2.70)



26

The velocity autocorrelation function can be recovered by making use of the expan-

sions of e=V("/2 and ¢~V("0)/2 in terms of the basis functions ¢,,(r), é,(ro), so that,

e.g.,

vin/z = Z Py (1 (2.71)
with Py, = [¢, e"/?]. We then have

L[{v(t) Z PoCont i (2) Pu/N. (2.72)

With this expression, the coefficients Cy,1 ,1(2) obtained from a solution of the FPE

(2.56) can be used to calculate the diffusion coefficient.

2.4 Summary

The LE derived in section 2.1, its corresponding FPE derived in section 2.2, and the
solution method outlined in 2.3 form the basic theoretical framework used for the
remainder of this thesis. In Chapter 3 we will extend the method of section 2.1 to
derive a GLE for molecular surface diffusion, and use it to study diffusion in a simple
model system. In the later chapters we will use the same method to study surface

diffusion in a system of experimental interest, dithioanthracene on Cu(111).



Chapter 3

Stochastic Model for Surface Diffusion of Molecules

In this chapter we extend the method outlined in the previous chapter to obtain
an equation for the center of mass motion of an adsorbed molecule. Following an
approach similar to the one used in section 2.1, we derive a GLE for the center of mass
coordinate of a molecule, its internal (vibrational and rotational) degrees of freedom
giving rise to a memory term and stochastic force. The memory function (or friction
coefficient in the Markov approximation) in this GLE has two contributions: one
from the surface phonons, and one from molecular degrees of freedom. Although the
contribution from the phonons can usually be treated in the Markov approximation,
due to the typically shorter time-scale for surface vibrations compared to the motion
of adsorbates, internal molecular motion may occur on a time-scale that is not fast
compared to center of mass motion. Memory effects can then become important, and

we test the accuracy of the Markov approximation below.

After deriving the GLE for center of mass molecular motion, we apply it to study
the diffusion of a dimer in one dimension (1D). This simple model is a logical start-
ing point for an application of our stochastic model since it is the simplest possible
molecular system, having only one internal degree of freedom. Although simplistic,
the 1D dimer model qualitatively captures all of the relevant physics for molecular
surface diffusion, namely the coupling of center of mass motion to internal molecu-
lar degrees of freedom which may occur on the same time scale as, or slower than,
center of mass motion. Physically, the 1D dimer could represent, for example, the
diffusion of dimers of W and Re atoms along channels on the W(211) surface [30,31],
or could be a simplified model for the diffusion of dimers of larger molecules, such as
the dimers of porphyrin molecules observed to diffuse unidirectionally on the Cu(111)

surface [6].

An advantage of the simplicity of the 1D dimer model is that the full equations

of motion for the molecule (i.e. with the center of mass and vibrational motion

27
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both solved for explicitly) can be solved directly, due the low dimensionality of the
system. This allows for a systematic test of the accuracy of the stochastic treatment
of the internal molecular degrees of freedom, as well as the accuracy of the Markov
approximation. Studying diffusion in the 1D dimer will allow us to make some wide-
reaching qualitative statements about how internal degrees of freedom can affect

surface diffusion in molecules.

3.1 Model

To make the derivation of the GLE for molecules simple and transparent we first
consider the 1D dimer, and later extend the treatment to an arbitrary molecule. The
starting point for our derivation is the set of Markovian Langevin equations for the
adsorbed atoms, as derived in Chapter 2. For a dimer consisting of atoms of mass

my, me with coordinates xq, xo, the set of Langevin equations (2.21) becomes

. oV . .
midy = — — y1d1 — Y1282 + fi1(t)
Oy (3.1)
. oV . .
Mol = 3_1:2 — Vo181 — Yooy + fo(t).

As discussed in Chapter 2, the potential energy V' (zy,xs) represents the average
interaction between the dimer and the surface, while the friction coefficients 7;; and
stochastic forces f;(t) account for the phonon-mediated energy exchange with the

surface. The stochastic forces fi(t), fo(t) have the properties shown in Eq. (2.22),

(fi(2)) (32)
(fi(®)J;(t") = 2kTy6(t — t').
Rewriting Eqs. (3.1) in terms of the center of mass coordinate r = (mjx; +

maxo)/M and the relative coordinate s = x; — xo — £ (where ¢ is the equilibrium

dimer length) gives

My = _86_‘; - '77"7"7'1 - ’Yrsé + fr(t)
ps = _88_‘: — YerT — VssS + fs(t),

(3.3)

where M = my + my, and u = myms/(my + my). The new friction coefficients are
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given by

Yrr = Y11 + Y12 + Y21 + 722

. mo my + mq
Yrs = M —— 711 M Y12 M 721 Vi Y22
_me om my my (3.4)
Vsr = M =7 11 M 712 Vi Y21 M V22
2 2

ms mimeo mime mi
Vss = W’Yll - W’Yu e g 2t t M2’Yz2

Note that if the initial matrix of friction coefficients is symmetric, y15 = 791, then so
is the transformed matrix, v, = v5-. We will assume this to be true in the following.

The stochastic forces are given by

fr() = f1(t) + fa(?)

mo ma (35)
[s(t) = Mfl(t) - Mfz(t)a

and have the statistical properties given in Egs. (3.2), now with i,7 — 7, s.
For a dimer that does not deform strongly in the diffusion process, we can expand
the potential V(r, s) to quadratic order in the relative coordinate s, giving

V(r,s) = Vo(r) + é(r)s + %,uoﬁsz, (3.6)

with ¢(r) = ‘W S ls=0. The vibration frequency w is here assumed to be constant along
the diffusion path; in section 3.2.3 we show how a vibration frequency that changes
with center of mass position, i.e. w = w(r), can be accounted for approximately.

With the approximation (3.6), the Langevin equations become

Mi = _VOI(T) = YT — VrsS — ¢/(T)3 + fr(t) (3'7>
18 + Yss8 + pw?s = —d(r) — o7 + fo(t), (3.8)

where the primes denote differentiation with respect to r. We will refer to Egs. (3.7),(3.8)
as the harmonic approximation (HA).
Note that Eq. (3.8) is the equation of motion for a damped, driven harmonic

oscillator, and the formal solution can be written as

— o Mt/2 m ‘
e e ) | (39)
+ [ del=olr(@)] = anit) + e SELZ0)



30

where 7 = vss/p, Q = /w? — (n/2)2, and so, $o are the initial conditions for the

relative coordinate. The term involving ¢[r(#')] can be rewritten using integration by

parts to give

O b 0/20s0 + 5] + 5o
s(t) = TR +e ([80 + W] cos(Q2t) + O Sln(Qt))

o /2(t—t')

+ /0 tdt’ob’[r(t’)] (cos<9(t_t/))+lsin(gz(t_t'))) Aty (3:10)

2Q)
sin(Q(t —t))
Qu '

pw?
t

- / dt' [—yps (1) + fo(t')]e 7200
0

The solution for §(¢) can be obtained by differentiation, and upon substitution into

Eq. (3.7) one obtains a generalized Langevin equation of the form

Mi = —% - /0 dUT[r(t), r(t'), t — V)F(t) + F(2). (3.11)

The effective potential U(r) is given by

o(r)*

U(r) = Vo(r) — W’

(3.12)

and the memory function and stochastic force have the form I' = 2v,,.6(t — ') + Iy,
and F(t) = f,(t) + Fyn(t). The contributions to the memory function and stochastic

force from the molecular vibrations are given by

Loinlr(t), r(t),t — 1] = ¢'[r(@)]¢'[r(t)]alt — ')
+ s (@[ ()] + ¢ Ir())alt —t') + ya(t —t')

Fa(t) =~ 0)a() + 2ot (50+ 22 )
O + i )t e

T /O t dt' (' [r(t)]alt — ') +vpsa(t — ) f5 ()

(3.13)

where

e_nt/z

a(t) = . [cos(2t) + n/(262) sin(2t)], (3.15)

w2

and @ and @ are time derivatives of a.
Note that the effective potential U(r) is simply the potential energy V(r,s) of

Eq. (3.6) evaluated at the dimer length s that minimizes the potential at a given 7,
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U(r) = V(r, so(r)), where so(r) = —¢(r)/w?. Similarly, the memory function can be
written in terms of s\(r) = —¢/(r)/w?, the slope of the minimum energy path. The
vibrational memory function I'y;, will therefore be more significant for systems that
follow a curved path through the coordinate space as diffusion proceeds.

The stochastic nature of Fy,(t) comes from the dependence on the initial condi-
tions sg, So, and averages are calculated as averages over these initial conditions with
the equilibrium probability density

o—E(r0,50,70,50) /KT
p(so, $0) = fdsofdéoe*E(m’SO”;O’s'O)/kT

B (A o0 )T
2nkT

Using this probability density, the averages

<(¢;)> s 3.17)

can be used to show that the stochastic force F(t) satisfies the fluctuation-dissipation

(3.16)

theorem
(F(t)) =0

(3.18)
(F)F(t)) = KTT[r(t),r(t), [t —t'[].

When the memory function decays to zero on a time scale that is fast compared
to the time scale for center of mass motion of the dimer, the Markov approximation
(MA) for the memory function can be used. In this approximation, ¢'[r(t')] may be

replaced with ¢'[r(t)], and the integral term in the generalized Langevin equation

becomes
t o 1 do\? 1 do
dt'Tyip|r, t —t']r(t') ~ dt'Typ|r, ] ) 7(t) = Yss | —— ) —2Vps—s—.
[ arrapra—ereys ([ arraine)) 10 = (550 )~
(3.19)
The Langevin equation in the MA therefore reads
aUu
M7 = —— — v + F(1), (3.20)

dr
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where the effective friction coefficient is Yegr = Vo + Vvin, With

1 do\’ 1 d
Yvib = Vss ( ¢) - 2’77“ ¢ (321)

ww? dr *uw? dr’
and the stochastic force satisfies
(F(t) =0
(F(H)F(t)) = 26Tt — ).

(3.22)

We now generalize the above approach to a large molecule of many atoms. For a
molecule described by the center of mass coordinate 7" and normal mode vibrational
coordinates s;, the potential is expanded as in Eq. (3.6),

S . . 1
V (7, 85) = Vo(F) + Z <(]§z(7“)sZ + 5@0353) : (3.23)
with ¢; = % |z—0. Here w; are the normal mode vibration frequencies, calculated with

the center of mass held fixed at some reference value. In analogy to Egs. (3.3), the

equations of motion for the molecule become

M7 = =ViVo = %r 7= Y (Frisi + Viay(7)s:) + fr(t) (3.24)

S + Z Yigsj + wisi = —¢i(F) — Foi - T+ fi(2) (3.25)

J
For the case where the off-diagonal damping coefficients 7;; vanish for 7 # j, the equa-
tions of motion for the normal modes decouple and the derivation proceeds exactly

as above. The resulting GLE is

t
My =—-V:U — / dt'T[F(t), 7 (t"),t — '] - 7(t") + F(t), (3.26)
0
where the effective potential and memory function are simply a sum over terms of

the form in Egs. (3.12) and (3.13), one for each normal mode, i.e. U(r) = Vo(r) —
> bi(r)?/2w?, and
Lanl7e), 78, = #] = 3 (Voo FOIT ol aslt = )+
' (3.27)
(Vidil ()i + Fri Viti[F(E)]) @it — ) + FriTriat] (¢ — t’))
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with a stochastic force F' (t) that has the required statistical properties shown in
Egs. (3.18). In the MA, the effective friction becomes

VoiVoi . Vo Vo
For general damping, the off-diagonal damping coefficients 7;; couple the normal
modes together and the derivation of the GLE is more complicated. We carry out
this derivation in Appendix B, and show that in the MA the effective friction has a
similar form,

Vo Vo, L V¢ Vo
Yeft = Vrr T ZVU_Q—Q] - Z (’YMF + 77” ' (329>
i i ¢

To calculate properties of a system described by a Langevin equation, one can
make use of the corresponding Fokker-Planck equation (FPE) for the probability
density p(Z,v,t), as discussed in Chapter 2. The FPE corresponding to Egs. (3.1) is

% =T Vip—F M7 Vyp+Vs- My (THETM - Vs)p,  (3.30)
where Vz and V3 are gradients with respect to the positions x; and x5 of the atoms,
and their velocities v; and vs. F = —V;zV is the force and M and 7 are matrices
of the masses and friction coefficients. The FPE (3.30) is mathematically equivalent
to the Langevin equations (3.1) and sometimes provides a more convenient way to
calculate properties of the system. This is especially true when considering the dif-
fusion coefficient at low temperatures, where the molecule will oscillate around the
minimum of the potential for a long time before escaping to a neighboring well. The
Langevin equations (3.1) must then be integrated for a prohibitively large number of
time steps to describe diffusion.

In the HA, the generalized Langevin equation (3.11) does not correspond to an
FPE of the type (3.30), and one must use the FPE corresponding to the coupled
equations of motion (3.7),(3.8). The HA therefore does not provide any reduction
in computational complexity compared to the exact solution when solving the FPE.
On the other hand, in the MA the Langevin equation (3.20) corresponds to an FPE
of the type (3.30) with the vibrational coordinates eliminated. The MA therefore

greatly simplifies the calculation for large molecules.
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The generalized Langevin equations (3.11),(3.26) along with the expressions for
the memory function shown in Eqgs. (3.13),(3.27) represent the central result of this
chapter. In the next section, we will test the accuracy of this approach by comparing
the numerical solution of Eq. (3.11) to that of the full equations of motion, Egs. (3.1).
We will also check the accuracy of the MA, Eq. (3.20), to determine the importance

of memory effects.

3.2 Results

We now apply the model outlined above to study the diffusion of a dimer consisting
of two identical atoms bound by a harmonic force of frequency w. For the potential
we take a cosine with a barrier of height V. We then have the following parameters
for Egs. (3.1)

mip = meo =1,

M =%2=7 m2="71=0, (3.31)

V (1, 32) = 3V cos(2mmy /a) + §V; cos(2maa/a) + pw?(|z) — x2| — €)?,
which gives

M =2m, p=m/2

Vrr = 2’% Vss = 7/2 Vrs = Ver = 0 (332)

Vo(r) = Vycos(ml/a) cos(2mr/a), ¢(r) = —m/aVysin(wl/a) cos(2mr/a).

To assess the accuracy of the stochastic treatment of the internal molecular vi-

brations derived in section 3.1, we will now compare three different solutions:

1. Egs. (3.3), the two-dimensional equations of motion for the dimer.

2. Eq. (3.11), the one-dimensional generalized Langevin equation, with non-Markovian

friction term arising from the influence of the vibrational motion of the dimer.

3. Eq. (3.20), the Markovian approximation to Eq. (3.11).

To compare the three solutions, we calculate the center of mass diffusion coeffi-

cient, defined as

b g () = r(0)?)

t—o0 2t ’

(3.33)
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by making use of the appropriate FPE for each of the three cases. We solve the FPE
by the matrix continued fraction method [24], and obtain D by making use of its

relationship to the velocity autocorrelation function

D= /0 "t (r()(0)) (3.34)

In the calculations that follow, we scale all lengths by 5=, masses by m and times

by 5=, /%. The results are presented in the following scaled variables

— 27 a [m a 1 _ 2r  Im _ \%
b=—0 O=—,]/—= Y= —— D=—,/—D,  V=— (335
PR =V E e Nt w2 a’/v,, : 7 (3.35)

3.2.1 Harmonic Approximation

Figs. 3.1, 3.2, and 3.3 show the diffusion coefficient calculated in the low, moderate
and high friction regimes for different values of the equilibrium dimer length ¢. It
can been seen from the three figures that both the HA and MA approach the exact
calculation as the dimer vibration frequency w is increased. This is expected, since
when the internal force in the dimer is strong compared to the interaction with the
surface, the dimer will be held close to its equilibrium length, and the anharmonic
contributions to the restoring force (due to the cosine term in the potential V(r, s))
will not be important. In this stiff dimer limit, the vibrational motion will also occur
on a time scale much faster than the center of mass motion, so motion in the two
coordinates should be mostly decoupled. In particular, the HA is expected to be
accurate when w is large compared to the characteristic vibration frequency of the

interaction potential, defined by

; *V o
=2 el B =—3 cos(7) cos(£/2). (3.36)

The frequency wy is largest for a dimer that is commensurate with the lattice spacing
of the surface, / = 27, where it has a maximum value of Wy = 1/ V2, and smallest
for an incommensurate dimer, ¢ = m where it goes to zero. Physically, this occurs
because for a commensurate dimer the forces on the two atoms are equal, while for an
incommensurate dimer, the forces point in opposite directions and therefore cancel
each other and give no center of mass force. The HA should therefore be expected

to be accurate to lower dimer frequency w for an incommensurate dimer. This can
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be seen in Fig. 3.1 for the incommensurate dimer, where the diffusion coefficient
in the HA has the correct qualitative trend at low w, while in Fig. 3.2 with the
intermediate dimer length ¢ = 1.6, the HA gives the wrong trend at low @. For
the exactly commensurate dimer shown in Fig. 3.3, the function ¢(r) goes to zero,
and the motion in the r and s coordinates is completely uncoupled in the HA. The

diffusion coefficient is therefore independent of the frequency .

3 4
I
3 4
0.10_ 1 _ 1 1 1
r,f'"
0.08F -
| /)
0.06} II.': — Exact|]
/o -- HA

0-045:. p— MA -1

1 2 3 4

w
Figure 3.1: Comparison of the exact diffusion coefficient to the HA and MA as a
function of dimer vibration frequency @ for an incommensurate dimer (¢ = 7) at

temperature k7/Vj, = 1.0. The three panels, from top to bottom, are for low friction
(7 = 0.2), moderate friction (4 = 1.0), and high friction (y = 5.0).

At the low temperatures that are experimentally relevant for surface diffusion, the

diffusion coefficient has the Arrhenius form,
D = Dye AE/RT (3.37)

where AF is the potential energy barrier over which the molecule must escape, and Dj
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Figure 3.2: Same as Fig. 3.1, but for a dimer of intermediate length (¢ = 1.67).

is a prefactor that is independent of temperature. When comparing the diffusion of
the dimer to that of a monomer, both the energy barrier and prefactor can be affected.
For example, the energy barrier for a commensurate dimer will be approximately twice
that for a monomer, while the barrier for an incommensurate dimer can be smaller
than the monomer barrier. The prefactor for the dimer will depend on the detail
of the dynamics of the molecular vibrations. In order to separate these effects, we
will calculate the prefactor and barrier, comparing the exact solution to the HA and
MA. First, though, we consider the accuracy of the MA compared to the HA in order
to gauge the importance of the memory effects in the generalized Langevin equation

(3.11).
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Figure 3.3: Same as Fig. 3.1, but for a commensurate dimer length ¢ = 27. In all
three panels, the MA and HA curves are indistinguishable.

3.2.2 Markov Approximation

From Figs. 3.1, 3.2, and 3.3 it can be seen that the MA provides a reasonable approxi-
mation to the solution of the generalized Langevin equation (3.11) for all cases tested.
The accuracy is best when both the friction 4 and frequency @ become large. This
can be understood by looking at the expression (3.13) for the memory function that
appears in the generalized Langevin equation. In the high frequency limit w — oo the
vibrational part of the memory function 'y, becomes negligible, since the functions
a(t) and a(t) are inversely proportional to w, and d(t) becomes proportional to 1/w
upon integration. In this limit, the vibrational motion of the molecule has no effect
on the center of mass motion, and the molecule can simply be treated as a rigid body.

When 74 (and therefore 77) becomes large, the exponential term in a(t) quickly de-
cays to zero (see Eq. (3.15)), and the MA is accurate. However, when 4 becomes large
compared to @ (i.e. the overdamped case), the effective frequency Q = \/(77’/2)27—@2
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Figure 3.4: Relative error in the MA (compared to the HA), for a dimer of length
= 1.67 at temperature kT /V,=1.0.

becomes imaginary. In this case, the sin and cos terms in a(t) are replaced by hy-
perbolic functions and  is replaced by ' = \/(7/2)2 — ©2. The memory function
will then contain a slowly decaying term proportional to e~ (/2 =)t ~ o=@*/0t YW

therefore expect the MA to be accurate in the regime
Wy <7 S w. (3.38)

This trend can be seen in Fig. 3.4, where the relative error in the MA is shown (note
the cusp seen in each plot where the error in the MA goes to zero as it changes sign).

The worst error in the MA seen in Figs. 3.1 and 3.2 is in the low friction regime, for
small vibration frequency. In this regime, the MA seems to consistently overestimate
the diffusion coefficient. The diffusion coefficient is also slightly underestimated in
the high friction regime at low frequency. This can be understood qualitatively in the
following way. The Grote-Hynes formula gives an approximation to the escape rate
over a potential barrier in a system described by a generalized Langevin equation
of the type (3.11) [27]. The escape rate depends on the Laplace transform of the
memory function I'(z) at a frequency of the order of the vibration frequency @, in

the barrier region, determined by solving the equation 2% + zf(z) = 2. In contrast,
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Figure 3.5: Ratio of the Laplace transform of the memory function, as shown in
Eq. (3.39), to its zero-frequency value for w = 1.0.

the MA uses the zero-frequency (time integrated) value T'(0).
The Laplace transform of the memory function (3.13) can be calculated approxi-

mately by holding the coordinate r constant,

Fon(2) = / dte=*T o (1, 1)
0

1
T (et
¢/(T>2 Vrs ¢/(T> %?s

The Laplace transform evaluated at w = 1 is plotted in Fig. 3.5 for the same values of
the friction used in Figs. 3.1, 3.2, and 3.3. It is clear that at small 7, fvib(z) quickly
increases from its z = 0 value, resulting in an underestimation of the effective friction
in the MA and therefore an overestimation of the diffusion coefficient. On the other
hand, at large 7, r vib(z) decreases from its z = 0 value, resulting in an overestimation
of the effective friction and an underestimation of the diffusion coefficient. For a
given w, the MA will be most accurate when the friction 7 is close to @, i.e. when the
vibrations are close to being critically damped. When the vibrations are underdamped

or overdamped, the MA will overestimate or underestimate the diffusion coefficient,
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respectively. Note, however, that for vibration frequencies w > 1, the error in D is
at worst around 10%. It therefore seems that the friction coefficient 4 would need to
be either very large or very small for the error in the MA to be significant, so long as
the molecular vibrations occur on a time scale approximately the same as, or faster

than the center of mass motion.

3.2.3 Energy Barrier and Prefactor

An example of an Arrhenius plot is shown in Fig. 3.6. It can be seen that at low
temperatures, the plot approaches the straight line expected for the Arrhenius form
shown in Eq. (3.37). The energy barrier and prefactor are calculated by differentiation

of In(D) with respect to the (scaled) inverse temperature § = V;/kT, and thus become

temperature dependent, i.e.

AE(T) = —dIZ(BD ), Do(T) = DePAE, (3.40)

In the regime AE > 1/ where thermally activated diffusion is observed, the pref-

actor and barrier should approach constant values. Fig. 3.7 shows the differential
prefactor and barrier for the system shown in Fig. 3.6. It can be seen that the
prefactor and barrier both approach their constant low temperature limit at around
Vo/KT = 10. Note also the pronounced compensation effect seen in many ther-
mally activated processes [32]. It is this low-temperature limit that we are inter-
ested in, as surface diffusion experiments typically have energy barriers in the range
Vi/ET = 20 ~ 30 [5,6,33]. We now consider in detail the energy barrier and prefactor
for the cases of a dimer whose length is incommensurate with the lattice constant of

the surface, and one whose length is commensurate.

Incommensurate Dimer

Fig. 3.8 shows the energy barrier and prefactor for the incommensurate dimer with
¢ = 7. Both the HA and MA provide a good approximation to the prefactor and
barrier down to frequencies of w ~ 1. Interestingly, the HA gives an accurate calcu-
lation of the prefactor even down to low frequencies of w =~ 0.2, where it would not
necessarily be expected to be accurate. At very low frequencies, there is a turnover

and subsequent decrease of the prefactor in the MA calculation.
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Figure 3.6: Arrhenius plot for the MA solution with & = 2.0, ( =m 4 =10. The
dashed line shows the Arrhenius fit D = Dye P2E in the low temperature limit, with
AFE =0.70 and Dy = 0.82.

0.0 . . !

Figure 3.7: Differential prefactor and barrier calculated from the data shown in
Fig. 3.6.



43

1.4F — Exact
1.2% -- m
1.0-\‘
o8l
<y
0.6
0.4}
0.2}
OO 1 1 1
2 3 4
0.40 “ | — Exact
0.3 . -- HA
350y A
_0.30F™\ 1 - stiff ||
| \
B \ ]
0.25 -\‘
0.20} e :
015' | | I !
1 2 3 4

Figure 3.8: Energy barrier and prefactor for an incommensurate dimer (/ = 7) as
a function of dimer vibration frequency w, for a friction coefficient of ¥ = 1.0 and
temperature V,/kT = 9.0. In the upper panel, the HA and MA curves lie on top of
one another.

To understand the behavior of the HA and MA calculations of the prefactor,
consider the expression for the effective friction, Eq. (3.21). The additional friction
term due to the internal vibrations depends on the function ¢(r), defined through the

expansion of the potential,

1 1 ?
V(r,s) =Vo(r) + é(r)s + §uw252 =U(r)+ §,uw2 (5 + %) : (3.41)
In the present calculation with v, = 0, the effective friction can therefore be written
as
dS() 2
= "Jrr ss \ —; ) 3.42
V= Yer + ( = ) (3.42)
where so(r) = —@(r)/(pw?) is the value of the internal coordinate s along the mini-

mum energy path. The effect of the internal vibrations of the dimer on the center of

mass motion is to increase the friction, and Eq. (3.42) makes it clear that the increase
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in the friction is due to the dimer following a curved path through the coordinate

space as it crosses the energy barrier.

Intuitively it makes sense that a curved path would lead to a higher effective
friction for motion in the center of mass coordinate. As the dimer approaches the
transition state, energy will be dissipated as it moves in the center of mass coordinate,
due to the friction force. If it must also move in the relative coordinate there will
be additional energy dissipated since there is also friction in this coordinate, so that
the amount of energy dissipated for a given amount of motion in the center of mass
coordinate is higher, resulting in a higher effective friction coefficient. Stated more
simply, the effective distance the dimer needs to travel to cross the barrier is longer
for a curved path, and so more energy will be dissipated along the path, which is

equivalent to a higher friction coefficient.

Fig. 3.8 also shows, for comparison, the diffusion prefactor calculated without
the additional friction term shown in (3.42). In this stiff dimer approximation, the
effects of the vibrations on the center of mass motion are ignored, and the dimer is
treated as a rigid body. It can be seen that the effect of the higher friction is to lower
the prefactor, as expected (the barrier is unaffected). This lowering of the diffusion
coefficient for systems that follow curved paths has been observed before [34], where it
was attributed to the suppression of long jumps at low friction. Here the suppression
of long jumps, and subsequent lowering of the diffusion prefactor, is described in a
straightforward way by an increase in the effective friction coefficient according to the
simple formula (3.42). In this case the lowering of the diffusion prefactor also occurs
in the moderate and high friction regimes, where long jumps do not occur. We also
note that the term proportional to v, in Eq. (3.21) can be negative, which can result

in a lower effective friction for systems with off-diagonal friction components.

As seen in Fig. 3.8, in the regime where the MA is accurate, the correction to
the prefactor provided by the additional friction term is relatively modest, becoming
large only in the small @ region, where the MA begins to diverge from the exact
solution. The reason for this deviation as small @ can be seen in Eq. (3.42). The
additional friction term becomes significant only when the minimum energy path has
a reasonably large curvature (i.e. the dimer length changes significantly as it moves

across the surface). However, the harmonic approximation for the potential energy
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requires that the dimer only make small deviations from its equilibrium length.

A more significant correction to the prefactor would be seen for a molecule with
several vibrational modes. For a molecule with N vibrational modes, the effective
friction is given by Eq. (3.28). Assuming, for simplicity, that w;, 7;; and ¢; are the
same for all modes, the effective friction for a molecule diffusing in one dimension

becomes

dr

The more vibrational modes the molecule has, the higher the effective friction, and

ds, 2
Yeft = Vrr + N/YSS 5 . (343)

the greater the effect on the prefactor.

To show the effect of this increase in effective friction we calculate the prefactor
with an increasing number of modes, while keeping the effective potential U(r) the
same. In Fig. 3.9 we show the ratio of the prefactor calculated for N vibrational
modes, D((JN) to the prefactor calculated in the stiff dimer approximation, D(()O). It can
be seen that the lowering of the prefactor due to the higher effective friction becomes
more significant as the number of vibrational modes increases. For example, with
10 vibrational modes, there is an order of magnitude change in the prefactor when
w ~ 0.65.

The effective friction term in Eq. (3.42) could also provide a significant correction
to the prefactor in any system that follows a significantly curved path as diffusion
proceeds. Some examples are diffusion of an atom on the bee(110) surface studied
in Ref. [34], or a molecule that rotates as it diffuses, as seen for dithioanthrancene

adsorbed on a copper surface [5].

Commensurate Dimer

Fig. 3.10 shows the energy barrier and prefactor for a commensurate dimer with
¢ = a = 2n. The most distinctive feature in the graph of the prefactor is the peak
that occurs around w = 0.7, which both the HA and MA fail to reproduce. This
peak is related to a flattening of the potential energy surface in the direction of the
s-coordinate around the transition state as the frequency @w decreases. To see this,

consider the potential energy, given by

V(7,5) = cos(F) cos(5/2) + ~w?5>. (3.44)

| =
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Figure 3.9: Ratio of prefactor calculated for N vibrational modes, D(()N), to prefactor

calculated in the stiff dimer approximation, l_)(()o), for a friction coefficient of ¥ = 1.0
and temperature V,/kT = 9.0.

At large w, the transition state occurs at ¥ = 0,5 = 0, and the frequency in the §

coordinate is
(3.45)

When @? — 1/2, the frequency goes to zero and then becomes imaginary, as the
transition state at 7 = 0,5 = 0 becomes a local maximum. When &? ~ 1/2, the
potential surface around the transition state is then very flat in the s-direction, which
makes it easier for the dimer to cross the barrier, and therefore raises the prefactor.
In the transition state theory (TST) this is seen as an entropy effect. The escape rate
in TST is given by

b
KT 233 SAV/RT _ kTTeAS/keAV/kT, (3.46)

vrsTt = TZ(TZ)

where AS is the change in entropy between the minimum and transition state. In
the harmonic approximation, this becomes for a dimer
1), ,(2)

MG*AVMT7 (3.47)

vrsT = 90
t
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Figure 3.10: Energy barrier and prefactor for a commensurate dimer (¢ = 27) as
a function of dimer vibration frequency w, for a friction coefficient of ¥ = 1.0 and
temperature V;,/kT = 9.0. In the upper panel the HA and MA curves lie on top of
one another, as do the Exact and MA with V, curves. In the lower panel the HA and
MA curves lie on top of one another.

1 2 . . .
where wﬁn), wq(n) are the normal mode frequencies at the minimum and w; is the non-

imaginary frequency at the transition state. It can be seen that when the frequency
at the barrier, w; becomes small, the entropy factor becomes large. This explains the
peak in the prefactor around w = 1. The HA and MA both make the assumption that
the frequency in the s-coordinate stays constant at w at all points on the potential
surface, and so they cannot capture this entropy effect.

We can take the change in curvature into account in the MA by replacing the

effective potential U(r) by the adiabatic potential V,(r), defined (in scaled units) by

exp(—BV, (7)) = /dsexp(—ﬁ\_/(r, 5)). (3.48)

Note that the effective potential U(r), given in Eq. (3.12), is simply the adiabatic po-

tential evaluated in the harmonic approximation with constant frequency @, Eq. (3.6).
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We can instead evaluate V,(r) using the full potential V(r,s), which will take into
account the change in entropy between the minimum and transition state.

The prefactor and barrier resulting from the MA using V,(r) calculated in this
way are shown in Fig. 3.10. It is seen that calculation of the prefactor is much more
accurate using this approach, and the peak around w = 1.2 is reproduced. The barrier
is also quite accurate (it is indistinguishable from the exact calculation in Fig. 3.10).

For a dimer with a vibration frequency w ~ 1/ V2, the diffusion prefactor for the
dimer can increase above the value for the monomer of D(()M) ~ 2.1 (which can be
found by repeating the Arrhenius analysis for a single atom adsorbed in the cosine
potential). This effect was observed experimentally for the diffusion of porphyrin
monomers and dimers on a copper surface [6]. The present analysis shows that
this enhancement of the prefactor for dimers can be understood as the result of
an entropy difference between the minimum and transition state that occurs when
there is a particular matching between the strength of the forces holding the dimer
together and the forces between the dimer and the surface. When the frequency
is large, @ > 1/ V2, the dimer makes jumps from site to site as a unit, while for
small frequencies w < 1/ V2, the diffusion proceeds by one atom jumping to the
neighboring site first, followed by the other. When the forces are matched such that
both types of diffusion are equally likely to occur, there is a large entropy difference
and resultant increase of the diffusion prefactor. The fact that the increase in the
prefactor seen here is much smaller than the two orders of magnitude seen in Ref. [6]
can be rationalized by the fact that the simple model system studied here only has
one vibrational degree of freedom, whereas the porphyrin monomers and dimers have
many. The combined effect of changes in all of the vibration frequencies near the
barrier will increase the entropy difference.

The effects of such entropy barriers have been seen before, e.g. in stochastic models
for diffusion [35], as well as a reaction rate model where the width of a bottleneck

region fluctuates according to a Langevin equation [36].

Intermediate Dimer Length

For a dimer of intermediate length, both the effects of the entropy difference and the

higher effective friction due to a curved diffusion path can be seen. Fig. 3.11 shows
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the prefactor for a dimer of length ¢ = 1.67. Note that the decrease of the prefactor
at low w, due to the increasingly curved diffusion path, is properly described by the
HA and MA, but they again fail to reproduce the increase in the prefactor resulting

from the entropy difference.
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Figure 3.11: Prefactor for a dimer of intermediate length (¢ = 1.67) as a function
of dimer vibration frequency @w,for a friction coefficient of ¥ = 1.0 and temperature

Vi /KT = 9.0.

Fig. 3.11 also shows the prefactor calculated using the adiabatic potential, Eq. (3.48),
and again it is seen that the increase in the prefactor due to the entropy difference is
accurately reproduced. To show the influence of the effective friction term at small @,
the prefactor calculated in the stiff dimer approximation using the adiabatic potential
is also shown. It can be seen that while the MA remains accurate even at small @,
the stiff dimer approximation diverges from the exact calculation. This demonstrates
that by combining the formula (3.42) for the effective friction coefficient with an ac-
curate calculation of the adiabatic potential, our stochastic model can account for

both entropy effects and the effect of the curvature of the diffusion path.
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3.3 Conclusions

We can summarize the differences between the diffusion of a monomer and a dimer

as being of three types:

1. The energy barrier for the dimer will be different from that of the monomer,
and will depend mainly on the mismatch between the dimer length and the
lattice constant of the surface. A dimer with a length that is commensurate
with the surface will have a larger energy barrier than a monomer, and an

incommensurate dimer will have a smaller barrier.

2. The diffusion prefactor for the dimer can be affected by the presence of an en-
tropy difference between the minimum and transition state. This occurs when
the potential becomes flatter or more steep at the transition state in the vibra-

tional coordinate.

3. The diffusion prefactor can also be affected when the lowest energy path across
the potential surface is significantly curved. In the system studied here, this
has the effect of lowering the prefactor for incommensurate dimers. In general,
when the direction of easy crossing at the transition state does not lie on a

straight line between the minima the prefactor will be affected.

Effective 1D models for dimer diffusion have been described before [37,38], and
these models can capture the effects 1 and 2. The advantage of the present approach
is that it can also account for 3, the lowering of the prefactor due to a curved diffusion
path. In the MA, the effect on the prefactor is captured in an effective friction term
that is given by the simple formula (3.42) involving the slope of the lowest energy
path across the potential surface.

The above results show that the approach outlined in Section 3.1 is applicable
as long as the molecular vibration frequencies are approximately the same order of
magnitude or larger than the vibration frequencies associated with the molecule-
surface interaction. This is typically true for, e.g., organic molecules adsorbed on
metal surfaces, where the molecule-surface interactions are weak compared to the

intramolecular forces.
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It was also seen that when this requirement is satisfied, the system is usually well
described by the Markov approximation. When there is a large mismatch between
the friction and the vibration frequencies (i.e. the molecular vibrations are either
strongly overdamped or underdamped), the non-Markovian nature of the memory
function can become important.

Although we have here studied dimer diffusion, the same approach can be applied
to any system that undergoes diffusive motion in one or more coordinates and vibra-
tional motion in other coordinates. In the remainder of this thesis we will apply this
model to the diffusion of dithioanthrancene on the Cu(111) surface, a system which
shows unidirectional diffusion and is therefore amenable to the approach used in this

chapter.



Chapter 4

Density Functional Theory Calculations

In order to apply the stochastic model of surface diffusion outlined in the previous
chapters to physical systems of interest, it is necessary to calculate the energetics
of the systems. To this end, we perform ab initio calculations of the energy and
vibration frequencies for 9,10-dithioanthracene (DTA) adsorbed on a Cu(111) surface.
The surface diffusion of organic molecules adsorbed on metal substrates, such as DTA
on Cu(111) can be observed by scanning tunnelling microscopy (STM) [5]. After the
molecules are deposited on the metal surface, a series of STM images with molecular
resolution can be used to observe the formation of supra-molecular structures, as well
as follow the diffusion of individual molecules at low coverage. An example of such
STM images for DTA on Cu(111) is shown in Fig. 4.1

DTA undergoes unidirectional surface diffusion on the Cu(111) surface, and is
therefore amenable to the one dimensional diffusion model studied in the previous
chapter. Interestingly, the direction of fast diffusion for DTA on Cu(111) is deter-
mined by the details of the molecule-surface interaction, rather than asymmetry of
the surface (e.g. diffusion along a step edge). The DTA molecules can diffuse along
any of the three equivalent close-packed directions on the Cu(111) surface, depend-
ing on which orientation they land on the surface with. The quasi-one dimensional
diffusion, and availability of experimental measurements of the energy barrier and
diffusion coefficient make DTA an ideal test case for our stochastic model of surface
diffusion.

In this chapter, we will outline the model used for the ab inito calculations, and
detail the results for DTA on Cu(111).

4.1 Model

To calculate energies and forces for use in a classical model of adatom dynamics, the

quantum mechanical system is treated in the Born-Oppenheimer approximation. In

52
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Figure 4.1: STM images for DTA on Cu(111), taken from Ref. [5]. Images A and
C show two DTA molecules before and after a jump at high resolution (48 x 48A
area). The direction of the jumps, as well as the underlying Cu rows (not visible at
this resolution) are indicated in image A. Image B is the difference between A and
C, showing that the two molecules have jumped in opposite directions. Image D is a

lower resolution image (23 x 23nm area), showing the formation of ordered rows of
DTA.

this approximation, the nuclei of the atoms are treated as classical charged particles,
defining an external potential for the electrons in the system. The Schroedinger
equation for the electrons in this potential can then be solved to give an energy that
depends on the positions R; of the nuclei, thus defining a potential energy for the
classical motion of the nuclei.

4.1.1 Born-Oppenheimer Approximation

Denoting the set of nuclear coordinates R; by ﬁ, and the electronic coordinates 7; by

7, the Schroedinger equation for the system reads
H(R,7) = Ey(R, 7). (4.1)

The Hamiltonian H is given by
h? h? AV e
ZZMZ Ri ;27’)16 i ;47T€0|Ri_Rj| ;47’(’60‘7'1'—7"1"
N Z 47T€0|R

= Ipua + Telec + V(R, F)u (42)

— 7]

where M; and m, are the masses of the nuclei and electrons, Z; are the atomic

numbers of the nuclei, and e is the electronic charge. The Hamiltonian consists of
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the nuclear kinetic energy T, the electronic kinetic energy Te., and the potential

—

energy V(R,7). The potential energy V(R,7) = Vio(7) + Veun(R,7) + Vau(R) is
the sum of electron-electron repulsion, electron-nuclei attraction, and nuclei-nuclei
repulsion terms.

Consider now the eigenstates of the Hamiltonian H' = Ty + V(]%, ),

H'$, (R ) = E}(R)gn (B 7). (4.3)

This can be thought of as the Schroedinger equation for the electrons at fixed nuclear
coordinates K. Due to the dependence of the potential energy on the nuclear coordi-
nates, the eigenfunctions ¢,, and eigenvalues F),, will also depend on Rina parametric

way. The full wave function ¢ can then be expanded in terms of the ¢,’s,
giving rise to the following coupled equations for the a,(7) functions

Z ucl CLn + E, mdm = ECLm, (45)

where the Télﬁ?) are matrix elements of the nuclear kinetic energy operator, averaged

over the electronic coordinates 7 only,

T = / 7 G (R, 7) Tt (B, 7). (4.6)

mn)

In the Born-Oppenheimer approximation, the off-diagonal elements of 7™ are

nucl
neglected, so that that the equations for the a,,’s decouple. In the adiabatic approx-
imation, it is further assumed that the electrons occupy the instantaneous ground
state for a fixed nuclear configuration, so that only the ground state electronic wave

function gbo(ﬁ, 7) is considered. The Schroedinger equation then becomes
Tnudao + E(/)(ZO = an. (47)

In a classical model, this Schroedinger equation is replaced with the classical equations

of motion for the nuclei in the potential £} (R),

M,R; = —V,E)(R) (4.8)
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The force on the i'" nucleus can be calculated by the Hellman-Feynman theorem

F, = =V 5 E(R) = =40V 5 H'¢. (4.9)

—

The potential energy surface E(j(R) for the motion of the adsorbed molecule can
therefore be obtained by calculating the electronic ground state for different config-
urations of the molecule along its diffusion path on the surface. From the potential
energy surface, all properties of the system, including the friction and diffusion coeffi-
cients can be calculated. To calculate the electronic ground state, we employ density

functional theory.

4.1.2 Kohn-Sham Density Functional Theory

To obtain the ground state energy of a system of N electrons, the Schroedinger
equation must be solved for the N-electron wave function ¢ (7,7, ...). For systems
of more than a few electrons, this is not feasible. For example, for a system of 100
electrons (still a relatively small system), calculating the wave function on a very
course 10x10x10 spatial grid would require storing 10001%° = 103% elements.

The problem of calculating the N-electron wave function is avoided in density
functional theory (DFT) by making use of the Hohenburg-Kohn theorems [39], which
allow one to calculate the ground state energy of an N-electron system from the
one-electron density n(7) = N [ diydrs. .. |[i(F, 7, 75,...)[>. As mentioned in the
previous section, the Hamiltonian for an N-electron system can be written as H =
T + Ve + Vexs, where T' is the kinetic energy, Ve, is the electron-electron interaction
energy, and Ve = Ve + Vi, i the external potential due to the interaction with the
nuclei. The Hohenburg-Kohn theorems then state

1. There is a one-to-one correspondence between the external potential V. and
the ground state density no(7). This implies that the external potential, and
therefore all properties of the system are uniquely determined by the density.

In particular, the energy can be written as a functional of the density, £ =

En(R)] = T[n(7)] + Veo[n(F)] + [ din () Vess (7).

2. The density n(7) that minimizes the energy functional E[n(r)] is the exact
ground state density, and the energy obtained is the exact ground state energy.

This allows for a variational calculation of the ground state energy.
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The first part of the energy functional F'[n(7)] = T'[n(7)] + Vee[n(7)] is universal
in that it does not depend on the external potential, and is the same for any N-
electron system. Unfortunately, the Hohenburg-Kohn theorems do not provide any
means to determine the form of the energy functional, and there is no known scheme to
systematically improve an approximation to F'[n(7)], or to even estimate the accuracy
of a particular approximation a priori. There are, however, many approximations for
the energy functional that have been shown to give good accuracy on a wide range of
molecular and solid state systems. Issues related to the approximation of the energy
functional for molecules adsorbed on surfaces will be discussed in more detail below.

Once a particular form has been chosen for the energy functional F[n(r)], the
ground state energy and density are found by minimizing the energy with respect to
variations of the density. The most popular scheme for carrying out this variational
calculation is the Kohn-Sham method [40].

In the Kohn-Sham formulation, the energy functional is re-written in the following

way
Fln] =Tn] + Vee[n] = Toln] + Enln] + Ex[n], (4.10)

where Tg[n] is the kinetic energy of a non-interacting N-electron system, the Hartree
energy Epy[n| is the classical electrostatic energy of a charge distribution n(7), and
the remaining term FEi.[n] is called the exchange-correlation energy. The density is
written in terms of single-particle orbitals ¢;(7) as n(7) = >_;|¢:()[*. The kinetic
energy Ty is then

Tl == [ dFY 56T, (4.11)

and the Hartree energy is

/ /dﬂAmOyr_ ), ;/dWH() (7), (4.12)

where the Hartree potential Vi (7) has been defined. The exchange-correlation energy,
can be written formally as Ey.[n] = T'[n] — To[n] + Veeln| — Exln].
The orbitals ¢; are determined by minimizing the energy under the constraint of

normalization,

En(r)] — Z ei(1— [¢s, ¢1])] =0, (4.13)
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leading to the Kohn-Sham equations for the orbitals
—h—QV%Z- + Vis(F) i = €. (4.14)
2m
The Kohn-Sham potential is Vks = Vit + Vg + Vie, where the exchange correlation
potential is

Viel?) = 2] (4.15)

The Kohn-Sham equations have the form of single particle Schroedinger equations
for the orbitals ¢;, with a potential that however depends on the orbitals themselves,
through the density. These equations can be solved self-consistently to obtain the
density and ground state energy.

The form of the exchange-correlation energy functional Fy.[n] is not known, and
it must be approximated. The most widely used approximation is the generalized
gradient approximation (GGA), in which E,. is written in terms of the local value of

the density, as well as its gradient,
ESCA ) = /dfvxc(n(F), |V (@) )n(r). (4.16)

The form of the vy function is generally chosen so that FE,. satisfies several known
conditions, such as the sum rule for the exchange-correlation hole, and scaling prop-
erties. The functional of Perdew, Burke, and Ernzerhof (PBE) [41] is a widely used
GGA functional constructed using this approach.

The GGA has been successful in describing many solid state and molecular sys-
tems, however it has some shortcomings. For the description of organic molecules
adsorbed on surfaces, the most important shortcoming is the failure to describe van
der Waals forces. When two atoms or molecules are well separated so that their
electron clouds are non-overlapping, the energy in the GGA falls off exponentially.
Due to dispersion forces between the atoms, the energy should rather fall off as 1/ RS,
where R is the distance between the atoms.

This neglect of van der Waals forces causes GGA-type functionals to severely un-
derestimate the binding energy in some systems, such as weakly bound dimers and
layered solids such as graphite [42]. For organic molecules adsorbed on metal surfaces,
van der Waals forces are critical for obtaining accurate adsorption energies. For ben-

zene adsorbed on (111) surfaces of noble metals, the PBE functional underestimates
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the binding energy by about an order of magnitude [43-46]. Similar results for the
adsorption energies are seen for azobenzene adsorbed on metals, with also significant
changes in the adsorption geometry induced by the van der Waals forces [47-49].

Although it is now well understood that van der Waals forces are important for
determining the adsorption energy of organic molecules on surfaces, there has been
little work investigating the effect of these corrections on the energy profiles for migra-
tion of the adsorbed molecules. For DTA adsorbed on Cu(111), the molecule-surface
interaction is the result of a balance between the van der Waals-dominated interac-
tion between the carbon rings and the surface, and the stronger chemisorption-type
S-Cu bonding (which should be well-described by the GGA). An accurate description
of van der Waals forces may therefore be expected to be important in determining
the relative stability of different adsorption geometries, and hence the shape of the
potential energy curve for migration.

There are two basic approaches for including the van der Waals energy in DF'T.
In the first approach, pairwise energy terms proportional to 1/RS are added to the
DFT energy, with the coefficients for each term determined empirically or from more
accurate first principles calculations. In this approach the total energy is therefore
written as

Cij (0)
E = Eppr — Z R—éfd(R,-j, R}, (4.17)
ij

where R;; = |]§Z — ﬁj\, and Rg-)) is an empirical cutoff radius. The function f; is a
damping function which must be included to eliminate the divergence of the pairwise
terms as the atoms approach each other. The form of this function, as well as the
cutoff radii Rg-)) are arbitrary, and must be fit empirically to experimental data or
high accuracy quantum chemical calculations.

In the second approach, a non-local term is added to the exchange-correlation

functional, so that E,. is written as
By = B¢+ B, (4.18)

where the local part of the exchange-correlation E'°¢ is treated in the GGA, and the

non-local correlation energy part is written in terms of the density as

fo % / i / A7 $(F, 7 )n (F)n(7). (4.19)
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The kernel ¢(7,7") is chosen to produce the correct asymptotic behavior for well
separated fragments.

Although the latest semi-empirical, and vdW-functional methods are approaching
quantitative accuracy for some systems, there is still a fairly large spread in the pre-
dicted binding energies and equilibrium geometries in many cases. We will therefore
test and compare several methods for van der Waals corrections in our calculations
for DTA on Cu(111).

4.1.3 Periodic Calculations

Extended systems, such as bulk solids or surfaces, can be represented by employing
periodic boundary conditions. The positions of the nuclei are periodically repeated,
resulting in a periodic external potential for the electrons. The Kohn-Sham orbitals

can then be written according to Bloch’s theorem

¢ =(7) = ¢*Tu (), (4.20)

—

where the wave vector k ranges over the Brillouin zone, and the w,_; are periodic
functions. A convenient basis set for the periodic functions is the set of plane waves

€9 where g is a reciprocal lattice vector. The orbitals are then written as
6,:(F) =D e’ AT, (4.21)
1

The size of the basis set is determined by the maximum wave vector g; used, usually
specified as an energy cutoff B, = % | Gmax|?, and the sampling of k-points from the
Brillouin zone.

To obtain the total energy, in principle the energy eigenvalues E ; must be in-
tegrated over the Brillouin zone. In practice, the integral is replaced by a sum over

some discrete set of E—points,

E=Y Eg fi. (4.22)

-
where f r are the occupancies of each state ¢,z , and are 0 or 1 for an occupied
or unoccupied state, i.e. f . = O(E; — E ; ), where Ey is the Fermi energy of

the system. In metals, the continuum of states at the Fermi level causes this sum
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to converge very slowly with respect to the number of E—points sampled. To speed
convergence, smearing methods are typically used, in which the step function in the
occupancies f, r is replaced by a function that decays smoothly from 1 to 0, allowing

for partial occupancy of states near the Fermi level.

4.2 Results

In this section the results of calculations for DTA on the Cu(111) surface are shown.
Energy barriers for diffusion of DTA are calculated using several methods of account-
ing for van der Waals (vdW) interactions, and compared with experimental results.
Due to the small size of the energy barriers in this system, an important part of these
calculations is a careful test of the convergence of the results with respect to the basis
set and the size of the unit cell, and these tests are detailed at the end of this chapter.

Calculations shown in this section were performed with the VASP software pack-
age. The Cu(111) surface was represented by a supercell consisting of 5x4 primitive
surface unit cells and 3 layers, with a vacuum gap of 10A between periodically re-
peated slabs. A single DTA molecule was placed on one side of the slab, with the
supercell employed leaving a separation of approximately 3-4A between periodically
repeated DTA molecules. Tests with larger supercells showed that this is sufficient
to give the low coverage limit of energy barriers to within 10meV. Tests with up to
7 layers also showed that energy barriers are sufficiently converged at 3 layers. A
plane wave kinetic energy cutoff of 800eV and a 5 x 6 grid of k-points were used.
Relaxations were performed until the forces on all atoms were less than 0.01eV/A.
Convergence tests showed that this gives energies converged to an accuracy of better

than 10meV.

4.2.1 Bulk Calculations

The first step in a surface calculation is determining the bulk lattice constant of the
solid. This is done by calculating the energy of the bulk system for several values of
the lattice constant a near the equilibrium value (for cubic crystals such as fcc Cu, only
one lattice constant needs to be adjusted). The resulting energies are then fit to an

equation of state to determine the ideal lattice constant. Here, the Birch-Murnaghan
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Table 4.1: Equilibrium lattice constants ao (in A) and bulk moduli By (in GPa) for
Cu, obtained by fitting to Eq. (4.23) for various van der Waals correction schemes.
Experimental values [50] are also shown for comparison.

PBE optPBE opth86b opth88 vdw-DF2 DFT-D2 TS0 TSS Expt.
ag 3.635 3.651 3.601 3.629  3.750 3.571 3.547 3.607 3.595
By 137 130 149 139 103 148 171 213 142

equation of state is employed,

3
L%
3\V

where V = a? is the volume, Vj is the equilibrium volume, By is the bulk modulus

9
E(V) == EO + 1—6‘/030 Bl

(4.23)

and B; is the derivative of By with respect to pressure. The calculated values of
the energy F as a function of unit cell volume are fit to the above equation using
a least-squares procedure, giving a value for the equilibrium lattice constant a, =
Vol/ 3, as well as the bulk modulus By. Fig. 4.2 shows the resulting equation of state
curves for fcc Cu for a few of the vdW correction methods employed. The resulting
lattice constants and bulk moduli are shown in Table 4.1. Strictly speaking, this
method gives an estimate for the lattice constant at zero temperature, while real
metals undergo thermal expansion at finite temperatures. Copper has a linear thermal
expansion coefficient of approximately 10~°K ™!, resulting in an expected increase in
the lattice constant of less than 1%. This does not significantly effect the energy of
the adsorbed DTA molecule (see Fig. 4.8), and so this effect is ignored in the present
calculations.

The different vdW correction methods shown in Table 4.1 consist of both semi-
empirical correction methods and non-local correlation functionals. The non-local
functionals are all based on the van der Waals density functional (vdW-DF) of Dion
et. al [51]. The vdW-DF2 functional is an alternate version of vdW-DF employing
the PW86 functional for the exchange, introduced when it was found that vdW-DF
tends to overestimate binding separations and underestimate the strength of hydrogen
bonding [52]. Both vdW-DF and vdW-DF2 tend to overestimate separation distances
for systems bound by vdW forces, and this trend is also observed in an overestimation

of the Cu lattice constant.
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Figure 4.2: Energy versus volume curves for fcc Cu, for PBE without vdW corrections,
as well as the TS and TS-surf vdW corrections. Calculations were performed using a
400eV energy cutoff and a 21x21x21 k-point grid.

The optPBE, optb88 and optb86b functionals consist of the non-local correlation
part of vdW-DF'| with exchange functionals that have been optimized for use with the
vdW-DF correlation. The optPBE and optb88 functionals [53] have been optimized
by fitting to the S22 set of accurate quantum chemical calculations of binding energies
for a set of weakly interacting dimers [54]. Both functionals slightly overestimate the
lattice constant of Cu, and underestimate the bulk modulus. These functionals were
found to have an accuracy similar to PBE for a range of solids [55]. The optb86b
functional was found to give improved accuracy over PBE for the description of

solids [55], including Cu. It has similar accuracy to optb88 for the s22 set.

Two semi-empirical vdW correction methods were tested. In the DF'T-D2 method
of Grimme et. al [56], pairwise 1/R® terms are added to the energy as in equa-
tion (4.17), where the Cy coefficients for each atom type are calculated from the
empirical formula Cs = 0.05/N I, in terms of the ionization potential I, and polariz-

ability a (N takes the values 2,10,18,36,54 for the first 5 rows of the periodic table).
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The Fermi function is used for damping of the terms at short distances,

SD
fd(Rij,Rgg)) = - : (4.24)
exp [—d (SRI;@ — 1)} +1

In the DFT-D2 method, the scaling parameter sg is set to unity, while sp is fit to a

set of reference data from accurate quantum chemical calculations. The parameter d
sets the sharpness of the cutoff at R;; < SRRZ(?), and is set to d = 20 in the DFT-D2
method.

In the method of Tkatchenko and Scheffler (T'S0) [57], the same pairwise form and
damping function are used, but the effect of polarization on the vdW interactions is
accounted for by introducing a dependence of the (g coefficients and cutoff radii RE?)
on the local electron density around each atom. The basic idea of the TS method is

to define an effective volume for each atom according to the Hirshfeld partitioning,

Ve [ drrtw (F)n(F)

]

V;free - f dFT’STZ?ee (,r,—‘)

free (=
() = )

G

where the “free” superscripts refer to the isolated atoms in vacuum. This effective

(4.25)

volume is then related to the effective polarizability a¢f of each atom through V;*f =

kSTt where k¢ is a proportionality constant. The Cy coefficients and cutoff radii are
2 1/3
. eff 0 eff 0 .
rescaled according to C’gff = (%) Oggee, and RZ( e)ﬁ = <“//er6) RE fiee, an expression

derived from the Casimir-Polder integral for the Cy coefficients. In the TS method,
the scaling parameter for the Cg coefficients sp is taken to be unity, and the scaling for
the cutoff radii sg is taken as an empirical parameter, fit for each exchange-correlation
functional.

In a revised version of the method designed to treat organic molecules adsorbed
on surfaces (TSS) [58], the Cy coefficients for the substrate atoms are re-calculated
to reproduce screening effects. The vdW interaction energy for an atom or molecule
above a surface falls off as C5/2%, where z is the height above the surface. In the TSS
method, the pairwise Cs/R% terms between the atoms of the adsorbed molecule and
those of the surface are chosen to reproduce this effective Cs/z3 force, the relationship
between the coefficients being C¥ = nS%Céj , where n, is the number of substrate

atoms per unit volume. The Cj coefficients are calculated using Lifshitz-Zaremba-

Kohn theory, which can account for many-body screening effects in the solid, and
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these coefficients are then used to calculate effective Cy coefficients for the atoms in
the solid.

From Table 4.1 it can be seen that both the DFT-D2 and TSSO methods underes-
timate the Cu lattice constant. The TSS method brings the lattice constant in line
with the experimental value, but significantly worsens the over-estimation of the bulk
modulus.

Although the main influence of vdW interaction in surface adsorption is an overall
attractive force that pulls the adsorbed molecule closer to the surface, an accurate
description of the substrate is still important in determining the energy landscape
seen by a diffusing molecule. This is particularly true in the case of DTA adsorbed on
Cu(111), where the energy barrier for diffusion depends sensitively on the fit between
the molecular geometry and substrate lattice constant, as will be discussed in detail

below.

4.2.2 DTA on Cu

DTA consists of an anthracene backbone with two S atoms attached to C atoms in
the central ring, shown in Fig. 4.3. Experimentally, DTA has been observed to adsorb
on the Cu(111) surface with its molecular plane parallel to the surface, and the long
axis of the anthracene backbone parallel to the close-packed [110] direction (as in the
T1 and T2 sites in Fig 4.3) [5]. At low temperatures a second stable configuration
was found, with the molecular axis rotated with respect to the Cu rows.

In DFT calculations at the PBE level, these rotated configurations, sites M1 and
M2 in Fig. 4.3, were found to be the stable minimum energy configurations for the
adsorbed DTA molecule. Configurations with the anthracene backbone aligned with
the Cu rows (T1 and T2 in Fig. 4.3) were found to be saddle points on the minimum
energy path between these two sites.

At the M1 and M2 sites, the S atoms lie near bridge sites, with one S atom
between a bridge site and an fcc-hollow site, and the other between a bridge site
and an hcp-hollow site. A similar arrangement was seen in DFT calculations for
thiophenol adsorbed on a Cu(111) substrate [59], and is also in agreement with the
preference for HS to adsorb at bridge sites on Cu(111) [60]. The M1 and M2 sites are

equivalent due to the symmetries of the surface and molecule (one can be obtained
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from the other by reflection about a plane in the perpendicular to the surface with
its normal along the [110] direction). Small differences (< 10meV) in the energies for
these two sites in calculations come from both the inherent numerical noise in the
calculations as well as interactions between periodically repeated images of the DTA
molecules, which breaks the equivalence of the two sites.

At the T1 and T2 sites, one of the S atoms lies near an on-top site. The higher
energy of this configuration at the PBE level is in line with the instability of the
on-top site for HS adsorbed on the Cu(111) surface [60]. At the T1 site, the centers
of the carbon rings of DTA sit above fcc-hollow sites, while at the T2 site the rings
sit above hep-hollow sites. Although there is little difference in the energies of the T1
and T2 sites at the PBE level, there is still a slight preference for the T2 site, in agree-
ment with the preference for benzene to adsorb at hep-hollow sites on Cu(111) [43].
Anthracene was observed to adsorb parallel to the close-packed directions on the
Cu(111) surface under solution [61], suggesting a preference of the anthracene back-
bone of DTA for the T1 and T2 sites, while the S atoms have a preference for the M1
and M2 sites.

Experimentally, it is observed that the preference of the anthracene backbone to
be aligned with the Cu rows wins out, and a T1/T2 like site is the stable adsorption
configuration. However, due to a severe underestimation of dispersion interactions
in standard GGA functionals such as PBE, neither of these sites is stable at the
PBE level. The need for an accurate description of vdW forces for adsorbed organic
molecules has been seen, e.g., in calculations of the adsorption energy of benzene on
noble metal surfaces, where PBE underestimates the adsorption energy by an order of
magnitude compared to experimental measurements, while including vdW corrections

brought the adsorption energies into close agreement with experiments [44].

Effect of van der Waals Corrections

When vdW corrections are introduced, the increased attraction between the carbon
rings and Cu surface results in an altered adsorption geometry, with DTA being
pulled significantly closer to the surface, as shown in Fig. 4.4. The average DTA-Cu
distances calculated for each vdW correction method are given in Table 4.2. The

bend about the central carbon ring is also significantly reduced, resulting in a more
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Figure 4.3: The two (symmetry equivalent) minimum energy sites, labelled M1 and
M2, and the two transition states, labelled T1 and T2, for DTA adsorbed on Cu(111).

Figure 4.4: Optimized geometry for the T1 site calculated with PBE (left) and D2
(right).



67

Table 4.2: Energy differences between the T1,T2, and M1 sites (in meV), and average
molecule-surface height (in A) calculated with various vdW correction methods. The
experimental energy barrier for diffusion is 130meV. [5]

PBE vdW-DF2 optPBE opth88 opth86b DFT-D2 TSS

Vo — Vv 197 46 149 171 179 187 151
Ve — Van 187 45 142 154 86 92 72
Vi — Vg 10 1 7 17 93 95 79
(dDTA_Cu) 299 3.22 2.84 2.71 2.41 2.35 2.44
200F S =
150
S S
~ ~
|§ 100 lﬁ
N ~

50

Figure 4.5: Energy of T1 and T2 sites relative to M1 for the various vdW correction
methods employed. The dashed lines show the uncorrected PBE results.

planar geometry. This was true for all tested vdW correction methods other than
vdW-DF and vdW-DF2, for which there was little change from the PBE geometries.
Going from optPBE to optb88 to optb86b, the height of DTA above the surface is
reduced. Both semi-empirical methods gave similar geometries to opth86b.

The energies of the T1 and T2 sites relative to M1 are shown in Fig. 4.5 (and
Table 4.2) for the different vdW correction methods. Two trends can be observed in
the relative energies of the T1, T2, and M1 sites upon introducing vdW corrections.
Firstly, all methods decrease the energy of the T1 and T2 sites relative to M1, con-
sistent with the prediction that the vdW forces should increase the strength of the

interaction between anthracene and the Cu surface, tending to align DTA with the
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Figure 4.6: Energy difference between the T1 and T2 sites as a function of the average
height of DTA above the Cu(111) surface, for the various vdW correction methods
employed. From left to right, the points are for DFT-D2, opth86b, TSS, optb88,
optPBE, PBE, vdW-DF2.
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Cu rows. Secondly, the methods that give a geometry with DTA closer to the surface
predict a lowering of the energy of the T2 site compared to T1. This can be seen
more clearly in Fig. 4.6, which shows the T1-T2 energy difference as a function of
the average height of DTA above the surface. The closer the C-rings of DTA get to
the surface, the larger the energy difference predicted between the T1 and T2 sites.
The lower energy of T2 compared to T1 is consistent with calculations for benzene
adsorbed on Cu(111), where the energy for benzene adsorbed above hep-hollow sites
is slightly lower than above fcc-hollow sites. The lower energy of T2 is also consis-
tent with the experimental observation that the DTA molecule migrates via jumps
that span the full Cu-Cu distance, while T1 and T2 are separated by only half this
distance, implying that only one of these sites should be stable.

Although the vdW correction methods give the correct qualitative trend for the
energies of the T1 and T2 sites, all methods still predict M1 to be the lowest energy
site, in disagreement with experimental observations. The equilibrium distance be-
tween the C-rings of DTA and the surface is determined by the balance between vdW
attraction and Pauli repulsion as DTA approaches the surface. The trends observed
in Figs. 4.5 and 4.6 suggest that the energy of the T2 site depends sensitively on the
height of DTA above the surface, and is therefore strongly affected by the behavior

of the vdW forces at short distances.

In the semi-empirical vdW methods, this behavior can be adjusted in a simple
way by adjusting the cutoff radii for the pairwise terms in Eq. (4.17). There is no
way to determine the cutoff radii or the form of the damping function a-priori, so
they must be fit to accurate quantum chemical calculations or experiment. In the
TS0/TSS methods, this is accomplished by a uniform scaling of the cutoff radii for
each atom type (which are determined from the equilibrium separation of noble gas
dimers) by a single scaling parameter sg. In the original specification of the TS0
method, this parameter was determined by fitting to the binding energies of the s22
data set [54], which consists of weakly bound dimers of organic molecules. Although
very accurate values for the binding energies in this set were obtained with a value of
sg = 0.94, the transferability of this value to a molecule adsorbed on a metal surface

is not obvious.

We therefore investigate the effect of decreasing the cutoff radii by lowering the
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Figure 4.7: Energy of the T1 and T2 sites relative to M1, as a function of the cutoff
scaling parameter sg in the TSS method. The solid lines show barriers calculated
with a Cu lattice constant of @ = 3.607A, while the dashed lines show the barriers
calculated at the equilibrium lattice constant for each value of spg.

Table 4.3: Lattice constant a (in A) and bulk modulus B (in GPa) for Cu as a function
of the cutoff scaling parameter sg in the T'SS method.

sp 0.84 086 0.88 090 0.92 094
a 3.464 3.490 3.518 3.548 3.578 3.607
B 264 266 260 247 230 213

scaling parameter sg. Fig. 4.7 shows the energy of the T1 and T2 sites relative to
M1 as a function of sp. As si decreases, the vdW attraction persists to shorter
C-Cu distances, resulting in DTA being pulled closer to the surface. There is a
corresponding lowering of the energy at the T1 and T2 sites relative to M1, with T2
eventually becoming lower in energy than M1 for sp < 0.84. The energy at the T2
site is also lowered with respect to the T1 site by lowering sg, and for sz ~ 0.86
the energy difference between the T2 and T1 sites closely matches the experimental

energy barrier of 130meV.

While a lower value for si seems to better reproduce the experimental energy bar-

rier and adsorption geometry for DTA, it also affects the description of the substrate,
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Figure 4.8: Energy of the T1 and T2 sites relative to M1, as a function of the Cu
lattice constant for the TSS method.

due to Cu-Cu vdW interactions. Table 4.3 shows the predicted lattice constant and
bulk modulus for Cu as a function of sz. It can be seen that the lattice constant
for Cu becomes smaller as sp is decreased, becoming as much as 3.6% smaller than
the experimental value for s = 0.84. The overestimation of the bulk modulus by
the T'SS method also becomes worse as sp is decreased. Although a less accurate de-
scription of the substrate is not a significant problem for the description of diffusion
of the adsorbed molecule, it can indirectly affect the calculated energy barriers by
introducing a mismatch between the spacing of the Cu atoms and the geometry of

the adsorbed molecule.

Experimentally, the spacing between neighboring hollow sites along the [110] di-
rection on Cu(111) is 2.54A, while the spacing between the centers of the C-rings
of anthracene is 2.44A. This extremely close match between the geometry of the
substrate and molecule suggests that the energy barriers may be sensitive to the Cu
lattice constant. To investigate this effect, we plot in Fig. 4.7 the energies for both
a fixed lattice constant of a = 3.607A, and a lattice constant that is adjusted to the

equilibrium value at each sgz. It can be seen that allowing the lattice constant to
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change as sp is varied lowers the energy of both T1 and T2 relative to M1, with
T1 being affected more strongly. This is also shown in Fig. 4.8, where the energies
are plotted as a function of Cu lattice constant, with a fixed sg = 0.94. The en-
ergy at T1 is seen to be strongly affected by the lattice constant, changing by more
than 20% for a change of only 0.1A in the lattice constant. For calculations of diffu-
sion of DTA on Cu(111), we will therefore employ the T'SS method with the cutoff
parameter sp adjusted to 0.84, and the lattice constant held constant at the value
3.607A . Although such an ad-hoc adjustment of the fitting parameter sz should
not be expected to be transferable to other systems, for DTA on Cu(111) it gives an
energy curve that agrees well with all available experimental information, including
the energy barrier for diffusion, the adsorption geometry (including the precence of a

meta-stable configuration), and the jump length for surface migration.

Adiabatic Potential

The adiabatic potential V,(z) as a function of DTA center of mass position z along
the [110] direction is shown in Fig. 4.9. V,(x) was calculated by minimizing the energy
at fixed = while allowing the DTA molecule and the positions of the top two layers of
the Cu(111) slab to relax.

From Fig. 4.9 it can be seen that introducing vdW corrections to the DF'T energy
lowers the energy of the T2 site substantially (and also shifts the site slightly to the left
in the center of mass coordinate). Lowering the empirical cutoff scaling parameter sg
causes the vdW forces to persist to shorter DTA-Cu distances, and further lowers the
energy of the T2 site, so that it becomes the global energy minimum. Although this
gives an energy curve that is agrees quite well with experiment, it is also possible that
the curve calculated by the unmodified T'SS method is consistent with experimental
measurements.

The TSS method predicts that the T2 site is a transition state between sites M1
and M2, with a lower energy barrier than that at T1 (see Fig. 4.5). This lower barrier
implies that jumps between M1 and M2 via the T2 site will occur on a timescale
much faster than jumps via the T1 site. Using the experimental value of 4 x 10°Hz
for the jump rate prefactor, and the predicted barrier of 72meV, the jump rate over

the T2 site would be on the order of 500-5000 Hz at the experimental temperature
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Figure 4.9: Adiabatic potential V, as a function of center of mass position of the DTA
molecule along the [110] direction of the Cu(111) surface. The curves shown were
calculated using PBE without vdW corrections, PBE with TS-surf semi-empirical

corrections, and TS-surf with the cutoff scaling parameter sg decreased from 0.94 to
0.84.
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range of 53-62K. Since this rate is fast compared to the scanning rate of the STM
used to image the DTA molecules, the image obtained would be an average over the
M1 and M2 sites. The STM images would therefore not appear to be tilted with
respect to the Cu rows, although they should appear to be elongated on one side,
as one the S atoms would span approximately one lattice constant on either side of
the on-top site. The resolution of the STM images from Ref. [5] makes it difficult to
discern whether this expected asymmetric appearance of the DTA molecules can be
observed. There is also the experimental observation of a second configuration at low
temperatures that is tilted with respect to the Cu rows. It is possible that the two
minima observed at low temperatures are in fact the M1 and M2 sites of Fig. 4.3 (it is

not specified in Ref. [5] whether two or three distinct configurations were observed).

4.2.3 Convergence Tests

The two parameters that control the size of the basis set in plane wave calculations are
the plane wave cutoff, and the sampling of the Brillouin zone. The basis set consists of
plane waves i@+ T with reciprocal lattice vectors g satisfying |g; + E|2 < QE—TEcut for
some energy cutoff E. . For sampling of the surface Brillouin zone, we use uniformly
spaced M x N grids of k-points, given in terms of the reciprocal lattice vectors b, and
52 by

i %51 + %EZ, (4.26)
where m ranges from 0 to M — 1 and n from 0 to N — 1.

Since the energy differences between different relevant configurations of DTA on
Cu are on the order of only a few tens of meV’s, the basis must be chosen so that
the energy is converged to within less than this threshold. During geometry opti-
mizations, it was found that the energy at a local minimum was converged to within
approximately 1meV when all forces were less than 0.0lmeV/A. The forces must
therefore be converged with respect to the basis set to within less than this threshold.
Accurate forces are also important for the calculation of vibration frequencies. In the
following we systematically test the convergence of the energy and forces with respect
to both the energy cutoff and the number of k-points sampled. We also make tests for

larger supercells to ensure that the energy is converged with respect to the coverage

of DTA and the number of layers.
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Figure 4.10: Error in energy and forces vs. number of k-points, for several values of
the smearing parameter o (in eV). The k-points were chosen from N x N grids defined
according to Eq. (4.26); N is shown on the horizontal axis. The force plotted is the
z-component of the force on the atom in the top layer of the slab, with the atoms
at their bulk configuration. Plotted is the difference between the energy or force at
a given number of k-points, and the energy or force at the most dense k-point grid,
55 x 55. These calculations employed an energy cutoff of 400eV.

K-point Grid

We first consider convergence of the energy and forces with respect to the number
of k-points for the primitive Cu(111) surface unit cell. These calculations were done
with the PBE functional without vdW corrections, but the conclusions should hold
for any of the vdW correction methods used, since it has been found that the inclusion
of these corrections has little effect on the electronic structure [62]. Fig. 4.10 shows
the energy as a function of the number of k-points for a 3 layer slab. The Brillouin
zone integration is performed using the Methfessel-Paxton method [63], for several
different smearing widths. A larger smearing width speeds convergence with respect
to the number of k-points, but too large a value will give incorrect energies and forces.
We find that for a smearing width of 0.4eV, the energy is converged to within 1meV
and forces to 5meV /Afor a 25x25 grid of k-points.

The convergence with respect to the k-point sampling for DTA adsorbed on Cu
should behave similarly to pure Cu, since the orbitals associated with the DTA
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Figure 4.11: Error in energy and forces vs. number of k-points in irreducible Brillouin
zone, Ny, for the T2 configuration of Fig. 4.3. Circles are for N x N grids with N from
210 9, crosses are for 4 x5, 5x 6, and 8 x 10 grids, defined according to Eq. (4.26). The
energy error is the difference between the energy at a given number of k-points and
the largest number of k-points tested, the 8 x 10 grid. The force error is the largest
difference in the Cartesian components of the force. These calculations employed an
energy cutoff of 400eV and a smearing width of o = 0.4eV.

molecule are expected to be well localized around the molecule and not show sig-
nificant dispersion. The energies and forces for the 5 x 4 supercell employed in the
previous sections may therefore be expected to be converged for a 5 x 6 grid of k-
points, corresponding to a 25 x 24 grid in the primitive unit cell. From Fig. 4.11,
where the error in the energy and force is plotted for the T2 configuration of DTA on
Cu(111), it can be seen that this is indeed the case. For a 5 x 6 grid of k-points, the
energy is converged to within 15meV, and the forces to within bmev/ A. Since energy
differences between different configurations converge faster than the absolute value of
the energy, this level of accuracy is sufficient to resolve the small energy differences
of interest for the diffusion of DTA, which are on the order of 10meV. It should be
noted that this level of accuracy is well below the expected intrinsic error of DFT
with respect to experimental values, but is nonetheless required for a self-consistent

calculation of the energy barriers.
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Plane Wave Cutoff

For the “standard” cutoff of 400eV for which the pseudopotentials in VASP were
designed, the errors in the forces are approximately 0.04eV/A. To achieve an accuracy
better than 0.005meV /A, an higher energy cutoff of 800eV is required. Calculations
at the lower cutoff of 400eV can be used to obtain results that are qualitatively
correct, but the noise in the forces means that barriers calculated at this cutoff will
not be accurate to within more than approximately 10 ~ 20meV (estimated from the
typical change in energy when relaxing a structure from maximum forces of 0.05eV/ A
to 0.01eV/A with an 800eV cutoff). A 400eV cutoff was used to obtain the results in
Fig. 4.5 and Table 4.4.

Size of Supercell

In Table 4.4 we show the results of calculations for larger supercells, in order to ensure
that the low-coverage limit has been attained for a 5 x 4 supercell. The positions of
DTA and the upper two layers of the Cu slab were fully relaxed for the larger supercells
so that the maximum force was less than 0.01eV/A. When going from a 5 x 4 cell up
to a 7 x 6 cell, the energy barriers at the T1 and T2 sites change by less than 10meV
(with the exception of the 6 x 4 cell, which changes by ~ 20meV). This is less than
the expected noise in the energies due to the smaller energy cutoff used, confirming

that the 5 x 4 supercell is sufficiently large to simulate the low-coverage limit.

Table 4.4 also shows the results of calculations for a larger number of layers. For
these calculations the geometry was kept fixed, adding new layers of Cu atoms at
their ideal bulk positions. The energies of the T1 and T2 sites are raised slightly
when adding more layers, being fully converged by 5 layers. The underestimation
of the energies at T1 and T2 for the 3-layer slab, approximately 20 ~ 30meV, is
quite small, and only slightly larger than the expected noise in the energies due to
the smaller energy cutoff used. For the calculation of the potential energy curve for
diffusion, as well as vibration frequencies, we therefore find that it is sufficient to use

a b x 4 x 3 supercell with a 5 x 6 k-point grid and 800eV energy cutoff.
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Table 4.4: Energies of the T1 and T2 sites (in meV) relative to M1 using the T'S-surf
method, for different sized supercells and number of layers. The first two numbers
in the “Size of supercell” column give the number of primitive surface unit cells of
Cu(111) included in the supercell (with the first number running parallel to the long
axis of DTA), and the third number giving the number of layers in the Cu slab. The
energy cutoff (in eV) and size of the k-point grid used are also shown.

Size of supercell Basis set E11 — Evin E1o — Ewin

5 x4x3 400 / 5 x 6 151 72
5x5Hx3 400 / 5 x5 144 61
6 x4x3 400 / 4 x 6 129 o6
6 x5 x3 400 / 4 x5 146 63
7Tx6x3 400 / 4 x 4 144 69
dXdx4 400 / 5 x5 196 91
55X D XD 400 / 5 x5 185 87
5XHx6 400 / 5 x5 186 86
DX DXT 400 / 5 x5 187 87

4.3 Conclusions

We have seen that, as expected from previous DFT studies of adsorbed organic
molecules, including vdW interactions significantly alters the energy profile for dif-
fusion of DTA on Cu(111). The attractive vdW forces between the Cu surface and
DTA molecule alter the adsorption geometry, pulling DTA closer to the surface. The
extent to which the geometry is affected was seen to vary significantly between the
different vdW correction methods tested. The vdW-DF and vdW-DF2 methods gave
adsorption geometries with DTA significantly further from the surface than other
methods, consistent with the already established overestimation of binding distances
observed for these functionals. Three versions of the non-local vdW functional with
optimized exchange were also tested, and gave smaller DTA-Cu distances going from
optPBE to optb88 to optb86b. The lattice constant for bulk Cu showed the same
trend, becoming smaller for optPBE to optb88 to optb86b. The two semi-empirical

methods tested gave geometries similar to opth86b.

In general, methods that gave adsorption geometries with smaller DTA-Cu dis-
tances also gave a larger energy barrier between the T1 and T2 sites. This is in better
agreement with the experimental observation that DTA migrates via jumps spanning

the full surface lattice constant, inconsistent with, e.g., the PBE curve of Fig. 4.9,
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which would predict jumps of half a lattice constant. All methods still, however,
predicted the M1/M2 sites to be the global minimum, contradicting the experimental
observation that DTA adsorbs parallel the the Cu rows (although another possible
explanation for this was suggested via a different interpretation of the STM images).
It was found that shortening the empirical cutoff radii for the vdW forces in one of the
semi-empirical methods resulted in a slightly smaller DTA-Cu distance, and lowered
the energy of the T2 site below M1/M2. This brings the energy curve into excellent
agreement with experimental measurements.

The sensitivity of the energy profile for diffusion to the cutoff radii (in the semi-
empirical methods) and exchange functional (in the vdW correlation functional meth-
ods) highlights the difficulty of obtaining accurate DET calculations for systems domi-
nated by vdW interactions. DTA on Cu(111) presents a particularly difficult challenge
for DFT, since not only are the vdW interactions a significant part of the molecule-
surface interactions, but the correct balance between these forces, the Pauli repulsion
between the carbon rings and the surface, and the chemical bonding between the S
atoms and the surface is crucial in obtaining accurate geometries and energy barriers.
Although Cj coefficients for vdW interactions at large separations can be calculated
accurately from first principles, an accurate description of the crossover to the short-
ranged regime (well described by the GGA) remains a challenge. The barriers were
also seen to be quite sensitive to the Cu lattice constant, highlighting the need for an
accurate description of solids within any vdW correction scheme that is to be used

to study adsorption and surface diffusion.



Chapter 5

Diffusion of DTA

In this chapter we make use of the stochastic model derived in Chapter 3 and the
DFT calculations performed in Chapter 4 to calculate the diffusion coefficient of DTA
on Cu(111).

The starting point for our stochastic model is the set of Langevin equations for
the N atoms making up the diffusing molecule. Since the DTA molecule shows
unidirectional diffusion along the [110] direction of the surface [5], its position can be
specified by a single Cartesian coordinate = giving the centre of mass displacement
along this direction. The equations of motion for the molecule are then, as shown in

Eq. (3.24),

. oV ) )
Mi = _a_x_”)/mx_zn:%m%l"i‘fx(t) (5-1>
. 1% . .
qn = _g - Z’Vnmgm — VYanT + fn(t)a (5'2>

m

where ¢, are a set of normal mode vibrational coordinates. In Chapter 3 we showed

that this set of equations is equivalent to the generalized Langevin equation

Mi = —%‘;“ —/0 dt'Tlx(t), z(t'), t — )& (') + F(t), (5.3)

with the memory function I' as defined in Eq. (B.13).

The adiabatic potential V,(z) can be calculated in a simple way using DFT, by
minimizing the energy at fixed x while allowing all other degrees of freedom to relax.
The memory function depends on the vibration frequencies of the molecule as well
as a set of coupling constants for each mode, both of which are determined from the
second derivatives of the DFT energy.

The memory function also depends on the friction coefficients 7,,,. The fric-
tion forces originate from phonon-mediated energy exchange between the solid and

adsorbed molecule, and a determination of 7,,, therefore requires a model for the

80
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phonon dynamics of the solid. For this we use the Debye model, and in section 5.2 we
show how to to combine this model with DF'T calculations to calculate the friction
coefficients from first principles. In principle, the phonon frequency spectrum of the
solid could also be calculated using DFT, but such a detailed description of phonon
dynamics is not necessary for our purposes. The Debye model also gives an accurate
description of the low frequency phonons, which are most important in determining
the friction coefficient, as will be seen below. In section 5.3 we show the results of
calculations of the diffusion coefficient, and compare with experimental results, as

well as standard transition state theory.

5.1 Adiabatic Potential and Vibration Frequencies

The adiabatic potential is defined by a thermal average over the vibrational degrees

of freedom,
e*Va(z)/kT _ /dnqéV(x,(f)/kT/Z’ (54)

where the vibrational coordinates ¢ include both molecular vibrations and surface
phonons. In the harmonic approximation, V, is simply the potential energy evalu-
ated at the equilibrium values of the vibrational coordinates ¢ at fixed x. We calculate
V., in this approximation, minimizing the energy of the adsorbed DTA molecule at
fixed centre of mass x while relaxing all other degrees of freedom for DTA, as well
as the first two layers of the three layer slab of Cu(111). The resulting energy curve,
shown in Chapter 4 is reproduced in Fig. 5.1. For numerical calculations, the poten-
tial V,(z) (as well as the effective friction veg(z)) must be interpolated between the
calculated points. A cubic spline interpolation [64] was employed for this purpose for
the curves shown in Figs. 5.1 and 5.3. This interpolation is not unique, and introduces
additional uncertainty into the calculation. However, testing of alternative interpola-
tion methods (including monotonic piecewise cubic polynomials [65] and cubic splines
obtained by least square fitting with allowance for error in the data points [64]) found
that this uncertainty is small compared to the inherent numerical noise in the DF'T
calculations, and so cubic spline fits were used throughout for their simplicity.

Both the vibration frequencies w,, and ¢!, are calculated from the second deriva-

tives of the potential energy using DFT. We first calculate the Hessian matrix in
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Figure 5.1: Adiabatic potential V; as a function of centre of mass position of the DTA
molecule along the [110] direction of the Cu(111) surface.

Cartesian coordinates 7, using a finite difference method. For the TST calculations
(discussed below in section 5.3), the vibration frequencies are calculated by diagonal-
izing this Hessian matrix. To obtain the vibration frequencies at constant center of
mass x required for the stochastic model, we make use of the center of mass frame
coordinates §,, = 7, — 7ery. The Hessian matrix is transformed to a new set of coor-
dinates consisting of the center of mass vector ¢, and the collection of §,, with one
of the §,’s being eliminated using ) m,5, = 0. The normal mode eigenvectors and
frequencies are then calculated by diagonalizing the sub-matrix of the Hessian exclud-
ing the rows and columns containing z-derivatives. The constants ¢/, = 9*V/dx0q,,
are then calculated by projecting these columns onto the normal mode eigenvectors.
This method leads to position-dependent w,(x) and ¢, (x), which can be calculated
at any value of the center of mass x; in the following calculations, we will consider the

minimum energy configuration and the transition state (sites T1 and T2 of Fig. 4.3).

The frequencies obtained for DTA in its minimum energy configuration using this
method are shown in Fig. 5.2. The eight high frequency modes are radial vibrations

of the hydrogen atoms, while the lowest frequency modes are frustrated rotations and
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Figure 5.2: Angular vibration frequencies w,, for DTA on Cu(111). The inset gives a
closer view of the low-frequency modes, which contribute most to the effective friction.

translations. It is these low-frequency modes that give the dominant contribution to

the effective friction.

5.2 Calculation of Friction

The memory function appearing in the generalized Langevin equation (5.3) depends
on the matrix of friction coefficients ~,,, for the frictional forces between the surface
and each atom making up the adsorbed molecule. The memory function has the form
I' =T + Tyip, with the centre-of-mass contribution coming from the corresponding

component of the friction matrix,
Cem = 29.20(t — 1) (5.5)

and 'y, depending on the ~,,, and v,,, components for each vibrational mode.

The matrix of friction coefficients 7,,, originates from energy exchange between
the adsorbed atoms and surface. Below we consider in detail the calculation of the
contribution to 7,,, from surface phonons. For a single adsorbed atom, the phononic

friction coefficient takes a simple form that depends only on the adiabatic potential
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and the Debye frequency of the solid [15,16]. We will show below that this form
underestimates the friction for a large molecule, by comparison with a calculation of

Ymn from a full consideration of the molecule-surface forces.

We also note that for diffusion at metal surfaces, excitation of electron-hole pairs
can also be an important source of energy exchange. Such effects can be included
in the present approach by a semi-classical scheme [66,67] in which the electron-hole
pairs give rise to a second contribution to the friction coefficient. In a DFT framework,

this results in the expression [6§]

Velec — QWHZ Z

=
kmn k' n’

oV 2
a;{S ‘¢E/,n/>' (er — €,)0(er — € ) (5.6)

<¢kfn

where Vs is the Kohn-Sham potential, and ¢y, and €f,, aTe the corresponding Kohn-
Sham orbitals and eigenvalues at the Fermi level €;. Previous studies employing this
approach have found /M =~ 1THz for both hydrogen [68] and carbon monoxide [69]
above copper surfaces. Since this is an order of magnitude lower than the phonon-
mediated friction coefficients calculated below, we ignore the effect of electronic fric-
tion in diffusion calculations. Qualitatively, the effect would be a small increase in

the friction, and a corresponding small decrease in the diffusion coefficient.

If the matrix of friction coefficients 7,,, contains off-diagonal elements, it rep-
resents a generalized friction force that is not antiparallel to the velocity vector.
Although coupling to phonons generally leads to non-zero off-diagonal elements in
Ymn, these are usually assumed to be zero in practice. In fact, it is typically assumed
that v,,, is proportional to the identity matrix, i.e. that the friction force is given
by Fic = —~, where 7 is a single constant. We therefore also investigate the effect
of off-diagonal elements in ~,,, on the effective friction coefficient for center of mass

diffusion.

We finally consider some issues related to the vibrational part of the memory
function, including which particular modes give the largest contribution, and the

importance of memory effects for the description of diffusion.
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5.2.1 Phonon-Mediated Friction Coefficients

In general, the equations of motion for the molecule (5.1) will contain a non-Markovian
friction term (as in Eq. (2.13)), with a corresponding memory function with compo-
nents I',,,,(¢). When the vibrations in the solid are treated in the harmonic approxi-

mation, the components of T',,,, are given by [15,21]

where C(R;;,t) is the correlation function for the displacements @; of the substrate
atoms at lattice positions R; and ﬁj,
1

C(Ry,t) = 1 (@(t)d;(0)) (5-8)

In the Markov approximation, I',,, is replaced with its time integrated value

>0 OF®)  _ OF®)
o = dtT (1) = L. CO(Ry;) - —=2—,
o= [Tt > O 5
0

and the Langevin equations (5.1) are recovered. In the harmonic approximation
employed in Eq. (5.9), the integrated correlation functions C(R;;) are independent
of the separation of the two atoms R;;. This can be seen by expanding C'(R;;,t) in
terms of phonon modes, in which the displacements #; are given by [70]

() =y Qg e TN, (5.10)

—

k7j

where U, 18 the polarization vector for the jth vibrational mode at wave vector k
with frequency wy j, and QEJ' are the normal mode amplitudes. Using the fact that

<QEjQE’ j,> = fTTéjJ/éE i [70], the correlation functions become
9, 9, E,j K

cos(wg ;1) iz

C(Ryj,t) =Y We“f‘@'— Do 0% (5.11)
k.j "k
When integrating over time, the cosine term becomes
T T T 5.12
/0 t cos(wy ;t) = tg?oT = m0(wg ;) (5.12)

5]
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leading to the R;;-independent value

~ . 71'9((.{)) N NS
C(Ry) = lim 3 | 500,515, = Co, (5.13)

in terms of the vibrational density of states g;(w) for each mode. Note that C(R;;),
and therefore the friction coefficients 7,,,, depend only on the zero-frequency limit
of the phonon frequency spectrum. This is a justification for using the Debye model
for the phonon dynamics of the solid, since it accurately represents the low-frequency
part of the vibrational density of states, only becoming inaccurate near the edge of the
Brillouin zone where the dispersion deviates from the linear relationship wy ; = clk|.

In the bulk Debye model, Cy takes the value [15]

_ 3T
Co = 3

2mswy,

I, (5.14)

where m, is the mass of the substrate atoms, wp is the Debye frequency of the
substrate, and [ is the identity matrix. It has been found that accounting for the
modified vibrational density of states near a surface by employing a surface Debye
model leads to a value for Cj that is larger than the bulk value by approximately a
factor of two [71,72]. For simplicity, we therefore use Eq. (5.14) multiplied by this
factor in calculations of v,,,.

With C(R;;) = Cy, the sums over i and j in Eq. (5.9) can be performed, giving
> F;(s) =—>. F_i(a) — —F.,,, where F;(a) is the force on the 7th atom of the molecule,
and we have defined F’;m to be the total force on the molecule. For a single atom in

one dimension, this results in the simple expression

(VN

This expression is convenient in that it only depends on the potential energy of the
diffusing atom V(z), the influence of the substrate being completely contained in
the constant factor Cj, which for a simple solid can easily be estimated from bulk
properties according to Eq. (5.14).

For a molecule it is tempting to generalize Eq. (5.15) to a corresponding expression
for the effective friction, by replacing V' with the adiabatic potential V,,(z). The center

of mass contribution is in fact given by a similar expression,

(5.16)
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Figure 5.3: Effective friction coefficient v for DTA on Cu(111) in the Markov ap-
proximation. The center of mass contribution ~,, is shown separately, as well as the
effective friction calculated using only the diagonal elements of 7,,,.

Although this contains the forces on the molecule in all three Cartesian directions,
it might be assumed that they are approximately equal in magnitude, and using the
form Eq. (5.15) will be a reasonable approximation. However, contributions from
the vibrational degrees of freedom will raise the effective friction coefficient, and may
also introduce memory effects. We therefore calculate ~,,, from the full expression
Eq. (5.9), using the forces on substrate atoms F; calculated from DFT. We will now

consider the influence of the molecular vibrations on the effective friction.

5.2.2 Influence of Molecular Vibrations

To see the effect of the molecular vibrations on the effective friction, we first consider
the Markov approximation, in which Ve = V4o + Yin.- As shown in Chapter 3, the

vibrational contribution 7, is given by

Drn D) o,
Yvib = Z’Ymnw—zﬁ — QZ”yrmwT, (5.17)
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with the friction coefficients 7, calculated from Eq. (5.9). Second derivatives of the
energy, calculated here using DFT, determine the 8ﬁi /0q,, appearing in Eq. (5.9), as
well as the vibration frequencies w,, and the ¢/, = 0*V/92dq,,. A specification of the
vibrational properties of the solid, through Eq. (5.14) then completes the description

of phonon-mediated friction.

Fig. 5.3 shows the friction coefficient calculated using this method for DTA on
Cu(111), using the configurations at the minimum and transition state of the potential
energy curve shown in Fig. 5.1 (the T1 and T2 sites shown in Fig. 4.3). Since the
derivation of the effective friction coefficient in Chapter 3 assumes constant friction
coefficients 7, for the vibrational degrees of freedom, but using Eq.(5.9) results in
position-dependent 7,,,, we therefore take the average value of the v,,,’s calculated
at the T1 and T2 configurations. For comparison, both the total effective friction
Yeft, and the center of mass contribution ~,, alone are shown in Fig. 5.3. Note that
the inclusion of the vibrational contribution =, raises the effective friction coefficient
by approximately 50% on average. Calculating ~.¢ from the single-atom expression

(5.15) will therefore lead to an underestimation of the friction.

To investigate the importance of the off-diagonal components of ,,,, we also
plot in Fig. 5.3 the effective friction calculated setting ~,,, = 0 for m # n. Note
that, although the position-dependence of 7.g is affected by ignoring the off-diagonal
components, the average value is nearly the same, changing by less than 10%. For this
system, the off-diagonal components will therefore have little effect on the diffusive
motion of the molecule, and we ignore them in further calculations (the possible
impact of off-diagonal components for larger molecules is discussed further below).
This is especially useful when considering memory effects, since I'y;, can then be

calculated using the simpler expression Eq. (3.27), rather than the more general
Eq. (B.13).

Another important consideration is the accuracy of the classical treatment of the
vibrational motion. At the low temperatures for which the STM observations of DTA
diffusion on Cu(111) were performed, the high frequency molecular vibrations seen in
Fig. 5.2 will be confined to the ground state, since kT < hw. To see the influence of
these degrees of freedom on the effective friction, Fig. 5.4 shows the quantity ¢/, /w?,

which determines the contribution of each mode to 7yy. It can be seen that only
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Figure 5.4: Coupling constants ¢!, /w? contributing to the effective friction through
Eq. (5.17).

the two lowest frequency modes give any significant contribution to vy, confirming
that there is no unphysical energy transfer to the high-frequency vibrational modes
at low temperatures. The lowest frequency mode is a rotation of DTA in the plane of
the surface, while the second lowest frequency mode is overall translation along the
surface, perpendicular to the [110] rows. Both of these modes have hw ~ kT for the

experimental temperature range of 7' = 55K ~ 65K.

5.2.3 Memory Effects

The influence of memory effects in I'yj, can be estimated from the Grote-Hynes ap-
proximation, in which the escape rate of the molecule from the potential well is
determined by the Laplace transform of the memory function f()x) at a frequency
determined by the equation

w

A=— b (5.18)
A+ T\ /M

with wj, being the unstable (imaginary) frequency at the top of the barrier between

two sites.
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Figure 5.5: Laplace transform of vibrational contribution to the memory function
Fvib-

Fig. 5.5 shows I'(\) for DTA on Cu(111), calculated from Eq. (3.27). The escape
rate (and consequently the diffusion coefficient) is determined by T'(\) at A < w,. Due
to the flat shape of the adiabatic potential in the barrier region (see Fig. 5.1), the
barrier frequency is quite small, w, ~ 2THz. It can be seen from Fig. 5.5 that f()x) is
already very close to its zero-frequency limit for A < wy, and so memory effects will

not have a significant effect on the diffusion coefficient.

5.2.4 Off-Diagonal Friction Components

For a large molecule, off diagonal terms in ~,,, coupling together different modes that
are well separated spatially seems physically unreasonable. However, since C (Rij)
does not decrease with the distance between two substrate atoms, Eq. (5.9) predicts
that there will be no decrease in magnitude for the ~,,, components between two
well-separated modes. This is in fact an artifact of the Markov approximation.
Although the time-integrated correlation function has the same value C(R;;) = Cj
regardless of the separation R7;;, the time required for C (R;;) to approach this value
increases as the separation of the atoms increases, taking on the order of R;;/c, where

¢ is the sound speed in the solid. The Markov approximation is then only reasonable if
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this time is short compared to the timescale for motion of the adsorbate. The largest
separations R;; that must be considered are approximately the size of the adsorbed
molecule, in which case R;;/c is simply the time required for a lattice vibration to
travel across the area of the molecule. In other words, if the time required for a
phonon to traverse the adsorbed molecule is not short compared to the time scale of
interest, then the Markov approximation cannot be used to describe phonon-mediated
friction. For DTA on Cu(111), DFT predicts a vibration period for center of mass
motion of 7, ~ 1ps, while R;;/c =~ 0.2ps. DTA is therefore small enough for the
Markov approximation to be reasonable for calculating the elements of v,,,.

For a larger molecule, memory effects can be taken into account by the Grote-
Hynes formula, Eq. (5.18). The effective friction is then determined from Eq. (5.9),
with the zero-frequency value C(Ry;) = C(Rij, A)|x—o replaced by C(Ry;, \), with
on the order of a typical vibration frequency for the molecule. Fig. 5.6 shows the
Laplace transform of C(R;;,t) evaluated in the Debye model, for several values of
R;;. It can be seen that although C (Rij, A) has the same zero-frequency limit for any
R

a large molecule, this will have the effect of decreasing the off-diagonal elements of

ij» it quickly tends to zero for finite A when the separation R;; becomes large. For
Ymn for well-separated modes, as expected.

5.3 Diffusion Coefficient

Making use of the calculations of the adiabatic potential V,(z) and effective friction
coefficient vo¢ shown in the previous sections, the Langevin equation (5.3) can now
be solved to calculate the diffusion coefficient of DTA on Cu(111), using the method
detailed in Chapter 2. In order to compare with experimental measurements, we
consider the site-to-site jump rate k, related to the tracer diffusion coefficient by
D, = 1k (I?). Since long jumps are not significant in this system, the mean square
jump length (I?) is simply the surface lattice constant a?.

Fig. 5.7 shows the jump rate as a function of inverse temperature, in the low
temperature regime of experimental interest, with experimental data shown for com-
parison. At low temperatures, the rate obeys the Arrhenius law k = roe 2V/FT,

where AV is the energy barrier between sites. The rate only deviates from this be-

havior when kT 2 AV, which for this system corresponds to T" 2 1500K. At the
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Figure 5.6: The left panel shows the Laplace transform of the correlation function
C(Ryj,t), evaluated for separations R;; of 0,1,5, and 10 lattice constants. C' was
calculated in the bulk Debye model, and the x-axis is scaled by a typical vibration
frequency for DTA on Cu(111), w &~ wp/10. The right panel shows C' evaluated at
A = w, as a function of separation R;;
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Figure 5.7: Arrhenius plot of the jump rate calculated in the stochastic model, com-
pared with experimental data from Ref. [5].

experimental temperatures of 55 ~ 65K, the rate is therefore predicted be very well
described by an Arrhenius law.

The rate prefactor ko and barrier AV can be calculated by Arrhenius fits as
discussed in Chapter 3. The barrier calculated in this way is equal to the static energy
barrier calculated from DFT, AV = 145meV, very close to the measured barrier of
AV = 130meV. Calculating an accurate prefactor is much more challenging, and its
value is strongly affected by the strength of the frictional damping, in contrast to the
barrier. We find a prefactor of kg = 0.27THz, with consideration of memory effects
leading to a reduction of less than 5%.

For comparison, we also consider a calculation of the prefactor by transition state
theory (TST),

kT Z, LT wimi
Ko,TST = 272—m ~ T Lo,

where Z, and Z,, are the vibrational partition functions at the barrier and minimum

(5.19)

energy configurations. The right hand side gives the approximation in terms of the
harmonic vibration frequencies wy; and w,,; at the barrier and minimum (a factor

of 2 is included in ko rgr to account for the two possible jump directions). Due
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to its simplicity, the harmonic approximation to TST is widely employed in rate

calculations. For the present system, it gives a prefactor of ko rgr = 3.4THz.

The measured value of the rate prefactor was kg = 0.004THz. Although the
prefactors calculated within our stochastic model are still larger than the experimental
value, they are nevertheless an order of magnitude closer than the TST estimate. The
overall jump rate k also compares quite well with measured values, as seen in Fig. 5.7.
Barring a large difference in vibrational entropy between the minimum and transition
state, TST gives a prefactor that is on the order of a typical vibrational frequency for
the center of mass motion of the molecule, while the experimental prefactor is much
lower. Our stochastic model shows the correct trend of a prefactor that is lowered
compared to the molecular vibration frequencies, although the reduction is not as

dramatic as what is observed experimentally.

There are several factors that can affect the quantitative accuracy of the rate
calculation, including inaccuracies in the DFT calculations, anharmonic effects in the
molecular vibrations and phonons, and quantum effects. The most important factor
is the accuracy of the DFT calculations in determining the adiabatic potential. In the
low temperature limit, the rate in the stochastic theory can be written as kg = ke,
where veg is a TST-type effective vibration frequency in the well of the adiabatic
potential, and k, is a factor that depends on the friction [73]. The shape of the
adiabatic potential near the minimum strongly affects v.g, and can cause significant

changes in the prefactor.

In the harmonic approximation, v.g is equal to the harmonic vibration frequency
at the bottom of the potential well; more generally, it is related to the vibrational
partition function, veg = 2%% The difference between this factor and the TST
prefactor in Eq. (5.19) is that the partition function can be calculated using the full
Vi, (z) curve, and therefore include anharmonic effects in the center of mass motion
(while other molecular degrees of freedom are treated in the harmonic approximation).
In the present system, this has the effect of lowering the effective vibration frequency
Ver, due to the flat shape of the potential well. An estimate of a lower bound on
Vo can be obtained by assuming a completely flat potential well, leading to veg =

\/ 525 ~ 0.16THz, while the present calculations give veg ~ 0.80THz. An adiabatic

potential with a flatter potential well might therefore lower the prefactor by a factor
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of 5.

The factor k., causes a reduction in the rate, accounting for the effects of recrossing
at the barrier, and our model gives k, ~ 0.3 for the present system. With a flat
potential, our model would then predict a prefactor of kg ~ 0.025THz, quite close
to the experimental value. A higher friction coefficient from coupling to electronic

excitations would further lower the prefactor.

5.4 Conclusions

We have shown that our stochastic model of diffusion gives a fundamentally improved
description of the jump rate for DTA diffusing on Cu(111) compared to TST, bring-
ing it into near quantitative agreement with experiment. The rate prefactor in this
system is unexpectedly low, being several orders of magnitude smaller than the low-
est molecular vibration frequencies. In our approach, this lowering of the prefactor is
seen to result from the anharmonicity of the flat-bottomed potential well, as well as
frictional damping. This damping alters the dynamics of the diffusing molecule near
the barrier region, making recrossings significant, and lowers the prefactor in this case
by a factor of k ~ 0.3.

Our approach includes the influence of the internal molecular degrees of freedom
on the frictional damping of center of mass motion. For the system considered here,
this leads to a increase of approximately 50% in the friction coefficient, with a cor-
responding decrease in the prefactor. This increase in the effective friction will be
significant whenever there is significant coupling between the center of mass motion
of a molecule and one or more of its internal degrees of freedom. As discussed in
Chapter 3, in the Markov approximation this leads to an increase in the effective
friction whenever the lowest energy path across the surface is significantly curved
through the coordinate space. In other words, when there is concerted motion of the
center of mass and other degrees of freedom as the molecule crosses the barrier. For
DTA, there is concerted motion of the center of mass and rotational motion as the
molecule pivots across the transition state, with one of its S atoms fixed near a bridge
site.

When there is such coupling to an internal mode with a vibrational frequency

that is slow compared to center of mass motion, memory effects will be significant.
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This results in a renormalization of the friction to the Laplace-transformed memory
function f‘()\) at an appropriate frequency, which can result in a friction considerably
different from the zero-frequency Markov approximation. Such a situation could
conceivably arise for, e.g., a long molecule anchored to a substrate at one end, with
the other end extending freely from the surface. In that case one would expect low
frequency modes associated with rocking motion of the free end, which may be slow
compared to motion at the anchored end.

This calculation also highlights the inherent difficulty in calculating quantitatively
accurate rate prefactors. As pointed out above, the prefactor is highly sensitive to
the shape of the potential energy curve. Calculating such an energy curve from first
principles with sufficient accuracy is challenging, particularly for organic molecules
adsorbed at surfaces, where the inclusion of van der Waals forces in a DF'T framework
is problematic. Nevertheless, we find that the consideration of energy exchange pro-
cesses between the surface and adsorbed molecule leads to a qualitative improvement

over TST, and overall reasonable agreement with experiment.



Chapter 6

Conclusions

In this thesis we have presented a theoretical framework for the study of surface
diffusion of organic molecules. Our approach is based on the generalized Langevin
equation, in which the equations of motion for the N-body system consisting of the
molecule and substrate are simplified by singling out the centre of mass coordinate
of the diffusing molecule for explicit consideration. The influences of the remaining
degrees of freedom becomes a fluctuating force and dissipative force term acting on
the centre of mass. We have shown how to properly apply this formalism to a molecule

of arbitrary size with internal vibrational and rotational degrees of freedom.

For molecules, the stochastic and dissipative forces entering the Langevin equation
must account for energy exchange not only with surface phonons, but also between
the centre of mass motion of the molecule and its internal degrees of freedom. We
have seen that the nature of this energy exchange can be qualitatively different from
the phonon-mediated frictional forces usually employed in the Langevin approach
for molecules with “soft” vibrational modes. If some modes have frequencies on the
same order as, or smaller than those associated with centre of mass displacement, the
Markov approximation appropriate for phonon-mediated forces can become inaccu-

rate.

We first applied this approach to a simple model system consisting of a dimer in
a one-dimensional periodic potential. The benefit of studying a model such as this is
twofold: first of all, the simplicity allows for a systematic investigation of how centre
of mass transport of a molecule can be affected by its internal degrees of freedom.
For the dimer, the most important feature is the vibration frequency of its internal
mode. We showed in Chapter 3 that when this is on the same order as or smaller than
the frequency for centre of mass motion, the diffusion coefficient can be significantly
altered, and that this effect is stronger for molecules with more vibrational modes, see

Fig. 3.9. This suggests that for large planar molecules, which will always have “soft”
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vibration modes associated with long-range bending and twisting motion, accounting

for the effect of molecular vibrations on the centre of mass dynamics is important.

The second benefit of studying the one-dimensional dimer is that for a low dimen-
sion system such as this, the dynamics can be solved exactly in the full configuration
space of the molecule. This allows us to test the accuracy of the stochastic approach
(already well established for phonon-mediated diffusion) for the treatment of coupling
to internal molecular degrees of freedom. Good agreement between the stochastic

model and exact results was found.

In the second part of the thesis we applied the formalism developed in Chapters
3 and 2 to calculate the diffusion coefficient in a system of experimental interest. We
chose dithioanthracene adsorbed on Cu(111) as a test case for our model due to the
availability of experimental data for the diffusion rate, as well as the relatively small
size of the molecule. The modest size made it feasible to calculate the necessary input
parameters for the stochastic model (potential energy curve and vibration frequencies)

from first principles using density functional theory.

It was found that the qualitative predictions from the one dimensional dimer cal-
culations were borne out in these detailed calculations for a real system. The diffusion
coefficient was seen to be lowered as a result of contributions to the effective friction
from coupling of the centre of mass motion to frustrated rotational and translational
modes. Memory effects were found to not be significant in this system, but it was

also pointed out how they could be important for a larger molecule.

During the course of the density functional theory calculations, we also investi-
gated some issues related to the accuracy of various methods designed to add van der
Waals type interactions to DF'T. It has been noticed before that standard GGA func-
tionals fail to adequately describe interactions between organic molecules and metal
surfaces, and we observed the same trend in our calculations. At the GGA level, DFT
incorrectly predicted the stable adsorption geometry, and in fact predicted a negli-
gible energy difference between the experimental minimum energy configuration and
the transition state. Including van der Waals corrections by several different methods
produced generally better agreement with experiment, but still predicted the experi-
mental minimum energy configuration to be unstable (although a possible alternative

way to reconcile these calculations with experiment through a re-interpretation of the
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STM images was noted).

We found that by adjusting the empirical cutoff radius scaling factor in one of the
van der Waals correction methods, better agreement of both the adsorption geometry
and energy barrier with experiment could be obtained. The sensitive dependence of
the relative stability of different adsorption sites on the cutoff of the van der Waals
forces at short interatomic distances was interpreted as being a result of competition
between van der Waals type and chemical bonding type forces. This sensitivity of an
experimentally observable quantity (namely the adsorption geometry) to the short
range crossover from van der Waals attraction to Pauli repulsion, as well as the
anomalously low diffusion prefactor makes dithioanthracene on Cu(111) a particularly
interesting system, as it appears to provide a stringent test of both van der Waals
correction methods in DFT, as well as statistical mechanics methods for calculating
rate prefactors.

Overall, good agreement was found between the predictions of our stochastic
model and experimental measurements for the diffusion rate of DTA. Moreover, it
was shown that this model is capable of capturing important physics relevant to the
diffusion of large molecules that is missing in transition state theory as well as the

usual Markovian Langevin equation based approaches.

6.1 Future Work

Due to the possible relevance of memory effects for large molecules, an important
direction for future work on this approach is a more adequate method for the solution
of the generalized Langevin equation with a non-Markovian friction kernel. In the
present work, the effect of memory on the diffusion coefficient was estimated by the
Grote-Hynes approximation. This approximation is, however not valid in the under-
damped regime in which long jumps spanning multiple lattice sites can occur. Such
long jumps have been observed before in the surface diffusion of large molecules [13],
and so an application of our model to such systems demands a more general treat-
ment of memory effects. The Grote-Hynes formula for the escape rate also relies on a
harmonic approximation to the adiabatic potential in the barrier region, which could
be a source of inaccuracy for systems with highly anharmonic potentials.

A full solution of the generalized Fokker-Planck equation shown in Eq. (2.36) is
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quite demanding due to its non-linear nature. Applying a method similar to the one
described in Chapter 2 for the Markovian Fokker-Planck equation would require a self-
consistent loop to treat the non-linear memory term. For one-dimensional diffusion
this approach is however possible due to the efficiency of the matrix continued fraction
method. A single calculation of the diffusion coefficient takes only a few seconds on
a standard PC, and so a self consistent solution of Eq. (2.36) seems feasible. For
surface diffusion in two dimensions, a different approach would likely be required.

Another weakness of the approach used here that can be easily addressed is the
calculation of the adiabatic potential in the harmonic approximation. This approxi-
mation fails in systems with a significant difference in vibrational entropy between the
minimum and transition state, as seen in Chapter 2. Although no such entropy differ-
ence was seen for DTA, it could be relevant in other systems. For example, this effect
was used to explain large differences in the diffusion prefactors between monomers
and dimers of porphyrin molecules on a copper surface [6]. Within a DFT framework,
such anharmonic contributions to the adiabatic potential could be calculated using
umbrella sampling [74], among other methods.

Extending the stochastic model of surface diffusion in these ways will allow for
an accurate calculation of diffusion coefficients and jump rates in a very general class
of systems. These jump rates can then be used as input for a lattice gas model, as
outlined in Chapter 1. In this approach, the physics of adsorbed organic molecules
can be modelled from first principles over the whole range of coverages from isolated
molecules to thin films.

Modelling the surface physics of adsorbed organic molecules at finite coverage
allows one to study the formation of the ordered structures often seen in STM experi-
ments (for DTA on Cu(111), e.g., the formation of rows and islands of DTA molecules
was observed [5]). In particular, the formation of nanostructured layers of organic
molecules coordinated by adsorbed metal atoms is an attractive area of investigation.
These systems show unique structural properties, such as formation of regular arrays
of cavities with tunable geometry and cavity size [4,75,76]. The ability to model
the formation of such structures from first principles is invaluable and should provide

powerful insights into these fascinating systems.
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Appendix A
Matrix Elements of FP Operator for Dimer

In this appendix we give the matrix elements of the FP operator for a dimer in 1D,
required for the MCF solution of the FPE used in Chapter 3. For the multidimen-
sional FPE of the type Eq. (2.33) describing the dimer in 1D, we use scaled variables

analogous to those introduced in section 2.3.1,

_ t k’T m; _
e TZ V lﬂTUZ Vi = m; mjkT & 27Tk;T

(A.1)

where my is some reference mass. We also apply a transformation of the type shown

in Eq. (2.58), resulting in the transformed FP operator
L' = —(b:D; + bl D; + bivi;b;), (A.2)

where summation over the repeated indices is implied. The operators b;, blT are the
creation and annihilation operators for the Hermite functions of each velocity variable

v;, satisfying the relationships shown in Eq. (2.61), and the operators D;, D; are

D= (gt pR0) = (5 5R0) (4

The matrix elements of the FP operator L’ have a form analogous to that shown in
Eq. (2.65) for the 1D case. For the dimer in 1D described by the two coordintes r

and s, we have

[err]ﬁzﬁ,ﬁﬁ = \/V_T(S,ur,urflé,us,uquﬁﬁ (A4>
[b;[Dr]fr'Lﬁ,fiD’ =V + 15ur,ur+16us,us [)r?w_i (A5)
[W/bibr]ﬁﬁ,ﬁﬁ = Mrdur,vr(sus,l/s’yﬁl,ﬁa (A'6)

with similar expressions for the s-terms. Expressions for the matrix elements of the

D; and lA?z operators are given below.
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A.1 Dimer in One Dimension

For the dimer studied in Chapter 3, consisting of two identical atoms of mass m and

of equilibrium length ¢, the potential energy is

V(r,s) = Vycos(r)cos((s + £)/2) + %/{:52, (A7)

in terms of the centre of mass and relative coordinates r and s, as defined in Chapter 3.

The components of the corresponding force are

F.(r,s) = —%—Z = Vjsin(r) cos((s + £)/2)
Fy(r,s) = —%—Z = Vy/2cos(r)sin((s + ¢)/2) — ks. (A.8)

For the basis functions we choose a Fourier series in the r coordinate, and Hermite

functions in the s coordinate,

_ Vkn! k —ks?/4
Om.(s) =1/ 2, o . (\/;s)e . (A.9)

The creation and annihilation operators for the ¢,,, functions are then

1 0 1 0
c= 7£ —\/_S CT:_T% —\/_5 (A.10)

which can be rearranged to obtain expressions for s and 9/0s,

= (c+cM/VE 9 (c—cT)\/—E (A.11)
Os 2
The matrices D,., D, lA),«, D, can then be evaluated, e.g.
2T
[Dy)ma = — dr/ dse™"™ " ¢, (s)De™ " by, (). (A.12)
Making use of Eq. (A.11), the elements of the derivatives are
[aa—r]ﬁiﬁ = inT5m7,7n,,5m57ns (A13)

o Vi )
[%]ﬁzﬁ - 5mr,nr7<\/n_s ms,ns—1 ns + 5ms nb-i-l) (A-14)
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and the elements of the forces are

Vi , . mgl (i " 1
Ve e et (1 freme | L
[FT]T)’L,TL 2 fns ms (g/ ) (/Lam'rynr‘i’]- + 5mr7nr ]-) € ns! 2\/% ms 4k

Vi , me (0 \"TT 1
[FS]vﬁ,ﬁ = _bens—ms-i-l(f/Q) (Z(Smmnr-i-l - 5m'r'7nr_1) e/ R, [ = ( ) Lmss : {E}

ns! \2vk
- \/%(\/n_sfsms,ns—l + VN + ]'6m57ns+1)5mr,nr

for Ng > My, [Fr]mrms,nrns = [Fr]mrns,nﬂnsa [Fs]meS,nrns - [Fs]mrns,nrmm

(A.15)

where the L%(z) are the associated Laguerre polynomials [77], and

cos({/2) ns—ms even

fre—m.(£/2) = (A.16)

isin(¢/2) ng—m, odd

For the coefficients of the factor P = e~V ("%)/2 one of the integrals can be evalu-

ated analytically, giving

[Pls = /_00 ds(—1)"" I, (% cos((s + f)/?)) e_k52/4¢ms(s), (A.17)

o

where I,,(z) is the modified Bessel function of the first kind [77].

A.2 Dimer in One Dimension, Harmonic Approximation

In the harmonic approximation, the potential and forces become

V(r,s) = Vycos(r) cos(£/2) — ¢2§:) + %k (5 + @)

2

=V cos(r) cos(¢/2) — l‘g—bk cos(2r) sin®(¢/2) + %k: (3 + @) W sin?(¢/2),

o(r) = —% cos(r) sin(¢/2),

F, = Vysin(r) cos(¢/2) — Yy sin(2r) sin(¢/2) — %sin(r) sin(¢/2) (3 + @)

8k k
F,=—k (s + @) (A.18)

For the basis functions we again take Fourier components for the r coordinate,

and Hermite functions for the s coordinate, but now use the shifted Hermite functions
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Gm. (s + ¢(r)/k). Similar relations to those shown in Eq. (A.11) are then satisfied,
but with s replaced by s + ¢(r)/k. Using this shifted version greatly improves the
convergence at small k.

The components of the derivatives are

0 1
S ) ) + —— [ (/150 1=V 10
[ar]m,n My Omy iy Oms,n 2\/E[¢]m( NgOmgns—1 — ns ms, ns+1)

9 Vk
[83] = _5mr,nr(\/n_s mens—1 = Vs + 1, ns-i-l)

31
:1

2
/ o ‘/b . 5mr,nr+1 . 5mr,nr—1
] = sin(ef2) (et - et ), (.19

and the components of the force are

Vj, cos(£/2)
21

y
= 2 50(0/2) B b1 = rae 1) (VB VI F T, 1)V

1

[Fs]m,ﬁ - _\/Eémhnr<\/n_55ms,nsfl + vVns + 16ms,ns+1)~ <A20>

Bt — o Vo — (60 b )
my,np+1 my,ny—1)Y%mg,ng ].6](52 My np+2 my,ny—2)%ms,ng

[Fy)m.m

For the elements of P, the s-integral can be evaluated to give
1 21 2 2

[Pls = o /. dr exp (—% cos(r) cos(£/2) + ;;—k cos(2r) sin®(¢/2) + 3‘2—]{: sin (6/2))

1/4
x e " (2%) 6ms’0, (A21)

and similarly for the normalization factor IV,

N = / ﬂdrexp( Vj, cos(r) cos(£/2) + 1‘2—]{(308(27’) sin?(£/2) + Ig—ksm (6/2)) 2]:.

(A.22)

A.3 Dimer in One Dimension, Markov Approximation

In the Markov approximation, the potential is that of the harmonic approximation

evaluated with s at it’s minimum energy value, s = —¢(r)/k,

V(r) = Vjcos(r) cos(£/2) — %QZ:(:’)) (A.23)
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The matrix elements for D and D can then be evaluated from those in the previ-
ous section. In the Markov approximation, the Fourier components of the position-
dependent friction Ve = Yy +vin (1) are also required. For the 1D dimer, the effective

friction is

SSV2 .
Vet (1) = Yor + Vs (1) /K* = Ypr + 74]{;; cos?(r) sin®(£/2), (A.24)

with Fourier components

Vs Vi

e sin?(£/2) (6mnt2 + Omn—2 + 20m.n)- (A.25)

[Veff]m,n - rYrr(;m,n +



Appendix B
Memory Function for General Damping

In this appendix we show how to derive the GLE found in section 3.1 for a molecule
described by a center of mass coordinate 7 and N internal coordinates. For simplic-
ity of notation we consider here unidirectional diffusion, so that the center of mass
coordinate is a scalar r; repeating the derivation for a molecule that diffuses in more
than one dimension introduces no additional complications.

First the potential is expanded to quadratic order in the internal coordinates,

- 1

V(r,8) =Volr) +o(r) -5+ §§‘T K-35 (B.1)
where § is a column vector of the N internal coordinates (with corresponding row
vector §7), and K is a matrix of force constants. The equations of motion for the

internal coordinates can be written
M5+~ -5+K-5=—6(r) — i + f5(t), (B.2)

where M, and « are matrices of the masses and damping coefficients, respectively.
The homogeneous solution is found by assuming the time dependence 5(t) = Ze,

where 7 is a constant vector, resulting in the generalized eigenvalue problem

MM -7+ \y-F+K-7=0. (B.3)

2

- can be

In the absence of damping forces, a set of eigenvectors Z, and eigenvalues w
found that diagonalize M and K, and the equations of motion for the normal modes
decouple. However the eigenvectors ,, will in general not diagonalize the matrix ~ of
damping coefficients, and the normal modes will be coupled as shown in Eq. (3.24).
To find normal mode solutions, one rewrites the equations of motion in terms of

the 2N-dimensional vector 27 = (57, 57),

M, Z+K,-Z=F, (B.4)

112
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where the matrices M, and K, and the force vector F are defined as

MZ:<7 M) KZ:(K 0> F~Z<—¢—7:sf+fs>' 55
M 0 0 —M 0

The eigenvalue problem can then be written as
M, -7+ K, -Z7=0, (B.6)
and the eigenvectors z, and eigenvalues A, can be found such that

ZL M. - Z, = b 7L K, - 2 = = A0 (B.7)

m m

The eigenvectors must also have the form z! = (77 \,77), where ¥, are the length
N vectors that solve the eigenvalue problem (B.3). The solution is then written as
Z(t) = >, qn(t)Z,, and Egs.(B.4) and (B.7) can be used to find the equations of

motion for ¢,(t):
Qn + >\nqn - _(I)n - Fnr + fn7 (B8)

where ®,, = 2T . qg, r,=2z"4.,and f, = 2T . f; The solutions for ¢,(t) are then

t
Gn(t) = gn(0)e™" + / dt' =@, (r(¢) — T (¢) + fut)].  (B.9)
0
The initial conditions g,(0) are related to the initial conditions for &, 5 by ¢,(0) =
With the formal solution for the internal motion of the molecule §(t), 5(¢) in hand,

the same procedure as in section 3.1 can be followed to obtain a GLE for the center

of mass motion. The solution is substituted into the equation of motion for r,

Mf:_‘/é—Vrrf—VqZ';—ﬁng'g‘i“ fr(t) (BlO)
= _VE]/ - Wrr'r.’ - Z(CI);Q + )\TLFTL)qTL(t) + fr<t>7 (Bll)

n
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resulting in a GLE of the form in Eq. (3.11), with

U(r) = Vo(r) = 5670r) - K- (1) (B.12)
An(t—t))
Danlr(8): (), = #] = Y@, (r(8) + WD) + ML) (B13)
Fanlt) = = L (@, 0(0) + 2l (an(0) = 52 ) ¢
" ! (B.14)

=S @ ) + ) [t OR @),

where the stochastic force F'(t) has the statistical properties shown in Eq. (3.18). The
averages are calculated using the equilibrium probability distribution for the initial
conditions 5(0), 5(0),

o35 -MS/RT— 5 (5T +6T K1) K-(3+K~1-4) /kT

55) = : B.15
P N .
giving the averages

<§(0) LK -5(0)> - <§(0)> —0

((5(0) + K- 6(0) (7 +67(0) - K)) = hTK (B.16)

<§(0)§T (0)> — KTM L.

The averages of the terms in F'(t) can be related to the above averages by making

use of the following equality

an(0) = 220 oy (g(o) K ‘5(0)> . (B.17)

$(0)

The completeness of the eigenvectors Z; is also useful when proving Egs. (3.18). An
arbitrary matrix A can be expanded in the eigenvectors as A = Z amnzmz , where
the elements are given by a,,, = Z;Tn -M,-A-M, -z, This property can be used to

show the following relations

L z, 7T _ Z, 7T _ _
anZET )\—:—K ! T:K 1’7K 1. (B].g)

By making use of (B.17) and (B.18), along with the orthogonality relations (B.7),
Egs. (3.18) can, with some effort, be shown to be satisfied by the memory function

and stochastic force.
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To find the effective friction in the MA, first rewrite the memory function as

Ap (E—t") o r(t
Lo = (F7(r(0)), A1) <Zzn ni )(W”))- (B.19)

’Yr S

In the MA, the memory function is replaced by its time-integrated value

/0 ATl ?) = (gT(r(t)), 7;;) Q- (5’<i(t’))) | (B.20)

Vrs

where Q = > 2,28 /A2, Making use of Egs. (B.18), the matrix Q is found to be

K—l . . K—l _K—l
Q= ( v ) ) . (B.21)
K- 0
The effective friction is then
Veft = Vrr + Z QZE?T ' Kil : : B -2 Z Vrs K~ b _;/ <B22)
cb’ cb’ P

Note that the above expression depends only on the vibration frequencies w, in the
undamped system, found by diagonalizing the matrix of force constants K, so that in

the MA one avoids the need to explicitly solve the damped normal modes problem.



