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Abstract

Computational calculations using a plane wave implementation of density functional

theory are employed to investigate the desorption of aromatic molecules (benzene,

chlorobenzene, toluene) from the Si(111)-7x7 surface. The surface is modelled by a

non-periodic Si21H34 cluster and periodic slabs with unit cell size 5x5 and 7x7.

Binding energy calculations are performed to identify the energetically preferred ge-

ometries of the molecule/cluster systems. The finite size of these systems also enables

simulating and examining the effect of localised charge, which is present in the real

molecule/Si(111)-7x7 system immediately following charge-injection from a scanning

tunneling microscope (STM) tip positioned directly above the chemisorbed molecule.

The molecule/cluster systems are also used in vibrational phonon mode analysis to

account for the previously reported low-temperature activation energies of STM charge-

induced molecular desorption. A phonon mode at 421 cm´1 is identified as the likely

mode responsible for assisting hole-induced desorption from the Si(111)-7x7 surface.

The same energetically preferred geometry is then used as the starting point for more

detailed investigations employing the molecule/slab model. Compared to the binding

energy found using the molecule/cluster system (1.7 eV), a more accurate value of

1.4 eV is calculated using the periodic system. Calculations requiring a larger (or the

full) unit cell size of the Si(111)-7x7 surface are performed, such as investigating the

influence of intermolecular interactions when three molecules are chemisorbed on the

surface in close proximity with each other. Results show that the molecular binding

preference for the unfaulted half of the Si(111)-7x7 unit cell does not change when

increasing the surface coverage from a single adsorbed molecule per unit cell to three

adsorbed molecules per half-unit-cell.

The effect of the close proximity of the STM tip with the chemisorbed molecule is

also investigated by positioning a model tip above the molecule/slab system and quasi-

statically moving the tip towards the surface to replicate the scenario in STM des-

orption experiments. By comparing density of states and isosurfaces of the electronic

wavefunction, the existence of a tip-derived state is confirmed which is proposed to be

responsible for the significant reduction in the probability of hole-induced desorption

of toluene molecules from the Si(111)-7x7 surface in recent STM experiments.
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Chapter 1

Introduction

1.1 Motivations

“All things are made of atoms – little particles that move around in perpetual motion,

attracting each other when they are a little distance apart, but repelling upon being

squeezed into one another.” – Richard Feynman.

In The Feynman Lectures on Physics [1], the above sentence is said to contain an

enormous amount of information about the world. Feynman claims that, if all the

scientific knowledge in the world were to be destroyed in some cataclysm, this would

be the one sentence to pass on to the next generation because it contains the most

information in the fewest words. By applying imagination and thinking, much can be

deduced about the world from this atomic view.

The atomic view of the world is invisible to the naked eye due to atoms having a

diameter of „0.2 nm. For comparison, this means that the thickness of a sheet of

paper is approximately one million atoms thick. Since the visible spectrum of light

spans from approximately 400 to 700 nm, atoms are also too small to be resolved by

light microscropes, which would be sufficient to visualise microscopic cells and bacteria.

Instead, a more powerful microscope such as a scanning tunneling microscope (STM)

can be used to visualise atoms, which does not use light to visualise matter. Fig. 1-1

shows an STM image of the surface of Si(111)-7x7. The bright “spots” in the image are

associated with individual atoms and can be seen to be arranged in a regular pattern

with some defects arising from what appears to be missing atoms. The fundamentals

of how an STM works will be discussed in section 1.3.
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Figure 1-1: A scanning tunneling microscope image of the Si(111)-7x7 surface. The
bright “spots” are associated with individual atoms on the surface.

Experimental techniques such as X-ray diffraction enable one to determine bulk atomic

structure, whereas other techniques such as scanning tunneling microscopy (used to ob-

tain the image in Fig. 1-1) does likewise for surface atomic structure. From the physical

and chemical understanding of atoms that can be obtained by utilising these techniques,

one can build an understanding of the properties of matter and macroscopic materi-

als, all emerging from the different arrangements and interactions between the atoms

from which they are formed. This specific field of study is known as condensed matter

physics and the knowledge developed from it has given rise to phones, computers, and

other now-commonplace technologies which can easily be taken for granted.

The interpretation of results from the above experimental techniques is not always clear.

Consequently, theoretical and computational analysis is often used to circumvent any

ambiguities and experimental limitations. Density functional theory (DFT), discussed

in section 1.5, is the computational method used in the work of this thesis to supplement

and gain further insight into previously reported experimental results.

This thesis investigates the desorption of molecules from the Si(111)-7x7 surface and

the influence of the STM itself during the desorption mechanism. The motivation is to

improve understanding of the surface chemistry and physics involved, which is valuable

to the semiconductor industry for improving device fabrication. In particular, Si(111)-

7x7, a surface of the premier semiconducting material used in the electronics industry,

provides an important subject of investigation due to its unique characteristics. For

example, its surface exhibits conductive properties despite bulk silicon being semicon-

ductive. Understanding the atomistic processes that give rise to such properties can

also aid the understanding of other materials vital to the semiconductor industry.
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1.2 The Si(111)-7x7 surface and molecular adsorption

Ongoing efforts to reduce the size of electronic devices has meant that surface and

interface properties of technologically important materials, such as silicon, are increas-

ingly crucial to understand. An interesting characteristic of silicon is the tendency of

its surfaces to undergo reconstruction [2]: cleaving silicon in the (111) plane leads to

broken bonds (dangling bonds) on the surface which results in a high surface energy.

Consequently, when annealed at high temperatures above 900˝C, the surface atoms

rearrange themselves into the so-called Si(111)-7x7 reconstruction which has the effect

of reducing the number of dangling bonds from 49 (in a 7x7 surface area) to 19, thereby

reducing the surface energy. The atomic rearrangement is illustrated in Fig. 1-2, which

shows the side-view of the freshly cleaved and reconstructed silicon surfaces.

The atomic structure of the Si(111)-7x7 unit cell in the dimer-adatom-stacking fault

(DAS) model was originally proposed by Takayanagi et al. [3] following electron diffrac-

tion analyses and then later confirmed by atomic-resolution STM images of the surface

[4]. In the DAS model, each Si(111)-7x7 unit cell contains 12 adatoms (coloured red in

Fig. 1-3), 6 restatoms (coloured blue), and a corner hole atom. These are the 19 atoms

which have dangling bonds after the reconstruction. In addition, there is a difference in

the stacking of atomic layers, from the top atomic layers down to the layer containing

the corner hole atom, which leads to the Si(111)-7x7 unit cell having a faulted and

unfaulted half, with a slightly different local atomic environment in each.

An STM image of the clean Si(111)-7x7 surface is presented in Fig. 1-4(a). The bright

spots are associated with dangling bonds of the adatoms, and may be considered to be

Figure 1-2: Side-view illustration of the surface reconstruction of cleaved Si into the
Si(111)-7x7 structure upon annealing. The rearrangement of surface atoms reduces the
number of dangling bonds from 49 (in a 7x7 surface area) to 19, thereby reducing the
surface energy.
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Figure 1-3: (a) Top and (b) side view illustrations of the dimer-adatom-stacking fault
model of the Si(111)-7x7 surface. Each unit cell contains 19 dangling bonds associated
with 12 adatoms (red), 6 restatoms (blue), and 1 corner hole atom. A stacking difference
between the atomic layers leads to the faulted and unfaulted halves of the unit cell.
After Ref. [3].

Figure 1-4: STM images (obtained using a bias voltage of 0.8 V) of (a) the clean Si(111)-
7x7 surface and (b) the surface exposed to NH3 molecules. Note that the molecules
themselves are not seen in this image. Covalent bonding of the molecules to adatoms
(initially bright) causes the adatoms to “disappear” or become dark due to changes in
the electronic structure. The distance between corner hole atoms, i.e. the length of the
primitive vectors defining the surface unit cell, is 27 Å. From Ref. [5].
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visualisations of the adatoms themselves. Due to the mechanisms involved in acquiring

an STM image (which will be discussed in the next section), only the adatoms are

visible when using the scanning parameters that were employed when Fig. 1-4(a) was

obtained.

A key characteristic of the Si(111)-7x7 surface is that its large unit cell (27 Å separa-

tion of adjacent corner hole atoms) provides a rich variety of dangling bond sites for

small molecules to bind to. These sites have different local atomic environments. For

example, six adatoms in Fig. 1-3(a) are adjacent to corner hole atoms (corner adatoms)

whereas the remaining six are not (middle adatoms), and sites on the faulted half of

the unit cell are chemically different than the corresponding sites on the unfaulted half.

Fig. 1-4(b) presents an STM image of the Si(111)-7x7 surface that has been exposed

to NH3 gas. There is a striking difference compared to the STM image of the clean

surface (Fig. 1-4(a)) in that some of the adatoms appear dark or have “disappeared”.

Furthermore, the STM image does not appear to visualise the molecules of NH3 them-

selves. Similar to the reason why restatoms are not imaged in Figs. 1-4(a)–(b), the

imaging parameters used (0.8 V) do not probe the energy states of the molecule, which

are expected to be at higher energies. As will be discussed in section 1.4, using higher

bias voltages would cause desorption of molecules from the surface, thus preventing

them from being imaged. Consequently, the presence and geometry of the molecules

must be inferred. For example, with a greater exposure of the Si(111)-7x7 surface

to molecules before being imaged, it is found that there is a greater number of dark

adatoms. Furthermore, heating the surface sufficiently is found to restore the bright

adatom spots of the clean surface with no evidence of permanent damage having been

caused to the surface [6]. The molecules have effectively been desorbed from the sur-

face. Experimental clues such as these indicate that the dark spots are signatures of

the presence of molecules bound to adatom sites on the Si(111)-7x7 surface.

The small molecules of interest in this work are benzene-derivatives such as toluene

and chlorobenzene. They serve as prototypical simple aromatic molecules that have

been previously investigated both experimentally [7, 8] and computationally [9, 10]. In

previous experimental studies of benzene and chlorobenzene exposed to the Si(111)-7x7

surface by Cao et al. [7, 8], high resolution electron energy loss spectroscopy (HREELS)

has shown that both sp2 and sp3 carbon atoms are present on the surface. The sp2

carbon atoms are expected for isolated molecules, whereas sp3 hybridization indicates

that both aromatic molecules are chemically bonded (chemisorbed) to the surface.
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In other experiments, deuterium gas, which preferentially adsorbs to the restatoms of

the Si(111)-7x7 surface, was also exposed to the surface before exposure to chloroben-

zene. Cao et al. found that when all the restatoms were saturated with deuterium

but there were still unsaturated adatoms on the surface, no chemisorbed chlorobenzene

molecules were detected [8]. This provides strong evidence that restatoms are also

involved in the chemisorption of aromatic molecules. Fig. 1-5 illustrates the geom-

etry deduced from the above experiments of aromatic molecules chemisorbed on the

Si(111)-7x7 surface. Carbon atoms on opposite sides of the phenyl ring covalently bond

to an adatom-restatom pair and subsequently saturate the dangling bonds. Note that

benzene and its derivatives (benzene, chlorobenzene, toluene, etc) exhibit the same

geometry and similar behaviour when chemisorbed on the Si(111)-7x7 surface [10, 11].

The position of the molecule side-group, e.g. the chlorine atom of chlorobenzene in Fig.

1-5, cannot yet be determined by experiment, including STM imaging which does not

directly visualise the molecules themselves (Fig. 1-4(b)). This highlights experimental

limitations and the need to supplement analyses with computational simulations.

In summary, Si(111)-7x7 serves as a unique testbed with a variety of dangling bond sites

to explore the physics and chemistry of molecular binding and desorption. Although

the particular properties of Si(111)-7x7 itself are not currently exploited in electronic

devices, it is studied for convenience to understand the organic–Si interface, which is a

major interest in nanoscience where there is a need to manufacture hybrid devices of

organic materials interfaced to silicon [12]. In particular, aromatic organic molecules

such as toluene will be investigated here as it serves as a prototypical molecule with

some known behaviours on the Si(111)-7x7 surface.

Figure 1-5: Schematic of 1,4 di-σ binding of aromatic molecules (chlorobenzene here)
to the Si(111)-7x7 surface via an adatom (Ad) and adjacent restatom (Re) with unsat-
urated dangling bonds. After Ref. [8].
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1.3 Scanning tunneling microscopy

In a 1959 lecture titled “There’s Plenty of Room at the Bottom”, Richard Feynman

shared his ideas on the ability to control and manipulate matter on the atomic scale

[13]. At the time, these were thought experiments of technologies not yet invented, but

Feynman realised the possibilities ahead. It would not be until the 1980s when Binnig

and Rohrer [14] invented the scanning tunneling microscope (STM) that Feynman’s

ideas of nanotechnology could begin to gain momentum.

The STM has sufficiently high spatial resolution to image atoms on a surface, as shown

in Fig. 1-1. Operating an STM involves positioning a sharp metallic tip (typically

fabricated by electochemically etching a tungsten wire [15]) a few Å above a conducting

or semiconducting surface. This is illustrated in Fig. 1-6. Due to the close proximity

of the tip and surface such that their associated wavefunctions overlap, a bias applied

between the tip and surface causes charge to quantum tunnel through the barrier

separating them, thereby establishing a tunnelling current in the pA to nA range.

Figure 1-6: Schematic of the constant current mode of the STM. (Top) The tunneling
current between the STM tip and surface is kept constant by a feedback loop that
adjusts the tip-surface separation as the tip raster scans the surface. (Bottom) By
tracing the tip height variations, an atomically-resolved representation of the surface
is obtained. From Ref. [16].
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In the constant current mode of operation of the STM, the tunneling current is kept

constant as the STM tip raster scans over the surface to be imaged. This is made possi-

ble due to the tip being mounted on piezoelectric transducers that have a sensitivity of

„3 nm/V [17]. During scanning, an electronic feedback loop applies corrective voltages

to the piezoelectric tranducers which moves the tip towards or away from the surface

such that constant current is maintained.

As illustrated in the bottom image of Fig. 1-6, tracing the variation of the tip height

as it scans the surface enables an atomically-resolved representation of the surface to

be obtained. Repeated line scans over the surface, in a raster scanning pattern, then

build a 2D grey-scale image with bright areas (high z-values of tip height) representing

protrusions on the surface and dark areas (low z-values of tip height) representing

depressions. Other colour gradients may be artificially added to the STM images, e.g.

the yellow–orange scale used in Fig. 1-1.

To understand how atomic-resolution imaging is achieved with the STM, the tip-surface

junction can be modelled as a 1D potential barrier through which quantum tunneling

occurs. By applying the “wave-matching method” to the time-independent Schrödinger

equations for the different regions in the model (see standard calculations in, for exam-

ple, Ref. [18] or undergraduate physics textbooks), one can obtain an expression for

the transmission coefficient, T , defined as the ratio of transmitted current density to

incident current density on the potential energy barrier, as

T 9 exp p´2κdq , (1.1a)

κ “

a

2mpφ´ Eq

~
, (1.1b)

where d is the potential barrier width, φ is the barrier height, m is the tunneling

electron mass, E is its energy w.r.t. the Fermi energy, and ~ “ 1.05 ˆ 10´34 J s. In

relation to the tip-surface junction of the STM, d represents the tip-surface separation

and the tunneling current, It, is proportional to T . The exponential sensitivity of It on

d means that a change in tip-surface separation by 1 Å typically leads to an order of

magnitude change in It. Consequently, maintaining constant current during imaging

enables high spatial resolution. Though the above model oversimplifies the tip-surface

junction, it successfully encapsulates the origins of the atomic-resolution imaging.
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A more rigorous theoretical treatment by Bardeen [19] showed that It can be calculated

by applying first-order perturbation theory to the weakly interacting tip and surface.

The result showed that It depends not only on the separation between the tip and

surface, but also on explicit expressions for their wavefunctions. Given that the atomic

structure of the tip is unknown (and often changes during STM scanning) Tersoff and

Hamann [20, 21] subsequently simplified Bardeen’s result by assuming a spherical (s-

wave) tip and showed that in that case the tunneling current

It 9 ρSp~r,EqT pEq , (1.2)

where ρSp~r,Eq is the local density of states (LDOS) of the surface evaluated at the

surface position ~r “ px, yq and at energy E “ EF ` eV , with EF being the Fermi

energy of the surface, and T pEq is the transmission coefficient given by Eq. 1.1. Note

that Eq. 1.2 assumes a flat LDOS for the tip (i.e. ρT is constant), which is expected

for a metal STM tip, so that It is determined by the LDOS of the surface alone. The

exponential dependence of It on the tip-surface separation is retrieved via T pEq. In

addition, the dependence of It on ρp~r,Eq means that STM images of constant current

are also contour maps of constant surface LDOS. Therefore, the STM is not only

sensitive to the surface geometry but also to the surface electronic structure, with both

contributing to the visualisation seen in STM images.

From Eq. 1.2, at a given surface position ~r, which electronic states of the surface are

probed by the tip can be controlled by the bias voltage, V . This can be seen in STM

images of the Si(111)-7x7 surface taken at different biases, as presented in Fig. 1-7.

Compared to an STM image of the surface taken at positive bias (Fig. 1-1), it can

be seen in Fig. 1-7(a) that when using a bias of –0.35 V adatoms within half of the

outlined unit cell—the faulted half of the Si(111)-7x7 unit cell—appear brighter. This

is due to the stacking fault in the third atomic layer beneath the surface causing the

faulted half to have higher LDOS below EF [6]. The faulted and unfaulted halves are

indistinguishable in positive bias images, so this is evidence for the STM being not only

sensitive to the geometrical structure, but also the electronic structure of the surface

beneath it.

Fig. 1-7(b) presents the same area of the Si(111)-7x7 surface but now imaged using

–0.8 V. Here, the bright features correspond to the six restatoms within the unit cell

and corner hole atoms at the vertices of the unit cell. Thus, by changing the bias,

different electronic states of the surface can be probed.
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Figure 1-7: STM images of Si(111)-7x7 surface states associated with (a) adatoms at
–0.35 V and (b) restatoms and corner hole atoms at –0.8 V. From Ref. [2].

To show how the bias voltage affects the portion of the surface LDOS that is probed,

Fig. 1-8 illustrates energy bands of the STM tip and sample. At zero bias, the Fermi

levels of the tip (EFT) and sample (EFS) are equal. However, at non-zero bias, there is a

rigid shift of the energy levels by an amount |eV | [18] such that EFT´EFS “ eV . This is

shown in Figs. 1-8(a)–(b) where positive and negative biases are applied, respectively.

As indicated by the arrows, only electrons in states between EFT and EFS are able to

quantum tunnel across the barrier. Consequently, changing the bias voltage of the STM

enables different states on the sample to contribute to the tunneling current, leading

to different STM images.

It is possible to plot the surface electronic structure (the LDOS) as a function of bias

voltage, and hence energy. This involves fixing the STM tip position above a feature

of interest on the surface, e.g. an adatom, then ramping the bias across a range whilst

measuring the tunneling current. Plotting the conductance (I/V) as a function of bias

will show an increase in conductance at energies corresponding to states on the sam-

ple. Fig. 1-8(c) illustrates this for a fictitious sample, but one with surface electronic

states extending into the bulk band gap (see Figs. 1-8(a)–(b)) similar to Si(111)-7x7.

Subsequently taking the differential conductance (dI/dV) reveals the surface LDOS.

Note that the differential conductance is often normalised by the conductance, i.e.

(dI/dV)/(I/V), to minimise any exponential divergences with the bias voltage [22].

Here, it has been described how the STM is able to image matter at the atomic scale.

However, as Feynman had envisioned, the STM also enables the manipulation of atoms

and molecules. The next section discusses STM-induced manipulation of molecules

from the Si(111)-7x7 surface.

10



Figure 1-8: Energy band diagrams for the STM tip and sample under (a) positive and
(b) negative bias. The sample bulk structure is modelled as a semiconductor with a
bandgap between the conduction (EC) and valence (EV) bands. The sample surface
is modelled as possessing additional energy states extending into the bulk band gap
(surface states). Shaded regions indicate filled bulk electronic states. Arrows between
the Fermi energies of the STM tip (EFT) and sample (EFS) indicate the flow of tunneling
electrons from filled to empty states. (c) Plots of conductance (upper), and subsequent
numerical derivative (lower), reveal the surface local density of states. After Ref. [2].
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1.4 Charge-induced molecular desorption

Using the STM to image the Si(111)-7x7 surface that has been exposed to aromatic

molecules shows “dark spots” (that are not corner hole atoms), as seen in Fig. 1-

9(a), giving the appearance of atomic vacancies on the surface. However, as previously

discussed in section 1.2, and considering also Eq. 1.2, it can be deduced that the dark

spots in STM images are due to reduced density of states at locations where molecules

bind to and saturate the adatoms of Si(111)-7x7.

Imaging using typical STM imaging parameters of +1 V and 100 pA has been found

to not perturb the binding of aromatic molecules to the Si(111)-7x7 surface, i.e. it

does not affect the number of dark spots in successive STM images of the same area.

If, however, the magnitude of the bias voltage is significantly increased above 1 V

during scanning, subsequent scans of the same area performed using the lower non-

perturbative biases show fewer dark spots, indicating that molecules have desorbed (or

diffused to another location on the surface). This can be seen by comparing the STM

images in Figs. 1-9(a) and (b) which show before and after images recorded using a

bias of +1 V, between which a desorption scan was performed using a bias of +2.2 V.

Rather than scanning an entire surface area with a higher bias voltage, the local nature

of the STM tip-surface interaction can be exploited to target a single molecule to be

desorbed. This is achieved by manually positioning the STM tip above an adatom that

Figure 1-9: STM images (100 ˆ 100 Å, using imaging scan parameters of +1 V, 50
pA) of chlorobenzene molecules chemisorbed on Si(111)-7x7 before (a) and after (b) a
desorption scan using +2.2 V, 50 pA. White circles indicate adatom locations where
molecules are chemisorbed to the surface during scan (a), causing the adatoms to
appear dark, are desorbed from the surface during the desorption scan so that in the
subsequent imaging scan (b) the adatoms present the normal appearance as bright
spots. From Ref. [23].
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Figure 1-10: STM images (3 ˆ 3 Å, obtained using +1 V, 100 pA) before (a) and
after (b) single molecule manipulation at room temperature. The red cross in (a)
indicates the location of charge injection (+1.9 V, 750 pA, 8 s) into a “dark” adatom
of the Si(111)-7x7 surface to which a toluene molecule is bonded. Following the charge
injection, image (b) shows that the same adatom under the cross no longer appears
dark due to the molecule being desorbed. (c) Tip height (∆z) and tunneling current (It)
traces recorded during the charge injection. The sudden increase in It and subsequent
retraction of the STM tip at 0.58 s from the start of charge-injection marks the point
at which molecular desorption occurs. From [24].

images as dark, indicating a bound molecule, and then, while the tip is kept stationary,

increase the bias sharply to a chosen value for a set duration (typically 5–10 seconds)

before returning back to typical imaging parameters. The above procedure is known

as charge-injection and can be used to conduct local molecular desorption.

Following charge-injection injection at a given molecular adsorption site, subsequent

scans at normal imaging parameters can show whether or not molecular desorption

has occurred. Figs. 1-10(a) and (b) show the before and after STM images of a

successful charge-injection experiment where a toluene molecule has been desorbed

from the location marked ‘
Ś

’.

Another way to gauge whether desorption has taken place is to monitor the time trace

of tip height and tunneling current during the charge-injection. Fig. 1-10(c) shows

the time trace associated with the local manipulation event of Figs. 1-10(a)–(b). A

sudden increase in the tunneling current at 0.58 s from the start of the charge injection,

and subsequent retraction of the tip in order to maintain constant current, marks the

point in time at which desorption takes place. This is due to the molecule escaping the

tip-surface tunnel junction, consequently increasing the local density of states at the

marked position in Fig. 1-10(b).

In the local manipulation process just described, the STM tip is positioned directly

above the molecule to be manipulated, and charge is injected from the STM tip directly
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into the molecule to induce desorption. It is also possible to use the STM to perform

non-local manipulation, i.e. desorb molecules some distance away from the site of

charge injection. This exploits the fact that charge injected into surface states has a

characteristic lifetime („200 fs on Si(111)-7x7 [25, 26]) before it decays into bulk states

and moves away from the surface, during which time it may move across the surface and

induce desorption of molecules up to tens of nm away from the site of charge injection

[25, 26].

The lateral extent of non-local desorption in terms of how far injected charge can travel

outwards from the STM tip and desorb molecules some distance away from the injection

site depends not only on injection bias, but also on the injection time, i.e. the duration

for which the STM, with the tip stationary over a target location on the surface, is

set to have a significantly higher bias voltage and tunneling current than the typical

imaging parameters of 1 V and 100 pA. Fig. 1-11 illustrates the change in “spot size” of

desorbed bromobenzene molecules from the Si(111)-7x7 surface, as the injection time

is increased from 5 s to 500 s whilst the bias and tunneling current are kept constant

at –2.1 V and 900 pA. Note that at negative bias, electrons flow from the surface to

the STM tip (see Fig. 1-8(b)), leaving behind empty states such that the process can

equivalently be pictured as “holes” injected from the tip into the surface. In Fig. 1-11,

the 5 s injection time corresponds to 1010 injected holes, and 500 s corresponds to 1012

holes [26].

As seen in Fig. 1-11, a longer injection time leads to a larger spot size of desorbed

molecules, extending outwards from the site of charge-injection indicated by the white

circle. Studying how the size of the region depleted of molecules varies with injection

time, Etheridge et al. deduced that, after an initial region of ballistic transport, charge

carriers undergo diffusive transport where the spot size increases logarithmically with

the injection time. This means that obtaining a spot size greater than, e.g. 35 nm,

would require impractically long injection times. The results reported in Ref. [26]

therefore set nanometre limits on the range of non-local molecular desorption from the

Si(111)-7x7 surface.

In summary, the STM enables not only atomic-resolution imaging, but also the ma-

nipulation of molecules via controlled charge-injection from the STM tip directly into

the molecules to be desorbed or into the Si(111)-7x7 surface in the vicinity of where

the molecules are chemically bound. However, there are experimental limitations as

to what can be understood concerning the system consisting of molecules adsorbed

on the Si(111)-7x7 surface. It is therefore desirable to computationally model this
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Figure 1-11: Non-local manipulation of bromobenzene molecules on the Si(111)-7x7
surface by charge injection from the STM tip. 50 ˆ 50 nm STM images before (left)
and after (right) hole injection (–2.1 V, 900 pA, for the labelled injection times) at the
site marked by the white disk shows visible changes to the surface that is associated
with the desorption of molecules. Black circles mark the radius at which the probability
of desorption is half the maximum probability in the after images, and is referred to as
the “spot size”. For the injection time of 500 s, the spot size extends to „30 nm from
the site of charge injection. From Ref. [26]
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system through simulations that complement experimental investigations, confirming

inferred behaviour and providing additional insight into the physics involved, as well

as to predict behaviour not yet experimentally observed.

1.5 Density functional theory

Since one of the aims of simulations is to confirm observations from experiment, compu-

tationally modelling the system should ideally not be dependent on empirical parame-

ters but instead be independent and based on first principles. This requires solving the

quantum mechanical equations describing the systems of interest. As will be discussed

in section 1.5.1, explicitly solving the many-body Schrödinger equation is unfortunately

impractical given the number of particles in the system. However, an approximate but

accurate solution can be obtained using density functional theory (DFT).

DFT is a first principles method that provides a quantum mechanical description of

electrons interacting with one another and with an external potential, Vext. Note that

such systems have wide applicability considering that Vext can describe the potential

due to any arrangement of atomic nuclei, and can therefore be used to model any solid

material. DFT simplifies the computational task of solving the quantum mechanical

equations as it is a theory based upon the electron density, and not the many-body

wavefunction of the interacting electron system.

In the following sections, the ideas underpinning DFT are briefly described along with a

number of other approximations that enable DFT to have an affordable computational

expense, especially compared to explicitly solving the many-body Schrödinger equation.

Atomic units are used, setting e “ ~ “ me “ 1, which gives energies in Hartrees (1 Ha

= 27.2 eV). For a more complete treatment of DFT, see, for example, Refs. [27, 28].

1.5.1 The many-body problem

A system of interacting electrons and nuclei can be described from first principles

through the time-independent Schrödinger equation

ĤΨpt~riu, t ~RIuq “ EΨpt~riu, t ~RIuq , (1.3)

where E is the total energy of the system, and Ψ is the many-particle wavefunction

which desribes a system of electrons and nuclei whose coordinates are given by the

sets t~riu and t ~RIu, respectively. According to quantum mechanics, Ψ contains all the
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information about the system in the state it describes. The observable properties of

the system can be calculated as expectation values of the corresponding mathematical

operators applied to Ψ. For example, the average energy of the system (an observable)

can be expressed as the expectation value of the Hamiltonian operator, Ĥ:

xEy “ xΨ|Ĥ|Ψy “

ż

Ψ˚ĤΨ dV , (1.4)

where the integration is over all space for all electron and all nuclei coordinates.

The Hamiltonian operator in Eq. 1.3, can be expanded as

Ĥ “ T̂e ` T̂n ` V̂ee ` V̂nn ` V̂ne , (1.5)

the sum of operators for the kinetic energy of the electrons, kinetic energy of the nuclei,

and the electron–electron, nuclei–nuclei, and nuclei–electron Coulomb interactions.

Solving the Schrödinger equation can be simplified by using the Born-Oppenheimer

approximation in which the nuclei are assumed fixed in position while solving for the

electron distribution. This is reasonable considering that the nucleus of the lightest

atom, hydrogen, is 1800 times as heavy as an electron, meaning that electrons in a

system are expected to move much faster than the nuclei and respond almost instantly

to any movement of the nuclei. Consequently, the dynamics of electrons and nuclei

can be decoupled and treated separately. With the nuclei fixed, one can introduce an

electronic Hamiltonian,

Ĥe “ T̂e ` V̂ee ` V̂ext (1.6)

as the kinetic energy of nuclei (T̂n) is now zero, and the nuclei–nuclei potential energy

(V̂nn) is a constant with regards to the electronic coordinates t~riu that can be absorbed

into the total energy E of the system. The nuclei–electron potential energy (V̂ne) has

been replaced by V̂ext, the external potential of the (fixed) nuclei that the electrons

interact with. Eq. 1.3 is then replaced by

ĤeΨpt~riuq “ EΨpt~riuq (1.7)
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with the wavefunction Ψ and energy E depending parametrically upon the positions

t ~RIu of the nuclei.

Placing emphasis on studying the electrons of the system of interest is appropriate given

that properties of the system that we may wish to understand, such as its chemical,

mechanical, electrical and optical characteristics, will ultimately be determined by the

distribution and behaviour of its electrons (the electronic structure). Furthermore, the

vibrational energies of the system which are associated with the motion of the nuclei

can be found by studying how the ground state energy varies with t ~RIu.

Although the Born-Oppenheimer approximation has reduced the number of variables to

deal with, solving Eq. 1.7 is still not practical for a solid state system. An appreciable

amount of any material (e.g. one mole) will have N a minimum „1023 electrons, and

the wavefunction Ψ is a function of 3N spatial variables. Furthermore, each electron

in the system interacts with all other electrons to some extent, creating a dependency

on each other known as “correlation”. This makes solving the many-body Schrödinger

equation that much more difficult.

As will be described below, DFT enables ground state properties of the system to

be computed without having to solve the many-body Schrödinger equation to find Ψ.

Instead, it is based upon the electron density of the system, which drastically reduces

the number of independent variables to work with from 3N to 3, i.e. the x, y, and z

coordinates of the density. The many-body problem (correlation) is also circumvented

by DFT by describing the system with a single-particle equation, albeit at the expense

of introducing necessary approximations.

1.5.2 Hohenberg-Kohn framework

In 1964, Hohenberg and Kohn [29] (HK) established the foundations of DFT by pub-

lishing two theorems regarding a system of electrons interacting with each other in the

presence of an external potential, Vext. The first HK theorem states that the ground

state electron density of a system, n0, uniquely determines Vext for that system. Since

Vext fixes the Hamiltonian of the system, and the Hamiltonian determines the many-

body wavefunction Ψ for all states of the system (the ground state and the excited

states) via the Schrödinger equation, it follows that n0 uniquely determines Ψ, includ-

ing the ground state wavefunction, Ψ0, and the associated ground state energy, E0, of

the system. The above can be summarised as
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n0 ùñ Vext ùñ Ψ0 ùñ E0 (1.8)

The one-to-one mapping between the electron density and the wavefunction is counter-

intuitive given that the wavefunction, which is conventionally understood to contain all

the information about a system, is a function of 3N independent variables, yet the first

HK theorem implies that n0, a function of 3 independent variables, also contains all the

information about the system. Effectively, the wavefunction is a functional (a function

of a function) of the electron density, i.e. Ψ “ Ψrns, and any observable properties

which can be derived from Ψ is also a functional of the density, including the total

energy of the system, E “ Erns.

We are interested in the ground state (the lowest energy state) of the system because

it is most relevant to the Si(111)-7x7 system at room temperature, as opposed to

excited states of the system at much higher temperatures. Properties associated with

this ground state, e.g. E0, are referred to as ground state properties. Furthermore,

other ground state properties of the system can be identified from knowledge of E0.

For example, by comparing the calculated E0 values of simulated surface systems with

molecules adsorbed on different binding sites, the energetically preferred binding sites

can be identified, which are more likely to be the sites of molecular adsorption in the

real surface system.

Following from Eq. 1.8, the second HK theorem states that the ground state energy,

E0, can be obtained by using the search strategy of the variational principle. This

means that the electron density that minimises the energy of the functional Erns is

the true ground state electron density of the system, i.e. E0 “ Ern0s. Consequently,

n0 (and hence according to Eq. 1.8 all properties associated with the ground state)

can be found by minimising a functional of the electron density, dependent upon just

3 independent variables, x, y, and z. It follows that the components of the energy

functional are also functionals of the electron density:

Erns “ Terns ` Veerns ` Vextrns , (1.9)

where the terms correspond to those in Eq. 1.6 but as functionals of the electron density.

The last term for the energy due to the interaction of the electrons with the external

potential describing the electron–nuclei attractive interaction is known explicitly, as
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Vextrnp~rqs “ ´
ÿ

I

ż

ZI np~rq

|~r ´ ~RI |
d~r (1.10)

where ZI are the charges of the fixed nuclei at positions RI .

The first two terms in Eq. 1.9 for the kinetic energy of the electrons and the electron–

electron interaction energy are not known exactly as functionals of the density n due

to correlation influencing the motion of many interacting electrons. Unfortunately,

although the HK theorems establish the existence of an energy functional Erns whose

minimisation yields the ground state density (and subsequent properties), they do

not establish explicitly what the functional is. In principle, with the exact energy

functional, DFT is an exact theory where the ground state properties calculated from

the true electron density are exact and not approximations. In practice, the unknown

terms in Eq. 1.9 presents a problem in identifying the energy functional and introduce

the need for useful approximations.

1.5.3 Kohn-Sham framework

In 1965, Kohn and Sham [30] (KS) proposed to consider a fictitious system comprised

of electrons that are non-interacting, moving in an external effective potential veff such

that the ground state electron density of this fictitious system is the same as that of

a real system with interacting electrons. Effectively, the problem of finding the HK

energy functional of the real system is shifted to finding the energy functional of this

fictitious system. This is a useful approach given that the kinetic energy of interacting

electrons is unknown (Terns in Eq. 1.9), whereas that of the non-interacting electrons

(TKS) is known because they move independently:

TKS “ ´
1

2

ÿ

i

φ˚i∇2φi (1.11)

where φi are single-electron wavefunctions of the fictitious system. In identifying the

effective potential veff , it is recognised that it must consist of a potential corresponding

to the external potential energy due to the presence of nuclei (Eq. 1.10), and a potential

corresponding to the classical Coulomb energy of a smeared out charge distribution

containing a total charge of Ne, called the Hartree energy:
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VHrnp~rqs “
1

2

ż ż

np~rq np~r1q

|~r ´ ~r1|
d3~rd3~r1 . (1.12)

Note that by introducing the fictitious non-interacting system, the unknown electron–

electron interaction energy (Veerns) in Eq. 1.9 can be usefully separated into the known

classical (Hartree) and unknown quantum mechanical contributions, which will make

approximations to the unknown components of the energy functional Erns less signifi-

cant. Eq. 1.9 for the real interacting system is now re-written as

Erns “ TKSrns ` pTerns ´ TKSrnsq ` Vextrns ` VHrns `Qrns , (1.13)

where the second term (Terns´TKSrns) is an unknown quantity that represents the dif-

ference in the kinetic energy between the interacting and non-interacting systems, and

the last term (Qrns) describes the quantum mechanical contribution to the electron–

electron interaction energy. Effectively, Qrns is the difference between the actual energy

associated with the electron–electron interactions in the real interacting system and the

classical Hartree energy of the fictitious non-interacting system.

Expressions for the first, third, and fourth terms on the right-hand side of Eq. 1.13 are

exactly known and hence they are calculable quantities, whilst the unknowns can be

grouped together into an exchange-correlation functional

EXCrns “ Terns ´ TKSrns `Qrns . (1.14)

This accounts for the exchange (repulsive) interaction between electrons with the same

spin, and the correlation interaction between many interacting electrons. The energy

functional is now concisely written as

Erns “ TKSrns ` Vextrns ` VHrns ` EXCrns . (1.15)

By first considering a fictitious system of non-interacting electrons and then accounting

for the missing interaction with additional energy terms described above, the size of the

unknown terms in Eq. 1.9 have effectively been reduced and grouped together into the

exchange-correlation functional, EXCrns. Consequently, the accuracy of DFT based on
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the KS framework relies on the accuracy of the approximation to EXCrns.

Having chosen a reliable approximation for EXCrns (discussed in the next section), the

ground state properties of the system can be computed by solving the KS equation

ˆ

´
1

2
∇2 ` veff

˙

φi “ εi φi , (1.16a)

veff “
δVextrns

δn
`
δVHrns

δn
`
δEXCrns

δn
(1.16b)

where φi are single-electron wavefunctions and veff comprises of the functional deriva-

tives of the terms in Eq. 1.15, except for the kinetic energy (TKSrns) which is given

by the first term in Eq. 1.16a. Note that Eq. 1.16 is a single-particle Schrödinger

equation whose solution gives the same ground state electron density as the many-

particle Schrödinger equation for the fully interacting N -electron system. Once the φi

are computed, the ground state electron density can be calculated by

n0 “
ÿ

i

fi|φi|
2 , (1.17)

where fi is the Fermi distribution function describing the occupation of state i. Know-

ing n0, the ground state energy can then be calculated directly using the energy func-

tional in Eq. 1.15. Note that the eigenvalues εi from Eq. 1.16a of the non-interacting

KS system do not accurately correspond to the excited states of the interacting electron

system, but they are known to show close correspondence at least for low excitation

energies and less so for energies increasingly higher than the Fermi energy [31].

The theoretical frameworks briefly mentioned above have demonstrated that the ground

state electron density can be calculated by solving the KS equation (Eq. 1.16). How-

ever, to solve the KS equation, the effective potential veff must be constructed from

terms which depend upon the ground state electron density. This circular calculation

can be resolved by using a self-consistent iterative scheme: an input trial electron den-

sity is guessed to construct veff and solve the KS equation to subsequently obtain the

single-electron wavefunctions, φi. Eq. 1.17 is then used to calculate an output electron

density, which is compared to the input density. If the output and input densities

are not the same within a chosen tolerance level, the output density can be used as
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the new input density in the iterative scheme. If, however, they are the same within

tolerance, then self-consistency is achieved and the output density of the fictitious KS

single-particle system corresponds to the true ground state electron density of the ac-

tual interacting many-electron system. The ground state energy can be calculated via

Eq. 1.15 and subsequently other properties of the system can be obtained.

1.5.4 Exchange-correlation functionals

The simplest approximation for EXCrns is to assume that the exchange-correlation

energy density at each point ~r of the system is the same as that of a uniform electron

gas that has the same electron density as the actual inhomogeneous system does at

point ~r. Summation over all points in the system then gives

ELDAXC rns “

ż

np~rqεXCrnp~rqs d~r (1.18)

where εXCrnp~rqs is the energy density per electron and np~rq is the number of electrons

per unit volume. Since the electron density is treated locally at each point, Eq. 1.18

is known as the local density approximation (LDA). It gives the exact value of the

exchange-correlation energy for a uniform electron gas and works as a good approxi-

mation for systems with slowly varying densities, but less so at surfaces or for molecular

systems with more strongly varying electron densities.

For such systems, an improvement of the LDA can be made by also considering the

gradient of the density around each point ~r in the system, enabling the non-uniformity

of the electron density to be accounted for. Successful approximations to the exchange-

correlation energy functional that include the gradient of the electron density are so-

called generalised gradient approximations (GGAs),

EGGAXC rns “

ż

np~rqεXCrnp~rq, ~∇np~rqs d~r . (1.19)

Unlike the LDA, there is no unique formulation of the GGA, and many different GGAs

have been developed. The GGA used to perform calculations in this work is the

PBE functional [32], which is a widely used functional by physicists due to having

no empirically-determined parameters and giving good predictive accuracy of a wide

range of systems, generally better than the LDA especially for inhomogeneous systems.

A previous DFT study [33] showed that all GGAs considered in the study (including
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PBE) gave more accurate binding energies for a H2 molecule adsorbed on a Si21H20

cluster representative of the Si(001) surface, compared to that obtained from using

the LDA. A general rule of thumb from Bocquet and Wang [34] states that GGAs are

more reliable than the LDA for the subtle electronic structure of the weakly adsorbed

organic molecule–surface interface. Since organic (aromatic) molecules are simulated

in this work with the surface represented as Si clusters (and finite slabs, see Chapter

2), the above points indicate that the GGA-PBE functional is a suitable choice for the

approximation of the exchange-correlation functional.

1.5.5 Computational implementation

In solving the KS equation in order to access the electronic properties of systems of

interest, any symmetries of the system can be exploited to simplify the computational

task. Fortunately, the Si(111)-7x7 surface is a crystalline system with a periodically

repeating unit cell along the surface plane, invariant under translation by a lattice

vector ~R. To also accommodate the direction normal to the surface within the finite

unit cell, the supercell approach is used, the details of which are presented in section

2.2. The system with „1023 particles can therefore be reduced to a unit cell containing

„102 particles and three translational lattice vectors as part of the Bravais lattice.

Bloch’s theorem means that the electronic wavefunctions φi take the form of plane

waves multiplying cell-periodic functions,

φ~k,np~rq “ exppi~k ¨ ~rqu~k,np~rq , (1.20)

where ~k is a wavevector within the Brillouin Zone (BZ), u~k,np~rq “ u~k,np~r `
~Rq, and

the band index n is introduced to distinguish between wavefunctions that have the

same ~k. Note that the space of all wavevectors ~k defines a reciprocal lattice, which is

the Fourier transform of the real-space Bravais lattice. The BZ is a unit cell of the

reciprocal lattice such that wavefunctions with associated ~k outside this region can be

completely characterised by those within the BZ, i.e. ~k is invariant under translation

by a reciprocal lattice vector ~G.

Since u~k,np~rq in Eq. 1.20 is periodic (with the same periodicity as that of the system’s

unit cell), it can be expanded as a Fourier series,

u~k,np~rq “
ÿ

~G

c~k,n exppi ~G ¨ ~rq , (1.21)
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where c~k,n are the coefficients of the Fourier expansion. Substituting Eq. 1.21 into Eq.

1.20 yields

φ~k,np~rq “
ÿ

~G

c~k` ~G,n exppip~k ` ~Gq ¨ ~rq . (1.22)

That is to say, φ~k,np~rq is now represented as a linear combination of plane waves, each

differing in wavevector by a reciprocal lattice vector.

To computationally implement Eq. 1.22, approximations are needed. Firstly, a finite

number of ~k points need to be sampled from the BZ such that the electron density

(following from Eq. 1.17)

n0 “
ÿ

~k,n

f~k,n|u~k,np~rq|
2 (1.23)

is accurately approximated. This number will depend upon the system of interest.

For example, a large unit cell (as is the case for the Si(111)-7x7 surface) will have a

corresponding small BZ, meaning that fewer ~k points are required. Secondly, a finite

number of plane waves need to be implemented from the infinite series in Eq. 1.22.

The series is truncated by omitting the most highly oscillatory components of the

wavefunction, thereby retaining terms that have plane wave energies within a cutoff

energy, Ec:

1

2
|~k ` ~G|2 ď Ec . (1.24)

The number of ~k points and the value of Ec used is determined by convergence testing.

In practice, an excessively large number of plane waves are required to accurately

expand the electronic wavefunctions. This is due to the rapid wavefunction oscillations

of the tightly bound core electrons in the presence of the strong ionic potential, as well

as the rapid oscillations of the valence electron wavefunctions (ΨV) that extend into

the core region, as illustrated by the solid lines in Fig. 1-12.

Core electrons contribute little to the chemical and physical properties of solids and

molecules, which are primarily dependent on the valence electrons. However, the core
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Figure 1-12: Schematic of the all-electron (solid lines) and pseudo-electron (dashed
lines) potentials and corresponding wavefunctions as a function of radial distance away
from the ion cores. The radius beyond which the all-electron and pseudo-electron values
match is given by the cutoff radius, rc. From Ref. [35]

electrons screen the nucleus from the valence electrons such that the valence electrons

experience an effective potential that is smoother than the bare nuclear potential. It

is therefore computationally cheaper to construct an effective potential that mimics

the screening provided by the core electrons, without explicitly including the core

electron wavefunctions in the calculations. This pseudopotential approximation involves

replacing the core electrons and the strong ionic potential by a weaker pseudopotential

(Vpseudo) that acts on pseudo wavefunctions for the valence electrons (Ψpseudo), as

illustrated by the dashed lines in Fig. 1-12. Ψpseudo is constructed such that it has

no radial nodes (which significantly reduces the number of plane waves required to

accurately represent it), is identical to the true (all-electron) wavefunction beyond the

core region r ą rc, and the valence charge density of Ψpseudo is identical to that of the

all-electron wavefunctions. Pseudopotentials that uphold the last constraint are called

norm-conserving. A previous computational study on the Si(111)-7x7 surface [36] has

found that the pseudopotential approximation yields DFT surface energies in good

agreement with that obtained using the all-electron wavefunctions.

The plane wave implementation of DFT used in this work, CASTEP [37], further

reduces the number of plane waves required to expand the electronic wavefunctions,
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without any loss of accuracy, by employing ultrasoft pseudopotentials (USP) [38]. This

is achieved by increasing the cutoff radius, rc in Fig. 1-12, at the expense of not

reproducing the all-electron valence charge density, i.e. relaxing the norm-conservation

constraint. However, the missing charge is accounted for and artifically added to the

core region as part of the USP scheme. As a result, the pseudo wavefunctions are made

as smooth (soft) as possible to minimise the number of plane waves required to expand

them.

1.5.6 Summary

The key ideas of DFT can be summarised as follows:

• The ground state properties of an N -electron system can be determined from

the ground state electron density of the system. This significantly reduces the

number of variables in the quantum mechanical equations from 3N (associated

with the wavefunction) to 3 (associated with the electron density).

• The ground state electron density can be determined by first considering a cor-

responding non-interacting electron system and then including additional energy

terms to account for the missing electron-electron interactions. This enables an

approximate but accurate form of the energy functional to be constructed whose

minimum value corresponds to the ground state electron density.

With these ideas implemented computationally, for example by using a plane wave basis

to expand the electronic wavefunctions, large solid state systems such as those required

to model the chemisorption of molecules at the Si(111)-7x7 surface which is the subject

of this thesis, can be simulated from first principles. To fix the system-dependency

in the DFT method (via the external potential, Vext), the system must be defined in

terms of the atoms contained within the unit cell. This is the subject of Chapter 2.

1.6 Coupling charge capture to nuclear motion

So far, it has been described in section 1.4 that a scanning tunneling microscope (STM)

can be used to inject charge into an adsorbed molecule directly beneath the STM

tip to induce desorption of the molecule from the Si(111)-7x7 surface, and in section

1.5 that density functional theory (DFT) can be used to simulate the molecule and

surface computationally. This section touches upon the physical mechanism by which

an injected charge that is captured by an adsorbed molecule can induce nuclear motion

in that molecule, thereby leading to the possibility of molecular desorption.
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Assuming that the capture and emission of an electron by a molecule occurs far more

quickly compared to the timescale of nuclear motion, on account of the much lighter

electron mass, the electronic and vibrational degrees of freedom can be treated seper-

ately according to the Born-Oppenheimer approximation introduced in section 1.5.

Consequently, the electronic state of a molecule determines the potential energy sur-

face (PES) on which nuclear motion takes place [39].

Fig. 1-13(a) illustrates a molecular state transition that can take place when a molecule

captures an electron. The lower PES represents the electronic ground-state of the neu-

tral molecule, with the different energy levels corresponding to vibrationally excited

molecular states. Upon electron capture, the molecular state transitions to the up-

per PES, that of the negatively-charged molecule. Since the electronic state of the

ionised molecule is different to the neutral molecule, nuclear motion is associated with

a separate set of vibrational energy levels.

Figure 1-13: Schematic of the potential energy surface (PES) for a neutral (lower)
and ionic (upper) aromatic molecule chemisorbed on a silicon surface. (a) Following
charge capture and emission (indicated by red arrows), the molecule is left in a vibra-
tionally excited state with nuclear motion extending over a wider region of the PES
(dotted orange arrows). (b) An adsorbed benzene molecule, initially in the ground-
state equilibrium state Qeq, transitions to the cationic equilibrium state Q`eq following
hole capture and subsequently decays to a vibrationally excited state in the PES of
the neutral molecule. With sufficient energy to overcome the chemisorption energy
barrier, Eα, the molecule can surpass the transition state Qts to eventually reach the
physisorbed state Qp where the Si–C bonds are broken. Schematic in (b) is from Ref.
[40].
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After some time τ on the order of femtoseconds, the captured electron is emitted and

the molecule decays back to the ground-state PES due to non-adiabatic interactions

and is left in a vibrationally excited state. The neutral and ionic molecular states often

have different equilibrium configurations, as indicated by the displacement of the PESs

along the horizontal scale of Fig. 1-13(a). This means that upon relaxation (excitation),

the molecule is not in the neutral (ionic) state global minimum and experiences a force,

causing motion [40].

From a quantum mechanical Franck-Condon perspective, the molecular wavefunction

evolves during the excited state lifetime τ, and when the electron is emitted, the in-

stantaneous molecular wavefunction corresponds to a superposition of the vibrational

eigenstates of the neutral molecule [39]. Hence the ground-state of the neutral molecule

has become coupled to vibrationally excited states. Effectively, the capture of an elec-

tron and the subsequent excitation–relaxation process enables electronic energy ~ω to

be converted into vibrational energy of the molecule, and may lead to desorption if the

chemisorption energy barrier Eα can be overcome.

Fig. 1-13(b) presents a schematic of a benzene molecule overcoming the energy barrier

and desorbing from the silicon surface. Calculations presented in Ref. [40], where

the benzene molecule was adsorbed on a Si9H12 cluster modelling the Si(100) surface,

found that the C–C bonds in the ionic state stretch and approach those found in free

benzene. Then upon relaxation to the neutral state, vibrational energy which is initially

deposited in a ring-bending mode is transferred to the desorption mode from efficient

vibrational coupling [40, 41].

As will be shown in Chapter 4, the plane wave implementation of DFT used in this

work, CASTEP, can be used to perform finite-displacement phonon calculations to find

the forces experienced by the atoms and their corresponding vibrational frequencies.

These calculations make use of a dynamical matrix (further discussed in section 4.2),

which assumes the harmonic approximation. Therefore, the atomic displacements are

chosen to be very small such that one is in the regime where the PES is essentially

parabolic. The resulting vibrational frequencies are not relevant to atomic motions

whose amplitudes extend well beyond the parabolic regime, such as those associated

with bond breaking and desorption, but are presented in Chapter 4 as they still give

insight into the behaviours and properties of the system.

It is possible to use DFT to explore atomic motions beyond the harmonic approxi-

mation. This can be done by allowing the atoms of a system to move in the course
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of molecular dynamics simulations at some elevated temperature, and using DFT to

calculate the forces on the atoms at each new position. The atoms would still oscillate

about average positions rptq and one could Fourier transform the positions to find the

frequency of the motions. However, these frequencies would differ from the frequencies

presented in Chapter 4 where the theory of the dynamical matrix is used. Performing

molecular dynamics simulations is beyond the scope of the work presented in this the-

sis, but is briefly mentioned here to highlight what can and cannot be calculated by

DFT employed in this work.

1.7 Structure of the thesis

Chapter 1 has introduced scanning tunneling microscopy (STM) and density functional

theory (DFT) whose underlying concepts lay the foundations of the work in this thesis.

Published results from previous studies using STM are reviewed throughout this thesis

since STM provides the experimental means by which to perform the molecular desorp-

tion that is of interest. DFT provides the computational means by which to perform

simulations of model systems to better understand the physics involved in the STM

experiments. The novel results presented in this thesis result from DFT calculations.

Chapter 1 has also presented the motivation for the work in this thesis, namely to

improve understanding of the surface chemistry and physics involved in molecular des-

orption from the silicon surface, which is valuable to the semiconductor industry for

improving device fabrication. Aromatic organic molecules, such as toluene, adsorbed

on the Si(111)-7x7 surface has been chosen as the specific system to be investigated due

to its convenience in understanding the organic–Si interface, and because it serves as

a prototypical system with some known behaviours already reported in the literature.

In particular, a recently published Science paper [42], regarding the effect of the close

proximity of an STM tip on the probability of molecular desorption from the Si(111)-

7x7 surface, motivated the key computational simulations performed in this research

that are directed towards gaining further insight into the intriguing experimental re-

sults reported there. The results of the Science paper are reviewed in the opening

section of Chapter 5. Chapters 2 to 4 establish the models and methods needed to

perform the simulations presented in that chapter.

Chapter 2 describes the atomic structure of the Si(111)-7x7 surface. The large unit

cell size presents a challenge to efficiently simulating the surface, and so models are

presented that can be used to capture the essential physics of the surface whilst using

significantly fewer atoms, thereby reducing computational expense. The non-periodic
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cluster models described in section 2.1, which replicate those employed in previous

computational studies, are used in the work of Chapter 4. Section 2.2 establishes that

the periodic Si(111)-5x5 slab system is an appropriate model of the Si(111)-7x7 surface.

Although this has already been considered in previous studies, it is important to verify

this using the specific computational methods employed here because the Si(111)-5x5

slab will be used in the simulations of Chapter 5 and therefore forms the central model

on which the key results of this thesis are based.

Chapter 3 presents chemisorption binding energies calculated for different orientations

of the adsorbed aromatic molecule varying the position of its functional side-group

around the carbon ring. Section 3.1 begins with a literature review of binding energies

obtained from experiment, which can be compared against binding energies calculated

computationally. Calculated binding energies reported in the literature for the aromatic

molecule/Si(111)-7x7 system have used cluster models of the surface, mainly due to

larger and more accurate models of the surface having a higher computational expense.

Previous studies using clusters are reviewed in section 3.2, and followed by an account

of new binding energy calculations in which the molecule is modelled adsorbed on a

Si(111)-5x5 slab, which is expected to give more accurate values.

The most energetically stable orientation of the molecule identified in section 3.2 is

used in the modelling in Chapters 4 and 5. Although the binding energies are shown

to vary only on the order of 0.1 eV for different positions of the molecule’s side-group,

the choice of position may significantly impact the simulations presented in Chapter 5

where a model STM tip is brought into close contact with the molecule. Hence, the

most energetically stable, and therefore the most likely molecular configuration to be

present in experiments, is verified in Chapter 3 using periodic slab models.

The higher processing power now readily accessible in modern High Performance Com-

puting systems enables binding energies to be calculated in this work using both the

periodic Si(111)-5x5 and Si(111)-7x7 slab systems. Section 3.3 presents new binding

energy results calculated at the DFT level of three molecules chemisorbed in close prox-

imity with each other on the Si(111)-7x7 slab in order to investigate the influence of

intermolecular interactions. In the past, such calculations have been inaccessible due

to computational expense.

Chapter 4 begins with a literature review of desorption experiments from the Si(111)-

7x7 surface at low-temperatures followed by a review of previous computational studies

that have sought to gain insight into the experimental results through phonon mode
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calculations using clusters to model the surface. For the work of this thesis, similar

molecule/cluster models have been used, as described in section 2.1, but using the

same computational parameters employed when simulating the Si(111)-5x5 slab, as in

the work of Chapter 3. By obtaining results that are comparable to those of previous

computational studies, the results presented in Chapter 4 allow higher confidence in

the computational parameters that are used for the simulations of Chapter 5.

From establishing the appropriate surface model to use in Chapter 2, determining the

adsorbed molecule orientation in Chapter 3, and increasing confidence in the compu-

tational methods used in Chapter 4, Chapter 5 presents the culmination of all these

preceding chapters. Section 5.1 begins with a review of a recently published Science

paper [42] regarding the effect of the close proximity of an STM tip on the probability

of molecular desorption from the Si(111)-7x7 surface. Given that the close proximity of

an STM tip is proposed to play a vital role in the observed desorption, in section 5.2 two

tip models are introduced that are subsequently used to represent the STM tip in sim-

ulations. One tip model is derived in this work from the Si(111)-5x5 surface, whereas

the other is a tip model employed in previous studies by other research groups. The

two are characterised in section 5.3 using calculated force–distance results, which allow

a comparison of the behaviour of each tip when moved closer to the molecule/surface.

Having established and characterised the tip models, sections 5.4 and 5.5 present new

results revealing the changes in the electronic structure as the tip approaches the

molecule/surface. These include the density of states projected on carbon atoms of

the adsorbed molecule, and spatial visualisations of the electronic wavefunctions when

the tip is in close proximity to the molecule/surface. Results show that a tip-derived

state is created from the short-range interaction between the STM tip and adsorbed

molecule, which is proposed to be responsible for the reduction in the probability of

molecular desorption. These are the most important results of this thesis and are in-

terpreted to gain further insight into the results of the aforementioned Science paper.

Finally, Chapter 6 summarises the key results from this research and presents conclud-

ing remarks.
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Chapter 2

Simulating the Si(111)-7x7 surface

Early experimental studies of aromatic molecules (e.g. benzene, chlorobenzene, toluene)

adsorbed on the Si(111)-7x7 surface included high-resolution electron energy loss spec-

troscopy (HREELS), where the energy losses of electrons irradiating the molecule/

Si(111)-7x7 system reveal atomic vibrational frequencies that help to identify bonds

present in the system. Such information was used to confirm that aromatic molecules

chemisorb to the Si(111)-7x7 surface by di-σ bonding to an adatom-restatom pair on

the surface [7, 8]. However, HREELS cannot distinguish between different di-σ bond-

ing configurations (which will be described in section 2.1), nor can other experimental

techniques such as atomic-resolution surface imaging with a scanning tunneling micro-

scope (STM). The difficulty in obtaining through experiment the nanoscale geometric

details of the molecule/Si(111)-7x7 system motivated computational studies to model

the system and subsequently identify the most energetically favourable configurations.

Modelling the full Si(111)-7x7 surface requires a large unit cell (see section 1.2 for

details) that is computationally expensive to work with, especially when one factors in

the many simulations required for ensuring reliable, converged results, and the great

many different molecular configurations that need to be explored. Consequently, it

is typical to approximate the surface such that whilst much of the essential physics

remains the same, there is an appreciable reduction in the number of atoms in the

system, thereby reducing simulation times to practical levels.

This chapter will discuss the two main approaches that are adopted to approximate

the Si(111)-7x7 surface: the non-periodic cluster model and the periodic slab model.

Both are used in this work in simulations that are presented in Chapters 3 to 5.
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2.1 Non-periodic cluster models

When investigating the adsorption or desorption of aromatic molecules on the Si(111)-

7x7 surface, it is reasonable to assume that the key physics is associated with atoms

of the molecule and the immediate surrounding silicon atoms of the surface, with the

remaining atoms of the extended surface assumed to have little impact on the adsorp-

tion/desorption mechanism. As described previously, aromatic molecules chemisorb to

the Si(111)-7x7 surface by covalently bonding to an adatom-restatom pair. Therefore,

computational studies can aim to significantly reduce the number of atoms in the sys-

tem, and consequently the computational costs of each simulation, by simulating only

a subset of atoms in the vicinity of an adatom-restatom pair instead of the entire unit

cell of the Si(111)-7x7 surface.

An example of a subset of atoms extracted from the Si(111)-7x7 surface is illustrated

in Fig. 2-1. Fig. 2-1(a) shows the large unit cell of the reconstructed surface, and

indicates a small set of atoms including an adatom-restatom pair that are extracted

and form the basis of the cluster shown in Figs. 2-1(b) and (c), with broken Si–Si

bonds capped with hydrogen atoms (represented as white circles) to saturate dangling

bonds. During geometric optimisation of atomic positions, these hydrogen atoms are

artificially constrained to fix them in-place and consequently have the Si–H bond angles

mimic the Si–Si bond angles of the extended surface. The result is a Si30H28 cluster

of atoms, centred around an adatom-restatom pair, without the periodic nature of the

Si(111)-7x7 surface but large enough to approximate the local atomic environment of

the surface where molecular adsorption/desorption takes place. This cluster was used

by Tomimoto et al. [10] in studies of the adsorption of benzene and toluene on the

Si(111)-7x7 surface.

Note that the specific subset of atoms extracted from the Si(111)-7x7 surface can be

determined by several factors. The Si30H28 cluster illustrated in Fig. 2-1 is centred

around a corner adatom in the unfaulted half of the Si(111)-7x7 unit cell. This choice of

a cluster by the authors of Ref. [10] originates from an optimised larger cluster available

at the time (containing 973 atoms, including capping hydrogen atoms) centred around

a corner hole atom [9]. The Si30H28 cluster was then extracted from near the centre

of the larger cluster (i.e. centred around the corner adatom) because atoms closer to

the centre of the larger cluster were less influenced by any boundary effects during

the geometric optimisation of the larger cluster. (The Si(111)-7x7 unit cell illustrated

in Fig. 2-1(a) shows the relation of the Si30H28 cluster to the unit cell; the cluster

was actually extracted from the larger cluster as mentioned above.) The choice of the
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Figure 2-1: A Si30H28 cluster used to represent the full Si(111)-7x7 surface. (a) DAS
(Dimer-Adatom-Stacking fault) model of the Si(111)-7x7 surface. Large solid black
circles and smaller solid grey circles represent adatoms and restatoms, respectively, at
the top bilayer of the reconstructed Si(111) surface. Small solid black circles represent
silicon atoms in the layer beneath, and a difference in stacking with the top bilayer
leads to the unit cell having faulted and unfaulted halves. (b) Side and (c) top view of
the Si30H28 cluster cut from the top two bilayers of the unfaulted half of the Si(111)-7x7
surface, with broken Si–Si bonds saturated by hydrogen atoms, represented by white
circles in (b) and (c). From Ref. [10].
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Si30H28 cluster being selected from the unfaulted half, as opposed to the faulted half

of the larger cluster, appears to be arbitrary.

Other computational studies (e.g. Refs. [43, 44]) have used clusters centred around a

faulted middle (FM) adatom-restatom pair because experimental studies tend to show

that molecules bonded to FM adatoms are more easily desorbed in local charge-injection

experiments [45–48]. The higher rate of desorption encourages experimental studies

to inject charge into molecules bonded to FM adatoms, meaning that computational

studies are relevant to more desorption data if they employ clusters that are centred

around FM adatoms. Differences between adatom sites on the Si(111)-7x7 surface

in terms of the rates of molecular desorption and molecular binding energies will be

discussed in Chapter 3.

HREELS studies have confirmed that aromatic molecules chemisorb to the Si(111)-7x7

surface by di-σ bonding with an adatom-restom pair on the surface, but experimental

techniques such as HREELS cannot distinguish between different di-σ bonding config-

urations. These are the 1,4 di-σ bonding state, illustrated in Figs. 2-2(a) and (b), and

the 1,2 di-σ bonding state, illustrated in Figs. 2-2(c) and (d), where the difference lies

in whether the adatom and restatom of the surface bond to carbon atoms on opposite

sides of the aromatic molecule’s phenyl ring (1,4 di-σ state), or to adjacent carbon

atoms in the phenyl ring (1,2 di-σ state).

By using a Si30H28 cluster (Figs. 2-2(a) and (c)) to approximate the Si(111)-7x7 sur-

face, Wang et al. [9] aimed to determine whether the 1,4 or the 1,2 di-σ bonding

state of a benzene molecule is more thermodynamically favourable. This cluster cal-

culation was carried out at the semi-empirical level and found that the 1,4 di-σ is the

most favourable having a binding energy of 1.78 eV in contrast to 0.75 eV for the

1,2 di-σ state, indicating that it is the 1,4 di-σ configuration of benzene that is most

likely to be present in benzene/Si(111)-7x7 systems studied in experiments. Given

that experimental techniques cannot as of yet establish this level of geometric detail

in molecule/surface systems, such early cluster calculations demonstrated the value of

computational studies to supplement experiment.

The Si30H28 cluster was further reduced in size to form a Si9H12 cluster (Figs. 2-2(b)

and (d)). Wang et al. used the smaller cluster to confirm the above outcome using

calculations at a DFT level, which is known to give more accurate binding energies

than calculations at the semi-empirical level. The energy changes of the systems upon

benzene chemisorption in the 1,4 and 1,2 di-σ states were found to be –1.05 eV and 0.26
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Figure 2-2: Various configurations of clusters with chemisorbed benzene to approximate
the benzene/Si(111)-7x7 surface. Carbon, silicon, and hydrogen atoms are represented
by black, dark grey, and light grey solid circles, respectively. Broken Si–Si bonds at
the boundaries of the clusters are saturated with hydrogen atoms. Clusters (a) and (c)
contain Si30H28, whereas clusters (b) and (d) are reduced from the Si30H28 cluster and
contain Si9H12. Benzene molecules bind to the clusters in the 1,4 di-σ bonding state in
(a) and (b), where carbon atoms (C1 and C2) covalently bonded to the restatom (Si1)
and adatom (Si2) are on opposite sides of the benzene ring. Benzene molecules bind
to the clusters in the 1,2 di-σ bonding state in (c) and (d), where C1 and C2 are now
adjacent carbon atoms in the benzene ring. After Ref. [9].
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eV, respectively, where the positive energy change for the latter configuration means

that the combined benzene/Si9H12 system is at a higher energy than the sum of the

energies of the benzene molecule and the Si9H12 cluster in isolation. This confirms that

the 1,4 di-σ state is the most favourable of the two configurations. A binding energy

of 1.05 eV for the benzene/Si9H12 system is also in good agreement with the binding

energy of 0.99 eV obtained from thermal desorption spectra (TDS) of the correspond-

ing benzene/Si(111)-7x7 system [7]. More extensive computational studies at a DFT

level have also been performed to investigate a range of molecular configurations of

chlorobenzene adsorbed on the Si9H12 cluster [49].

It is clear that the smaller Si9H12 cluster used in Ref. [9] was employed to enable calcula-

tions to be performed at a DFT level, which at the time was not possible with the larger

number of atoms of the Si30H28 cluster. Regarding the computational study reported in

Ref. [10] which only used a Si30H28 cluster to simulate bonding configurations of both

benzene and toluene, all atoms in the Si30H28 cluster were fixed in-place, with only

the molecule adsorbed on the cluster permitted to move during geometry optimisation.

This reduced the computational expense sufficiently to enable exploratory simulations

at the Hartree-Fock (HF) level, which does not use any empirical data. After molecular

binding energies were calculated at the HF level to identify the most favourable config-

urations, more accurate binding energies of those configurations were then calculated at

a DFT level. The binding energies for benzene and toluene chemisorbed on the (fixed)

Si30H28 cluster were both found to be 1.3 eV [10] at a DFT level, which is comparable

to the experimental binding energies of 0.99 eV [7] for the benzene/Si(111)-7x7 system

and 1.01 eV [8] for the toluene/Si(111)-7x7 system obtained from TDS.

Over the years, as computational processing power has developed, it has become in-

creasingly feasible to simulate larger clusters at a DFT level. Utecht et al. [43] simu-

lated clusters containing over 60 silicon atoms, as illustrated in Fig. 2-3 where capping

hydrogen atoms of the clusters are omitted for clarity. Cluster A (CA) illustrated in

Fig. 2-3(b) was used in modelling the chemisorption of chlorobenzene molecules on

the Si(111)-7x7 surface, with a chemisorption binding energy of 1.6 eV found. Clus-

ter B (CB) illustrated in Fig. 2-3(c) was also employed because CA did not exhibit

an adequate total energy minimum when attempting to model the physisorption of

chlorobenzene molecules on the Si(111)-7x7 surface. A physisorption binding energy

of 0.6 eV for the chlorobenzene/CB system was found. Note that both CA and CB

were generated from the faulted half of the Si(111)-7x7 unit cell, but that no significant

differences in binding energies were reported in Ref. [43] when using clusters generated

from the faulted half and the unfaulted half of the unit cell.

38



Figure 2-3: Clusters used to approximate the Si(111)-7x7 surface. All atoms are silicon
atoms represented as solid circles with the following colour coding: middle adatoms
(purple), corner adatoms (red), restatoms (blue), dimer atoms (yellow), corner hole
atoms (white), and other silicon atoms (cream). (a) Top two bilayers of silicon atoms
cut from a centrosymmetric unit cell (obtained from Ref. [36]) of 498 atoms in 6
bilayers. Dimer atoms (yellow) border the unfaulted (U) and faulted (F) halves of the
unit cell. (b) A cluster of 67 silicon atoms (labelled Cluster A, CA) cut from (a) along
the blue dashed line. (c) A cluster of 66 silicon atoms (labelled Cluster B, CB) cut
from (a) along the red dashed line. Both CA and CB are cut from the faulted (F) half
of the Si(111)-7x7 unit cell in (a). Hydrogen atoms are used to saturate broken Si–Si
bonds at the boundaries of CA and CB (not shown here). From Ref. [43].

Despite computational processing power being sufficient to permit the use of larger

clusters, subsequent studies by Utecht et al. [44] employed smaller clusters, such as the

Si21H34 cluster illustrated in Fig. 2-4. This cluster was chosen so as to contain all silicon

atoms within two bond-distances from an adatom-restatom pair where the molecular

bonding takes place. The motivation behind the use of this smaller cluster was a wish

to also perform quantum dynamical calculations, a more computationally demanding

task than the static calculations required to determine chemisorption and physisorption

energies. The Si21H34 cluster was justified as representing an adequate model of the

Si(111)-7x7 surface largely due to it resulting in a calculated chlorobenzene/Si21H34

chemisorption binding energy of 1.4 eV, which is in excellent agreement with the 1.4
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Figure 2-4: A Si21H34 cluster used to approximate the Si(111)-7x7 surface. (a) The
faulted half of the Si(111)-7x7 unit cell. Adatoms, restatoms, and other silicon atoms
are represented by red, blue, and yellow solid circles, respectively. (b) Top and (c) side
view of a Si21H34 cluster in which the silicon atoms are cut from (a) along the blue line,
such that all silicon atoms in the cluster are within two bond-distances of an adatom-
restatom pair. Broken Si–Si bonds are saturated by hydrogen atoms, represented by
white solid circles. During geometry optimisation, all atoms were free to move except
the saturating hydrogen atoms which were fixed in-place. From Ref. [44].

eV binding energy identified in more recent STM experiments [48].

All computational studies described above have sought to justify the use of a given

cluster as a reasonable model for the extended Si(111)-7x7 surface by comparing cal-

culated binding energies of the molecule/cluster system with those identified through

experiment. Comparing binding energies for different molecular configurations on the

same cluster provides a convenient measure of relative thermodynamic stability, and

therefore provides insight as to which configuration is most likely to be present in ex-

periment. The relative differences are also likely to be reliable because they exclude

any sensitivity to the cluster size. However, using a comparison of the values of cal-

culated binding energies with those determined by experiment to justify the use of a

given cluster is an approach that should be treated with caution. For example, the rel-

atively large chlorobenzene/Si67H54 system (formed from the cluster illustrated in Fig.
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2-3(b)) yields a binding energy of 1.6 eV, whereas the smaller chlorobenzene/Si21H34

system (formed from the cluster illustrated in Figs. 2-4(b) and (c)) yields 1.4 eV, using

identical computational parameters [43, 44]. Despite it being expected that the smaller

cluster would be a less accurate model for the extended surface compared to the larger

cluster, it actually gives a binding energy closer to experimental (1.4 eV [48]).

The above demonstrates that absolute binding energies alone should not be used to

assess the quality of a cluster. Other aspects should also be taken into consideration,

such as bond lengths of the optimised system. For example, the adatom-restatom

separation for the bare Si30H28 cluster (without an adsorbed molecule), illustrated in

Fig. 2-1, was calculated as 4.5 Å, which is identical to the experimental value of 4.5

Å [3]. Bond lengths are not reported in Refs. [43] and [44] for the larger Si67H54

and smaller Si21H34 clusters in comparison to the extended Si(111)-7x7 surface as a

means to justify the use of these clusters, but it is expected for the larger cluster to

exhibit bond lengths more similar to the extended surface than the smaller cluster.

Instead of bond lengths, Refs. [43] and [44] compare atomic vibrational frequencies

of the molecule/cluster systems to those identified in HREELS experiments for the

molecule/Si(111)-7x7 system. Vibrational frequencies are another aspect that can be

used to assess the quality of a cluster, and will be further discussed in Chapter 4.

2.1.1 Cluster models with localised net charge

As well as reducing the total number of atoms used to model the surface, leading to

a significant reduction in the computational demands of simulations, small clusters of

size À30 silicon atoms have also been used to explore the effects of localised charge that

will exist in the vicinity of the adsorbed molecule during charge injection experiments.

Following charge-injection in STM manipulation experiments, Utecht et al. assumed

transient occupation of negative and positive ion resonances [44]. That is to say,

for a brief moment in time following charge injection from the STM tip into the

molecule/surface, the extra negative or positive charge is localised in the vicinity of

the charge injection site. Given that the Si21H34 cluster (illustrated in Fig. 2-4) is

small compared to the unit cell of the Si(111)-7x7 surface, localised charge carriers

were taken into account by setting the net charge of the chlorobenzene/Si21H34 sytem

to +1e or –1e [44]. Fig. 2-5 illustrates the geometrically optimised neutral, +1e, and

–1e charged states of the chlorobenzene/Si21H34 system.

Experiments have shown that a charge-induced molecular desorption event is triggered

by a single electron or hole [26, 50]. Therefore, transient localisation of an amount of
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charge equal to ˘1e in the vicinity of the injection site of the chemisorbed molecule is

appropriate. In contrast, modelling charge in periodic systems (which will be discussed

in section 2.2) would require calculating charged excited states of the surface, and these

excited states would need to be in superposition so that the charge is localised. The

authors of Ref. [44] avoided this non-trivial calculation due to the small size of the

chlorobenzene/Si21H34 system.

Note that no reasons are advanced as to why the excess charge should be confined to the

region defined by the boundaries of the chlorobenzene/Si21H34 system, as against one

larger or smaller in size, in order to model the transient localised excess charge following

STM charge injection. In subsequent work, Utecht et al. reported that clusters with

more than one adatom or restatom failed to describe charge localisation appropriately

[51] , which sets an approximate maximum threshold for cluster size. However, it is not

clear whether making the Si21H34 cluster a few silicon atoms smaller or larger would

affect the ability of the cluster to model localised charge appropriately. Furthermore, if

the size of the Si21H34 cluster is indeed appropriate to model localised charge, it is not

known whether this size range translates to cluster systems approximating a different

surface than the Si(111)-7x7 surface.

Despite the uncertainty surrounding the charge localisation described above, the use of

Figure 2-5: A chlorobenzene molecule chemisorbed on the Si21H34 cluster in the geomet-
rically optimised (a) anionic (–1e), (b) cationic (+1e), and (c) neutral charged states.
Excess negative charge in (a) elevates the adatom away from the surface more so than
the neutral cluster in (c). Excess positive charge in (b) lifts the molecule itself away
from the surface compared to the neutral cluster in (c), extending the Si(restatom)–C
(Sir–Cr) and Si(adatom)–C (Sia–Ca) bond lengths. From Ref. [44].
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the Si21H34 cluster with a net charge to approximate the Si(111)-7x7 surface following

charge injection shows promise in terms of geometric atomic displacements reported

in Ref. [44]. When the chlorobenzene/Si21H34 system is set to have a net charge of

–1e, following geometry optimisation there is a noticeable elevation of the adatom away

from the surface compared to the position of the adatom in the neutral cluster (compare

Figs. 2-5(a) and (c)). This displacement of the adatom is supported by experimental

observations of electron-induced excitation of adatoms at low-temperature [24, 45].

Furthermore, when the system is set to have a net charge of +1e, significant elongations

of the Si(restatom)–C and Si(adatom)–C bonds (compare Figs. 2-5(b) and (c)) point

towards possible bond breaking and the eventual desorption of the molecule following

charge injection. These are geometry changes expected in charge-induced desorption

experiments.

The geometry changes that occur in the chlorobenzene/Si21H34 system in response to

the presence of additional charge was not observed in the larger chlorobenzene/Si67H54

system which showed very little atomic displacement following geometry optimisation

[44]. This suggests that the responses of the chlorobenzene/Si21H34 system may be

artifacts of the relatively small system size. Experimentally, it may be the case that

the injected charge diffuses away from the local injection site before atoms of the

molecule or those in the molecule’s immediate vicinity have had time to react to the

presence of excess charge, raising the issue of timescales associated with the electronic

and atomic processes.

However, hot charge carriers in charged-induced manipulation experiments have a life-

time of „100 fs in a surface state of Si(111)-7x7 [26, 50], whereas the vibrational

excitation lifetime of a silicon adatom has been estimated as „10 fs [45]. The shorter

lifetime of the adatom excitation indicates that adatoms, and presumably other silicon

atoms in the vicinity of the charge injection site, can respond sufficiently quickly within

the „100 fs lifetime of the injected charge, as supported by the experimental observa-

tion of electron-induced excitation of adatoms [24]. The lack of atomic displacements

of the larger chlorobenzene/Si67H54 system can be assigned to the excess charge not

being appropriately localised within the larger system. Effectively, using the larger

system in this scenario can be thought of as modelling a later point in time following

charge injection where any atoms of the chlorobenzene/Si67H54 system being displaced

in reponse to the presence of additional charge have returned to their original posi-

tions as the charge has diffused over the larger area defined by the boundaries of the

chlorobenzene/Si67H54 system.
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2.1.2 Localised charge effects on toluene/Si(111)-7x7

A Si21H34 cluster model for the Si(111)-7x7 surface was constructed in this work in a

similar manner to that reported in Ref. [44]. That is, a centrosymmetric slab of the

Si(111)-7x7 unit cell was obtained from Ref. [36], subsequently geometrically optimised,

and then 21 silicon atoms around a middle adatom-restatom pair on the unfaulted half

of the unit cell were extracted and capped with hydrogen atoms such that all Si–H

bonds have fixed bond lengths of 1.51 Å.

In this work, we use the CASTEP plane-wave DFT code [37] which takes as input a unit

cell and constructs a periodic system from which the ground state is calculated. This

means that to simulate non-periodic systems, such as isolated molecules or clusters,

the unit cell requires sufficient vacuum spacing (padding) around the cluster to prevent

the cluster from artificially interacting with itself as part of the periodic system. For

the bare Si21H34 cluster and molecule/Si21H34 cluster systems, a hexagonal unit cell

was used, with the top view illustrated in Fig. 2-6 and the third axis normal to the

plane shown.

Tests have shown that the hexagonal unit cell having sides of length 20 Å provides

vacuum spacing around the molecule/cluster system to sufficiently minimise artificial

interactions with itself, leading to good convergence of both the total energy of the

system and the binding energy when a toluene molecule is chemisorbed onto the cluster.

Compared to the chlorobenzene/Si21H34 system reported in Ref. [44] where a local

orbital DFT code is used, similar results for the toluene/Si21H34 system are found in

this work in terms of geometry changes of the optimised charged states (shown later

below) and chemisorption binding energies (presented in Chapter 3).

Compared to a cubic unit cell, the hexagonal unit cell contains less volume for the

same unit cell side length. The smaller volume in real space corresponds to a larger

reciprocal space unit cell, and fewer plane waves exist in the basis set for a given cutoff

energy. This makes the hexagonal unit cell computationally more efficient than a cubic

unit cell for a given separation of periodic replicas.

A toluene molecule was positioned on the bare Si21H34 cluster (in the “P3” configura-

tion, which will be discussed in Chapter 3) to form the toluene/Si21H34 system, which

was then geometrically relaxed until the maximum force component on any atom in

the system was below a threshold value of 0.05 eV/Å. In applying a net charge to

the toluene/Si21H34 system, two approaches are possible: (1) setting the net charge

of the system immediately after adding the toluene molecule, and then geometrically

44



Figure 2-6: Top view of four adjacent hexagonal unit cells of the Si21H34 cluster. A
unit cell with sides of length 20 Å, including the direction along the third axis which
is normal to the plane shown, provides sufficient vacuum spacing around the cluster to
minimise artificial interactions with periodic replicas when modelled using the plane-
wave DFT implementation in CASTEP [37].

relaxing the molecule/cluster system, or (2) optimising the neutral system after the

molecule is added, then adjusting the net charge to either +1e or –1e, and reoptimising

the geometry. Approach (2) involves obtaining the optimised neutral toluene/Si21H34

system before applying a net charge, which is intuitively expected to better follow a

real system during charge-injection experiments.

Fig. 2-7 illustrates the optimised neutral, anionic, and cationic systems obtained by

following approach (1), described above, which exhibit similar geometry changes com-

pared to the charged states of the chlorobenzene/Si21H34 system reported in Ref. [44]

(compare Figs. 2-7(a)–(c) with Figs. 2-5(a)–(c)). Optimised clusters obtained using

approach (2) have identical geometries for the corresponding neutral and anionic sys-

tems compared to using approach (1), but the cationic system is found to exhibit a

noticeably shorter Sia–Ca separation (i.e. more similar to the geometry of the anionic

system illustrated in Fig. 2-7(b)). Table 2.1 lists bond lengths, using the atom labels

indicated in Fig. 2-7(a), for the optimised charged systems.

Compared to the neutral toluene/Si21H34 system (Fig. 2-7(a)), the anionic system
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Figure 2-7: A toluene molecule chemisorbed on the Si21H34 cluster in the geometrically
optimised (a) neutral, (b) –1e, and (c) +1e charged states. Net charge was applied to
the molecule/cluster systems in (b) and (c) by following approach (1) described in the
text. Atom labels in (a) are referred to in Table 2.1 which lists the bond lengths for
the different charged states.

Net charge of
toluene/Si21H34

Sir–Cr

(Å)
Sia–Ca

(Å)
Sia–Sid

(Å)
Sia–Siv

(Å)
Sia–Sir

(Å)

Neutral 2.01 2.04 2.57 2.69 4.34
Anion (–1e) 2.01 2.10 2.83 2.84 4.36
Cation 1 (+1e) 2.10 2.64 2.50 2.53 4.49
Cation 2 (+1e) 2.06 2.19 2.54 2.62 4.37

No molecule – – 2.44 2.45 4.55

Table 2.1: Bond lengths for the geometrically optimised toluene/Si21H34 system with
different charges states. See text for the difference between Cation 1 and Cation 2.
Atom labels illustrated in Fig. 2-7(a) are: restatom (Sir), adatom (Sia), carbon atom
bonded to the rest atom (Cr), carbon atom bonded to the adatom (Ca), silicon atom
diagonally below the adatom (Sid), and silicon atom vertically below the adatom (Siv).
The final row gives reference bond lengths from the Si21H34 cluster in the absence of
the toluene molecule.
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(Fig. 2-7(b)) is found to exhibit a significant elevation of the adatom away from the

surface, as indicated by the increase in the Sia–Sid and Sia–Siv bond lengths tabulated in

Table 2.1. In contrast, in the cationic system (Fig. 2-7(c)), there is far less movement

of the adatom, but instead the Sir–Cr and Sia–Ca bond lengths show a significant

increase. These changes are qualitatively similar to those identified in Ref. [44] for

chlorobenzene/Si21H34; the elevation of the adatom in the anionic case found there is

shown in Fig. 2-5(a).

When following approach (2) to apply net charge to the molecule/cluster systems, i.e.

optimising the neutral system before setting a net charge, no significant geometrical

differences in the anionic system were found compared to the anionic system obtained by

following approach (1). However, the cationic system, following approach (2), showed

a reduced elongation of the Sir–Cr and Sia–Ca bonds compared to following approach

(1), although the increase in bond length is still greater than the anionic system.

This difference in the optimised geometries of the cationic toluene/Si21H34 system,

depending on how the charged system is constructed, is not reported in literature.

Fig. 2-8 illustrates schematically the possible potential energy landscape of the cationic

toluene/ Si21H34 system, with two local minima identified depending on whether the

+1e charge is applied using approach (1) (leading to the system referred to as Cation

1), or approach (2) (leading to the system referred to as Cation 2). As can be seen in

Fig. 2-8, Cation 2 exhibits a lower local minimum, and is a candidate for the global

minimum energy of the cationic system. The potential energy barrier between the two

minima was estimated by calculating the total energy of a third cationic toluene/Si21H34

system, in which the Sia–Ca bond length was constrained to be midway between that of

the Cation 1 and Cation 2 systems throughout the geometry optimisation. Note that

the transition from Cation 1 to Cation 2 appears to have a barrier of 0.005 eV, and the

transition from Cation 2 to Cation 1 appears to have a barrier of 0.018 eV. Both of these

values are below the thermal energy at room temperature (0.025 eV), indicating that,

at room temperature, the cationic toluene/Si21H34 system can spontaneously switch

between the Cation 1 and Cation 2 geometries.

The cluster approximation provides a convenient way to simulate charge-induced lo-

cal manipulation experiments. A disadvantage of using the cluster approximation is

not being able to model non-local manipulation experiments, described in section 1.4,

because non-local manipulation requires transport of charge across the Si(111)-7x7 sur-

face. A periodic structure is better suited to model this semi-infinite surface compared

to a cluster of atoms.
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Figure 2-8: Schematic of the potential energy surface proposed for the cationic (+1e)
toluene/Si21H34 cluster system during geometric optimisation. Cation 1 refers to the
system obtained when the net +1e charge is applied before any geometric optimisations
of the molecule/cluster system takes place. Cation 2 refers to the system obtained
when the charge is applied to the optimised neutral toluene/Si21H34 system, followed
by another geometric optimisation step. The two different approaches to applying a
net charge to the molecule/cluster system (referred to as approaches 1 and 2 in the
text) lead to different minima in total energy of the system. The height of the barrier
between the minima was estimated using a third cationic toluene/Si21H34 system with a
constrained Si(adatom)–C bond length set to be midway between that of the optimised
Cation 1 and Cation 2 systems.
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2.2 Periodic slab models

As computational processing power has developed over the years, it has became in-

creasingly feasible to perform computations with systems containing a larger number

of atoms. However, there is a significant jump between the number of atoms in a large

cluster (e.g. 67 silicon atoms in the cluster illustrated in Fig. 2-3(b)) and the number

of atoms in the unit cell of the Si(111)-7x7 surface, which to a depth of a few atomic

layers, contains hundreds of silicon atoms. Therefore, it will take some time before

being able to perform exploratory simulations at a DFT level for a range of molecular

configurations on the Si(111)-7x7 system within practical timeframes.

Note that one-off computations using a system spanning the full Si(111)-7x7 unit cell

have been performed in this work, to calculate binding energies of chemisorbed toluene

molecules (which will be presented in Chapter 3). Such computations utilised the UK

Tier-2 national HPC service “Isambard”, the first production supercomputer to be

based on ARM CPUs that have been optimised for scientific workloads [52, 53]. At the

time of this work, geometry optimisations of the Si(111)-7x7 system with Isambard are

not yet sufficiently quick for exploratory simulations involving molecular adsorption,

meaning that approximations to the Si(111)-7x7 system are still required for this pur-

pose. However, being able to perform one-off calculations with the full system enables

comparisons that can be used to judge the quality of the approximations described

below.

Other reconstructions of the Si(111) surface exist with smaller unit cells than the 7x7

unit cell, as illustrated in Fig. 2-9. The smallest reconstruction with the
?

3x
?

3 unit

cell (Fig. 2-9(a)) contains a single adatom and no restatoms, whereas the unit cell

for the 2x2 reconstruction (Fig. 2-9(b)) contains 1 adatom and 1 restatom. The yet

larger 5x5 reconstruction (Fig. 2-9(c)) contains 6 adatoms and 2 restatoms per unit

cell. Unlike the
?

3x
?

3 and 2x2 reconstructions, the 5x5 also contains corner hole

atoms which appear as vacancies in the surface, and there is a stacking fault between

the left and right halves of the unit cell, leading to a faulted half and an unfaulted half.

Finally, the 7x7 reconstruction (Fig. 2-9(d)) contains 12 adatoms and 6 restatoms per

unit cell. Adatoms adjacent to a corner hole atom are referred to as corner adatoms,

whereas those that are not are referred to as middle adatoms. Combined with whether

the adatoms are on the faulted or unfaulted half of the unit cell, there are four distinct

types of adatoms in the 7x7 reconstruction: unfaulted corner, unfaulted middle, faulted

corner, and faulted middle adatoms. The 5x5 unit cell can be considered to have only

corner adatoms as all adatoms are adjacent to a corner hole atom.

49



Figure 2-9: Reconstructions of the Si(111) surface in order of increasing
size/complexity. Adatoms, restatoms, and silicon atoms in lower atomic layers are
represented by yellow, red, and blue solid circles, respectively. The unit cell in each
reconstruction is outlined by a yellow parallelogram. (a) The

?
3x
?

3 reconstruction
with 1 adatom in the unit cell. (b) The 2x2 reconstruction with 1 adatom and 1 rest
atom per unit cell. (c) The 5x5 reconstruction with 6 adatoms and 2 restatoms per
unit cell. (d) The 7x7 reconstruction with 12 adatoms and 6 restatoms per unit cell.
After Ref. [12].

The 7x7 reconstruction is the most energetically favourable out of the possible Si(111)

reconstructions [54] and can be formed by annealing a (111) cleaved surface at tem-

peratures ą900˝C. It is possible to encourage the Si(111) surface to form the alternate

reconstructions under non-equilibrium conditions. For example, the
?

3x
?

3 recon-

struction can be formed by doping Si(111) with boron before annealing, which causes

boron atoms to diffuse to the surface and occupy substitutional sites directly under-

neath silicon adatoms [55]. With little (ă 1%) or no boron dopants, the
?

3x
?

3, 2x2

and 5x5 reconstructions can also be formed by laser-annealing clean Si(111) [56, 57].

The different reconstructions often appear in the same region on the surface, separated

by domain boundaries (e.g. see STM images within Ref. [58]).
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The 5x5 reconstruction is particularly interesting for computational studies because it

contains the key features of the 7x7 reconstruction: adatoms, restatoms, corner hole

atoms, and a stacking fault leading to a faulted and unfaulted half of the unit cell. This

is despite containing half the number of atoms in its unit cell compared to that of the

7x7 reconstruction. This opens up the possibility of using the Si(111)-5x5 system to

approximate the Si(111)-7x7 surface when performing molecular adsorption/desorption

simulations, but at a lower computational expense. Later in this chapter, a comparison

of the surface electronic structures between the two systems will show that the Si(111)-

5x5 system is indeed a reasonable approximation.

This work uses the CASTEP plane-wave DFT code. It takes as input the description of

the unit cell of the system to be studied, and its contents, and performs calculations on

the periodic system based upon this unit cell. Whereas vacuum spacing was required

around clusters to sufficiently minimise artificial interactions with periodic replicas

(see Fig. 2-6), simulating intrinsically periodic structures such as the Si(111)-5x5 and

Si(111)-7x7 systems is well suited for a plane-wave DFT code and requires no such vac-

uum spacing to isolate unit cells in the horizontal plane of the systems. However, care

needs to be taken when dealing with the vertical periodicity of the unit cells. A real

crystalline surface on the atomic scale can be considered to be semi-infinite, meaning

that the laterally periodic surface lies on top of the bulk structure that extends below

the surface to infinity. In simulations, the number of atomic layers in the bulk will need

to be finite, thus slabs of a finite thickness are used. Given that plane-wave codes will

repeat the unit cell vertically (as well as horizontally), one reasonable approach is to

model the surface using a centrosymmetric slab, as illustrated in Fig. 2-10(c), where

both sides of the slab have reconstructed surfaces. The slabs have sufficient vacuum

spacing between them in the direction normal to the surfaces such that interactions be-

tween the periodic replicas of the surfaces are sufficiently minimised. Consequently, the

surface and bulk structures of a real semi-infinite surface is appropriately represented

by a slab of finite thickness.

Note that the Si(111)-5x5 slab illustrated in Fig. 2-10(b) is sometimes described as

having 10 atomic layers, whereas in this work it is described as 5 bilayers. The use of

the term “bilayer” highlights that some atomic layers have significantly larger separa-

tions than others, and is therefore considered to be a clearer way to describe the slab

thickness.

The minimum thickness for a centrosymmetric slab for the Si(111) reconstructed sys-

tems is 5 bilayers, which includes the 2 reconstructed bilayers on the top and bottom
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Figure 2-10: The Si(111)-5x5 system used in this work to approximate the Si(111)-
7x7 surface. Adatoms and restatoms in (a) and (c) are colour coded red and blue,
respectively. (a) Top view of a unit cell of the Si(111)-5x5 reconstruction centred on
the corner hole atom (coloured black), rather than corner hole atoms being at the
vertices of the unit cell as shown in Fig. 2-9(c). The edge of the unit cell is 19 Å in
length for this 5x5 unit cell, whereas it is 27 Å for the corresponding 7x7 unit cell.
(b) Side view of the Si(111)-5x5 slab with a thickness of 5 bilayers. The unit cell is
repeated vertically to show the vacuum spacing between the slabs, set to be 12 Å.
Note that in simulations, the unit cell is repeated both vertically and horizontally to
model the periodic surface. (c) The Si(111)-5x5 slab with a thickness of 8 bilayers,
and a toluene molecule adsorbed on the top and bottom slab surfaces to illustrate the
centrosymmetry of the slab.
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sides of the slab, plus 3 bilayers between them for the bulk (see Fig. 2-10(b)). This

is the minimum thickness because bulk Si has a repeat unit in the [111] direction that

spans 3 bilayers. Tests carried out in this work have shown that a centrosymmetric slab

for the Si(111)-5x5 system of 5 bilayers is converged in terms of the surface electronic

structure (see below) compared to the same system but with a thickness of 8 bilayers.

To compare the electronic structure of both the Si(111)-5x5 and the Si(111)-7x7 cen-

trosymmetric slabs, the projected density of states (PDOS) has been calculated for

both systems. Results for the PDOS projected on to adatoms are presented in Fig.

2-11(a), and projected on to restatoms are presented in Fig. 2-11(b). Given that this

work investigates molecular adsorption/desorption, and that aromatic molecules bind

to adatom-restatom pairs on the Si(111)-7x7 surface, the PDOS projected on these

atoms represents the electronic structure of the systems that is most relevant to the

adsorption/desorption mechanism.

As can be seen from Figs. 2-11(a)–(b), the PDOS of the 5x5 and 7x7 systems exhibit

considerable similarities. The adatom peak is seen to be at „0.3 eV above the Fermi

energy, whereas the restatom peak is at „0.5 eV below. The density of states at

the Fermi energy is also non-zero, indicating that both the 5x5 and 7x7 systems are

metallic, despite bulk silicon being semiconducting. These observations, both peak

positions and metallicity, are in excellent agreement with experimental local density of

(a) (b)

Figure 2-11: Projected density of states associated with the (a) adatoms and (b) re-
statoms of the centrosymmetric Si(111)-7x7 (black) and Si(111)-5x5 (red) slab systems.
Both slabs have a thickness of 5 bilayers (see Fig. 2-10(b) for a side-view illustration
of the 5x5 system).
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states (LDOS) measurements obtained using scanning tunneling spectroscopy (STS)

[59], and other first principles calculations [12, 59]. The Si(111)-5x5 system therefore

provides a reasonable approximation to the Si(111)-7x7 system, with the advantage of

containing half the number of atoms in its unit cell.

2.2.1 Hydrogen-terminated slabs

Although the centrosymmetric termination of both sides of a slab is an intuitive way

to capture the semi-infinite nature of the Si(111)-5x5 surface as a periodic slab of finite

thickness, it has been shown that terminating one side of the slab at bulk silicon posi-

tions with hydrogen atoms does not significantly change the surface electronic structure

of the other side of the slab [60]. Fig. 2-12 illustrates the Si(111)-5x5 system termi-

nated with hydrogen atoms at the base, with the 5x5 surface reconstruction then only

present on the top side of the slab.

Figure 2-12: The unit cell of a hydrogen-terminated Si(111)-5x5 slab with a thickness
of 3 bilayers (including the reconstructed 5x5 surface). H–Si bond lengths were initially
set to be 1.51 Å, with all 25 hydrogen atoms in this unit cell then free to move during
geometry optimisation of the atomic positions. Si atoms within the bottom bilayer were
fixed in-place during geometry optimisation holding the base of the slab in bulk silicon
positions. A vacuum spacing of 15 Å is found to be more than sufficient to adequately
minimise interactions between periodic replicas (e.g. see Fig. 2-10(b)). The top view of
the 5x5 surface reconstruction (without any bulk layers) is illustrated in Fig. 2-10(a).
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Note that unlike when performing structural relaxation using the cluster model, the

capping hydrogen atoms illustrated in Fig. 2-12 are allowed to move during structural

relaxation using the periodic slab model, with the bottom bilayer of silicon atoms (the

lowest of the three bilayers seen in Fig. 2-12) held in-place. This fixes the base of the

slab to bulk silicon atomic positions. If instead the hydrogen atoms were fixed and the

H–Si bonds were not already at their relaxed bond lengths, then silicon atoms above

the fixed hydrogen atoms would shift during geometry optimisation, which would also

cause other silicon atoms in the upper atomic layers to move. Therefore, the bottom

bilayer of silicon atoms is fixed in-place during geometry optimisation, and not the

saturating hydrogen atoms.

Plots of the PDOS projected on the adatoms and restatoms of the hydrogen-terminated

Si(111)-5x5 and Si(111)-7x7 slabs with a thickness of 3 bilayers (not shown) are found

to be qualitatively similar to those of the corresponding centrosymmetric systems with

a thickness of 5 bilayers presented previously in Figs. 2-11(a)–(b). To further assess

the usefulness of this model for the surface, a toluene molecule was positioned on

both hydrogen-terminated systems, and the PDOS projected on the carbon atoms of

the chemisorbed toluene was calculated. The results are presented in Fig. 2-13. Once

again, the PDOS projected on the carbon atoms of the molecule shows that the Si(111)-

5x5 system behaves similarly to the Si(111)-7x7, even for hydrogen-terminated slabs.

The HOMO–LUMO gap from approximately –1 to 2 eV is also in good agreement with

experimental LDOS measurements of chlorobenzene chemisorbed on the Si(111)-7x7

surface [23]. From the points given above, hydrogen-terminated slabs contain fewer

atoms than centrosymmetric slabs for the same number of bulk silicon layers, without

compromising the electronic structure of the system and therefore provides an effective

means to model the periodic Si(111)-5x5 and Si(111)-7x7 systems.

A previous computational study by Smeu et al. [12] has reported that hydrogen-

terminated Si(111)-2x2 and Si(111)-
?

3x
?

3 slabs are reasonably converged in terms

of electronic structure for a slab thickness of 3 bilayers. For a thickness of 3 or more

bilayers, the bond lengths in the reconstructed surface were also found to be converged

to within 0.01 Å [12]. Tests of the electronic structure carried out in this work using the

Si(111)-5x5 hydrogen-terminated slab confirm the use of slabs comprised of 3 bilayers

as sufficient. Note that for the slabs discussed in the previous section, a minimum

of 3 bilayers for the bulk was needed in order to impose centrosymmetry, giving a

total thickness of 5 bilayers, but this is not necessary for hydrogen-terminated slabs.

Thus, the hydrogen-terminated Si(111)-5x5 and Si(111)-7x7 slabs used in this work

are constructed to have 3 bilayers in total to minimise computational expense whilst
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Figure 2-13: Projected density of states associated with the carbon atoms of a toluene
molecule chemisorbed on the Si(111)-7x7 (black) and Si(111)-5x5 (red) hydrogen-
terminated slabs, both of which have a thickness of 3 bilayers (see Fig. 2-12 for the
5x5 system in the absence of a molecule).

also possessing a sufficient number of bulk silicon layers to adequately model the real

Si(111)-7x7 surface.

For all Si(111) reconstructions illustrated in Fig. 2-9, Smeu et al. also calculated the

density of states using hydrogen-terminated slabs each with a thickness of 3 bilayers.

Their results are presented in Fig. 2-14. As can be seen from Fig. 2-14(a), the
?

3x
?

3,

5x5, and 7x7 reconstructions have significant total DOS in the vicinity of the Fermi

energy, indicating that they are metallic. This is not the case for the 2x2 reconstruction,

which exhibits a band gap between 0 and 0.6 eV, indicating that it is semiconducting.

The difference between the 2x2 system and the other reconstructions was attributed

to its 1:1 ratio of adatoms to restatoms, leading to the adatom dangling bonds being

empty after electron transfer to restatom dangling bonds [12]. In contrast, the
?

3x
?

3,

5x5, and 7x7 reconstructions all have more adatoms than restatoms, leading to partial

occupations of the adatom dangling bonds.

Overall from Figs. 2-14(a)–(c), the hydrogen-terminated 5x5 and 7x7 slab systems

can be seen to be similar in terms of the DOS and PDOS peak positions and the

qualitative shapes. For example, they both have the adatom peak at „ 0.3 eV (see

56



Figure 2-14: Density of states (DOS) for the
?

3x
?

3, 2x2, 5x5, and 7x7 reconstructions
of the Si(111) surface. Arbitrary units are used for ease of comparison. (a) Total DOS,
(b) DOS projected on the adatoms, and (c) DOS projected on the restatoms of the
reconstructions. Note that the

?
3x
?

3 reconstruction does not contain any restatoms
(see Fig. 2-9(a)) and is therefore not included in (c). After Ref. [12].
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Fig. 2-14(b)) and the restatom peak at „ –0.5 eV (see Fig. 2-14(c)), results that are

in agreement with the electronic structure results found in this work (Fig. 2-11). Smeu

et al. concluded from their investigation that the similarity of the electronic structures

means that the 5x5 system may be used in place of the 7x7 system in computationally

expensive simulations.

2.3 Summary

Models of the Si(111)-7x7 surface have been created in the form of non-periodic cluster

of atoms, as illustrated in Figs. 2-7(a)–(c) for the Si21H34 cluster system in the neutral,

+1e and –1e charged states; and in the form of a periodic, hydrogen-terminated slab,

as illustrated in Fig. 2-12 for the Si(111)-5x5 system. Both the cluster and slab models

have been shown to provide an adequate description of the Si(111)-7x7 surface by

making reference to experimental binding energies, geometry of the optimised systems,

and surface electronic structures.

The Si21H34 cluster provides a convenient way to model localised charge in the Si(111)-

7x7 surface following charge-injection from an STM tip. Simulations carried out using

the Si21H34 cluster are presented in Chapter 4. To investigate the influence of the STM

tip itself during charge-injection experiments, positioning a model STM tip in the

vicinity of the Si21H34 cluster would be inappropriate given the relative sizes of each in

comparison to the relative sizes of a real tip above the Si(111)-7x7 surface. However,

the hydrogen-terminated Si(111)-5x5 slab enables simulations involving atoms of the

extended surface and not just those in the immediate vicinity of an adatom-restatom

pair. Performing simulations of a model STM tip above the Si(111)-5x5 surface is the

subject of Chapter 5.

Chapter 3 explores the binding energies of the toluene/Si(111)-5x5 slab system for var-

ious binding configurations of the molecule. The energetically preferred configuration

is employed for the toluene/Si21H34 cluster system and in the simulations presented in

Chapters 4 and 5.
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Chapter 3

Binding of toluene/Si(111)-7x7

Upon adsorption of a molecule onto a surface, the energy change, δE, can be calculated

as the difference between the total energy of the molecule/surface system and the sum

of the energies of the isolated molecule and surface, i.e.

δE “ Epmolecule` surfaceq ´ Epmoleculeq ´ Epsurfaceq. (3.1)

If δE is negative, then adsorption of the molecule onto the surface is energetically

favourable and the magnitude of this energy change is referred to as the binding energy

of the molecule/surface system. A minimum amount of energy equal to the binding

energy is required to separate the molecule/surface back to its constituent parts.

By comparing the binding energies associated with different geometric configurations

of molecules adsorbed on clusters modelling the Si(111)-7x7 surface, previous compu-

tational studies have established that aromatic molecules chemisorb on the Si(111)-7x7

surface in the 1,4 di-σ configuration (see Fig. 2-2) where carbon atoms on opposite

sides of the molecule’s phenyl ring covalently bond to an adatom-restatom pair on the

surface in a bridging configuration [9, 10]. Such studies make use of the fact that higher

binding energies for a given molecule/surface configuration correspond to stronger bind-

ing between the molecule and the surface and a lower overall system energy. Therefore,

the simulated molecule/surface configurations with higher binding energies are more

likely to be the configurations found in the real molecule/surface system.

Binding energy differences between the 1,4 di-σ configuration and others with lower
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Figure 3-1: Schematic of the potential energy surface of an aromatic molecule on the
Si(111)-7x7 surface. The chemisorption energy, |δE| “ Eα `∆E, is larger than the
physisorption energy, Eλ, due to stronger binding with the surface. From Ref. [48].

binding energies are in the order of 1 eV [9, 10]. Aromatic molecules with a side-group

(e.g. the methyl group in toluene) adsorbed on a surface have additional molecu-

lar configurations determined by the position of the side-group around the phenyl ring.

Computational studies have reported differences in binding energies between these con-

figurations in the order of 0.1 eV [10, 51]. Although the effect on binding energies is

more subtle, different side-group positions may significantly impact the simulations

presented in Chapter 5 where a model STM tip is brought into close contact with the

molecule. The small binding energy differences means that the energetic preference be-

tween side-group positions could be altered by the choice of computational parameters

used in simulations. Given that the previous computational studies employed cluster

models using local orbital codes, whereas this work also employs periodic slab models

using a plane-wave DFT code, it is worth investigating the relative binding energies of

the toluene/Si(111)-5x5 slab system for the different side-group positions.

Note that, unless otherwise stated, “binding energy” in this work refers specifically to

chemisorption binding energy, as opposed to physisorption binding energy. The latter is

associated with molecule/surface systems where the molecule is not strongly bonded to

the surface by σ-bonding (as in chemisorption) but instead the molecule is physisorbed

to the surface by weaker π-bonding. Fig. 3-1 presents a schematic of the potential

energy surface showing the relation between the chemisorbed and physisorbed states

of an aromatic molecule on the Si(111)-7x7 surface. The chemisorption binding energy

calculated from Eq. 3.1 corresponds to the sum of Eα and ∆E indicated in Fig. 3-1.
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3.1 Binding energies obtained from experiment

Binding energies can be inferred from thermal desorption spectroscopy experiments

where the molecule/surface is heated at a constant and monitored rate, which even-

tually leads to molecular desorption at temperatures corresponding to their binding

energies. The desorbed molecules are detected by a mass spectrometer in real time

enabling intensity peaks of thermal desorption spectra (TDS) to be plotted as a func-

tion of surface temperature. Fig. 3-2 presents a series of TDS obtained from heating

chlorobenzene/Si(111)-7x7 systems at a rate of 2 K/s, where each system was exposed

to a different dosage of chlorobenzene gas at 300 K prior to the steady heating.

It can be seen from Fig. 3-2 that at low chlorobenzene exposures below 1 L, the TDS

peak of the chlorobenzene/Si(111)-7x7 system is at 380 K. However, for systems with

higher exposures corresponding to a higher coverage of chlorobenzene molecules on

the Si(111)-7x7 surface, the TDS peak shifts slightly to 385 K. The inset in Fig. 3-2

shows that there is an approximately linear increase of the TDS peak area for low

exposures below 1 L, whereas the surface approaches molecular saturation at higher

chlorobenzene exposures. The shift in TDS peak position from 380 to 385 K can

therefore be attributed to a crowding effect where molecules bind to different adatom

sites on the Si(111)-7x7 surface than may be energetically preferred at low surface

coverage in order to accommodate more molecules per unit cell of the surface. This

also indicates that different adatom sites on the surface lead to slightly different binding

energies upon molecular adsorption, meaning that not all adatom sites are chemically

equivalent on the Si(111)-7x7 surface.

Identical TDS but with lower peak intensities were also obtained for the C6H5Cl`

(M{e “ 112) parent ion [8]. This indicates that the chlorine atom dissociates in most

chlorobenzene desorption events. However, this does not affect the interpretation of

the chlorobenzene/Si(111)-7x7 binding energy discussed aboe.

Similar behaviour is seen in the TDS for the benzene/Si(111)-7x7 system [7], with an

increase in the TDS peak position from 342 to 349 K when transitioning from low to

high benzene surface coverage. Temperatures in the range 380–385 K correspond to

an estimated binding energy of 1.01 eV [8] for the chlorobenzene/Si(111)-7x7 system;

temperatures in the range 342–349 K correspond to an estimated binding energy of 0.98

eV [7] for the benzene/Si(111)-7x7 system. As benzene and chlorobenzene are similar

molecules and bind to the Si(111)-7x7 surface in the same 1,4 di-σ configuration (as

with all aromatic molecules), it is unsurprising that they exhibit similar binding energies
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Figure 3-2: Thermal desorption spectra (TDS) of C6H`5 (M{e “ 77) obtained from
heating chlorobenzene/Si(111)-7x7 at a rate of 2 K/s. The inset shows the TDS peak
area as a function of chlorobenzene exposure to the clean Si(111)-7x7 surface at 300
K. An exposure of 1 langmuir (L) corresponds to a surface coverage of „1 monolayer
of gas molecules (assuming a sticking coefficient of 1). From Ref. [8].
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with a difference of a few tenths of an eV.

Note that the binding energies estimated from the TDS are average binding energies

over (chemically inequivalent) adatom sites weighted by their molecular populations.

It is possible to discriminate between adatom sites when establishing binding energies

by observing consecutive STM images and counting the appearance/disappearance of

“black spots” which indicate molecular adsorption/desorption from a given adatom site

on the Si(111)-7x7 surface. A time-lapse STM study by Lock et al. [48] automated the

counting step and carried out this procedure at a range of surface temperatures from

297 K to 320 K. Fig. 3-3(a) presents the fraction of chlorobenzene molecules at faulted

middle (FM) adatom sites that retained their original positions over time.

The data presented in Fig. 3-3(a) shows that, even at room temperature, a noticeable

fraction of chemisorbed chlorobenzene molecules are able to break their bonds with the

adatom-restatom pair on the surface and transition to the physisorbed state where they

are mobile across the surface. Physisorbed molecules may then either desorb completely

from the surface and enter the gas phase, or return to the chemisorbed state, perhaps

at a different adatom site. The evidence of such molecular state transitions is seen in

consecutive STM images as “black spots” disappearing and reappearing from an area

Figure 3-3: (a) Fraction of chlorobenzene molecules chemisorbed on faulted middle
(FM) adatom sites on the Si(111)-7x7 surface that have retained their original positions
as a function of time and temperature. (b) Arrhenius plot of the site-specific rates of
transition from the chemisorbed to physisorbed states, calculated from (a) and similar
plots associated with the faulted corner (FC), unfaulted corner (UC), and unfaulted
middle (UM) adatom sites. From Ref. [48].
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of adatom sites on the Si(111)-7x7 surface (not shown). As indicated in Fig. 3-3(a), the

rate of transitions is greater at higher temperatures due to the increased availability of

thermal energy enabling faster bond-breaking.

By constructing similar plots to Fig. 3-3(a) for the different adatom sites, site-specific

rates of transition from the chemisorbed to physisorbed states, α, can be calculated

and plotted as a function of temperature, T, as presented in Fig. 3-3(b). The data

presented in Fig. 3-3(b) can then be fitted to the Arrhenius equation,

α “ Aαexp

ˆ

´Eα
kBT

˙

, (3.2)

(where kB is the Boltzmann constant) to determine the pre-exponential factor, Aα, and

subsequently calculate the energy barrier, Eα, associated with the transition between

the chemisorbed and physisorbed states (see Fig. 3-1) at a given adatom site. Similar

procedures to that described above but instead counting the number of adatom sites

that acquire a new molecule from the physisorbed state and the overall reduction in

the number of molecules between consecutive STM images allows one to calculate

∆E indicated in Fig. 3-1. Site-specific binding energies, |δE| “ Eα `∆E, have been

calculated and are presented in Table 3.1. Note that a low surface coverage of „2

molecules per unit cell was used in the time-lapse STM experiments [48], meaning

that the results presented are not expected to be influenced by any crowding effects of

molecules on the surface.

It can be seen from the values listed in Table 3.1 that binding energies associated with

different aromatic molecules at the same adatom sites differ by a few hundredths of an

eV. Unlike obtaining binding energies from the TDS, observing consecutive STM images

has enabled site-specific binding energies to be calculated. Due to higher uncertainties

Site Chlorobenzene (eV) Benzene (eV) Toluene (eV)

FC 1.42 1.39 1.42
FM 1.38 1.37 1.38
UC 1.20 1.17 1.19
UM 1.43 1.42 1.45

Table 3.1: Site-specific binding energies of aromatic molecules chemisorbed on the
Si(111)-7x7 surface, calculated from fits to Arrhenius plots (see text for details). The
uncertainties are „0.13 eV and „0.05 eV for the values associated with corner (FC,
UC) and middle (FM, UM) sites, respectively. After Ref. [48].
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in the experimentally acquired data for the FC and UC sites („0.13 eV) compared to

the uncertainty for the FM and UM sites („0.05 eV) [48], the order of binding strength

between all the adatom sites cannot be reliably established. However, considering only

the binding energies associated with the middle adatom sites (which have the lowest

uncertainties), aromatic molecules exhibit on average 0.05 eV higher binding energies

on the unfaulted half than on the faulted half of the Si(111)-7x7 surface.

The two experimental methods discussed so far to determine binding energies have used

elevated surface temperatures to break molecule-surface bonds and subsequently induce

desorption from the Si(111)-7x7 surface. An alternative method to induce desorption

is by locally injecting charge of pre-selected energy (chosen by setting the injection bias

voltage) from the STM tip into the molecule or adatom to which it binds. Since the

specific molecule/adatom-site can be chosen during scanning of the Si(111)-7x7 surface,

the binding energies that will be subsequently identified are again site-specific.

Figs. 3-4(a) and (c) show the before and after STM images of electron injection at

the location marked ‘
Ś

’ with an injection bias of 2.7 V. This is a FM adatom site,

chosen as the site of charge injection because molecules are displaced more readily

from this site as concluded from the time-lapse STM investigation [48]. A sudden

retraction of the STM tip from the surface during the charge injection, as indicated by

Fig. 3-4(d), marks the time at which desorption takes place, with the time taken from

the start of the charge-injection to the point of desorption referred to as the survival

time. The exponential distribution of over 100 survival times from repeated charge-

injection experiments enables the probability of desorption (per injected electron), α,

to be calculated. The results are presented in Fig. 3-4(e) with α plotted as a function

of the injection bias. It can be seen that there is a significant jump in the probability

of desorption for injection biases above 1.4 V. Therefore, the binding energy of the

toluene/Si(111)-7x7 system at FM sites is found to be 1.4 ˘ 0.1 eV, which is in excellent

agreement with the corresponding value of 1.38 ˘ 0.05 eV identified by TDS listed in

Table 3.1.

In summary, three experimental methods have been discussed which can be used to

determine binding energies of aromatic molecules chemisorbed on the Si(111)-7x7 sur-

face: thermal desorption spectroscopy, time-lapse experiments using a series of succes-

sive STM images, and local charge-injection experiments. The first method does not

discriminate between adatom sites but instead calculates an average binding energy

weighted by site occupation, which was found to be „1 eV. The latter two methods

have enabled site-specific binding energies to be calculated, found to be „1.4 eV, and

65



Figure 3-4: Local atomic manipulation at room temperature of toluene molecules
chemisorbed on the Si(111)-7x7 surface. (a) STM image with bright features asso-
ciated with dangling bonds of adatoms, and which appear darker when the adatom is
bonded to a molecule. The molecule itself is not visualised because it contains no states
near the Fermi energy. (b) Schematic of the molecule (visualised as a benzene ring only)
bonded to the faint adatom in (a) under the ‘

Ś

’, and an adjacent restatom. Charge
injection (+2.7 V, 200 pA) at the location marked by the ‘

Ś

’ in (a) induces molecular
manipulation (desorption or diffusion), with the the bright adatom feature reappearing
in (c). (d) Time trace showing the height change of the STM tip for the duration of
the charge-injection. The abrupt retraction of the tip at „3 seconds (the survival time)
from the start of charge-injection marks the moment in time the molecule is removed
from the tip-surface tunnel junction, subsequently causing the retraction due to the
increased tunnelling current. (e) Probability per injected electron of inducing desorp-
tion, α, as a function of injection bias calculated from the exponential distribution of
survival times from over 100 time traces. After Ref. [50].

is considered to be more accurate than those obtained from the TDS experiments

[48]. Note that experiments cannot discriminate binding energies between different

side-group positions for molecules such as chlorobenzene and toluene because the ex-

act molecular geometry cannot be identified in STM images. Here there is a role for

computational studies, which do not suffer this limitation.

3.2 The binding of single molecules

In computational studies, models of molecules adsorbed on a surface can be initially

orientated in whatever geometry is desired. Subsequent geometry optimisation relaxes

the atomic positions such that the force component of each atom in the system is

below a threshold, chosen to be 0.05 eV/Å in this work, and then the binding energy

calculated using Eq. 3.1 for the relaxed system provides a measure of energetic stability

66



for the geometry in question. In this manner, the energetic preference between systems

with different geometries, e.g. the side-group position around the phenyl ring of an

aromatic molecule, can be compared.

The numbering scheme used in this work to label the different side-group positions

is illustrated in Fig. 3-5. Carbon atoms in an aromatic molecule’s phenyl ring are

numbered clockwise, starting from the carbon atom bonded to the restatom of the

Si(111)-7x7 surface which is represented as a blue disk. Using this scheme, the toluene

molecule illustrated in Fig. 3-5 where the methyl group is bonded to carbon atom 3 is

referred to being in the “P3” (position 3) configuration.

When investigating the binding energies of molecules adsorbed on a surface using a

cluster to represent the surface, an important choice to be made is the size of the cluster.

The cluster must contain at least one adjacent adatom and restatom such that aromatic

molecules are able to bind to the surface in the 1,4 di-σ configuration. However, the

cluster should not be unnecessarily large that it increases the computational expense

of simulations without providing additional value. Within these approximate limits, it

is not obvious what the appropriate cluster size should be to perform reliable binding

energy calculations that reflect the real molecule/surface system.

Figure 3-5: Numbering scheme for molecular configurations used in this work. Carbon
atoms in the phenyl ring of an aromatic molecule are labelled clockwise from 1 to 6,
starting from the carbon atom bonded to the Si(111)-7x7 restatom, represented by the
blue disk. The red disk represents the adatom bonded to the molecule. The molecule’s
configuration is named after the position of its side group around the phenyl ring.
Given that the methyl group in this illustrated toluene molecule is bonded to carbon
3, the molecule is referred to as being in the “P3” configuration.
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A previous computational study of the binding energy of chlorobenzene molecules by

Utecht et al. [51] used clusters of various sizes that follow the above limitations, as

illustrated in Fig. 3-6. All three clusters were two bilayers thick, with broken Si–Si

bonds saturated with hydrogen atoms whose locations are constrained, i.e. fixed during

geometry optimisation. A chlorobenzene molecule is positioned on each cluster in order

to calculate binding energies using Eq. 3.1. Fig. 3-7 presents the binding energies

found for the chlorobenzene/cluster systems for all positions of the chloro side-group

following the same numbering scheme as in Fig. 3-5. To compare the effect of different

functionals, the binding energies have been calculated using both the B3LYP [61] and

PBE [32] functionals.

The values in Fig. 3-7 show that the P3 and P5 configurations are the most energetically

favourable, with (B3LYP-D3) binding energies of „1.9 eV for the larger cluster C and

„1.7 eV for the smaller clusters A and B. From Fig. 3-5, it can be seen that the P3

Figure 3-6: (a) Top two bilayers of the Si(111)-7x7 unit cell with adatoms (Sia) and
restatoms (Sir) coloured red and blue, respectively. Outlines indicate the cuts made in
the faulted half of the unit cell to obtain (b) clusters A (Si17H26), B (Si21H34), and C
(Si67H54), with hydrogen atoms saturating broken Si–Si bonds. After Ref. [51].
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Figure 3-7: Calculated binding energies, using both the B3LYP and PBE functionals
combined with D3 dispersion correction, of chlorobenzene chemisorbed onto clusters
A (Si17H26), B (Si21H34), and C (Si67H54), which are illustrated in Fig. 3-6(b). The
horizontal scale refers to the position of the chlorine atom around the phenyl ring of
chlorobenzene, using the numbering scheme described in Fig. 3-5. After Ref. [51].

and P5 (as well as the P2 and P6) configurations are equivalent side-group positions

relative to the adatom-restatom pair. Therefore, the similar binding energies in Fig. 3-7

for the equivalent configurations with similar local atomic environments are expected.

Furthermore, changing the functional from B3LYP to PBE was found to have very

little affect on the binding energies, with differences up to „0.15 eV.

In addition to implementing the Grimme D3 dispersion correction (discussed below),

Utecht et al. subsequently applied counterpoise corrections (CPC) [62] to counteract

any errors due to the use of an incomplete (i.e. finite) basis set. The effect of CPC

was found to reduce the values presented in Fig. 3-7 by „0.3 eV. Consequently, the

final binding energies reported by Utecht et al. in Ref. [51] are 1.6 eV and 1.4 eV

for the large (C) and small clusters (A, B), respectively. Given that experimental

results (discussed in the previous section) established binding energies for aromatic

molecules on the Si(111)-7x7 surface as „1.4 eV, the small clusters A (Si17H26) and

B (Si21H34) are both considered by Utecht et al. to be appropriate cluster sizes to

model the Si(111)-7x7 surface in the context of molecular adsorption. Note that a

previous study has shown that CPC does not always improve interaction energies [63]

and therefore should not be used without a thorough understanding of its effect on the

system of interest. CPC correction is not required and therefore not implemented for

the calculations in this work because basis set convergence is achieved by the choice of

cutoff energy (350 eV).

Standard DFT functionals such as B3LYP and PBE do not incorporate long-range elec-

tron correlation effects responsible for Van der Waals (dispersive) interactions between

atoms. Utecht et al. implemented the Grimme D3 dispersion correction [64] when
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calculating the binding energies presented in Fig. 3-7. This is an empirical correction

of the form CijR
´6
ij where Cij denotes the dispersion coefficient for the atom pair ij in

the system and Rij is their interatomic distance. Summation over all atom pairs in the

system computes a total dispersion energy which is added to the standard DFT energy

to include the effect of Van der Waals interactions.

A major disadvantage of the Grimme D3 dispersion correction arises from its empirical

nature. Since the Cij coefficients are derived from fits to reference molecules and

compounds, significant differences in terms of the electron density for the system of

interest compared to the reference systems can lead to significant errors [65]. This

disadvantage is expected to be particularly applicable to computations involving the

Si(111)-7x7 surface where the electronic structure of the surface reconstruction is unique

compared to the more simple reference molecules and compounds.

The dispersion correction used for calculating binding energies in this work is the

Tkatchenko-Scheffler (TS) method [66]. As with the D3 correction, the TS correction

is an atom pairwise additive correction, but the TS method computes the dispersion

coefficients non-empirically from the actual electron density of the system under study.

The toluene/Si21H34 system in the P3 configuration constructed in this work (see Chap-

ter 2 for details) was found to exhibit a binding energy of 1.70 eV using PBE-TS, which

is almost identical to the binding energy calculated by Utecht et al. (1.675 eV) for the

chorobenzene/Si21H34 system using B3LYP-D3 (without CPC).

Binding energies have also been calculated for toluene chemisorbed on the hydrogen-

terminated Si(111)-5x5 slab (Fig. 2-12) for all side-group positions. The results are

presenting in Fig. 3-8. It is clear that the P3 and P5 molecular orientations are the

most energetically favourable, in agreement with the data presented in Fig. 3-7. Given

that the P3 and P5 (as well as the P2 and P6) geometries are symmetrical for the

Si(111)-5x5 slab (at least for the initial unrelaxed geometries), the differences in their

corresponding binding energies provides a measure of the uncertainty, which is found

to be ˘0.01 eV. This is attributed to the final relaxed geometries not being exactly

symmetrical in practice. It can also be seen from Fig. 3-8 that the binding energies of

hydrogen-terminated slabs (given by solid bars) are within the 0.01 eV uncertainty from

the binding energies of the centrosymmetric slabs (hatched bars), further confirming

the use of the former as a reliable approximation to the Si(111)-7x7 surface.

For all side-group positions, the associated binding energies are seen in Fig. 3-8 to be

higher on the unfaulted half (blue bars) of the Si(111)-5x5 unit cell than the faulted
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Figure 3-8: Calculated binding energies for toluene chemisorbed in all side-group po-
sitions (see Fig. 3-5) on the hydrogen-terminated (solid bars) and centrosymmetric
(hatched bars) Si(111)-5x5 slab, for both the unfaulted (blue) and faulted (red) halves
of the 5x5 unit cell. The values are calculated using the PBE functional. See Table 3.2
for values calculated including the TS dispersion correction.

Slab system
Molecule
geometry

Uncorrected
binding energy (eV)

TS-corrected
binding energy (eV)

Si(111)-5x5 (H) UC, P3 1.08 1.37
Si(111)-5x5 (C) UC, P3 1.07 –

Si(111)-7x7 (H) UC, P3 1.02 1.36
Si(111)-7x7 (H) UM, P3 1.03 1.39
Si(111)-7x7 (H) UM, P5 1.02 1.37

Table 3.2: Calculated binding energies for a toluene molecule chemisorbed on the
hydrogen-terminated (H) and centrosymmetric (C) slab systems. The molecule is
bonded to unfaulted corner (UC) or unfaulted middle (UM) adatom sites on the slab,
in the P3 side-group position.
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half (red bars) by 0.03 eV on average. This is in good agreement with experimental

results reporting an average binding energy of 0.05 eV higher on the unfaulted half

of the Si(111)-7x7 surface [48]. A previous low-temperature experimental study also

found that displacement rates of adatoms (not molecules) were „100 times lower on

the unfaulted half than the faulted half [45], indicating that the (qualitative) difference

between the two halves is independent of molecular adsorption. It could be that the

faulted half having a higher DOS [6] leads to weaker bonding due to greater electron

repulsion.

Table 3.2 lists the binding energies for the P3 geometry of the toluene/Si(111)-5x5

system, the energetically preferred configuration as seen from Fig. 3-8, in addition

to corresponding binding energies for the toluene/Si(111)-7x7 system. In most cases,

results are presented with and without dispersion corrections. It can be seen that the

larger 7x7 system exhibits a 0.05 eV smaller binding energy at the UC site. However,

when the TS dispersion correction is applied, the binding energies of both are found

to be „1.37 eV. With more atoms in the Si(111)-7x7 system and therefore an overall

greater amount of Van der Waals interactions, it is not surprising that the binding

energy is corrected by a larger amount than the Si(111)-5x5 system.

Note that in the larger Si(111)-7x7 system, the P3 and P5 orientations are no longer

symmetrically equivalent when a molecule is chemisorbed to a middle adatom site.

Calculated binding energies for the P3 and P5 geometry at the UM site are found

to be 1.39 eV and 1.37 eV, respectively, showing that the asymmetry does not lead

to a significant change in the binding energy. There is also little difference between

binding energies associated with the UC (1.36 eV) and UM site (1.39 eV), which is in

encouraging agreement with experiment [67].

In summary, binding energies have been calculated in this work using the PBE func-

tional combined with the TS dispersion correction. Simulations performed using the

toluene/ Si(111)-5x5 slab system show that the P3 molecular configuration is energeti-

cally preferred compared to other configurations (except the P5 which is symmetrically

equivalent to the P3 for molecules adsorbed to corner adatom sites). The calculated

binding energy for the toluene/Si21H34 cluster system (in the P3 configuration) is found

to be 1.70 eV, in excellent agreement with simulations of the chlorobenzene/Si21H34

system previously reported by Utecht et al. [51]. The calculated binding energies for

toluene chemisorbed on both the hydrogen-terminated Si(111)-5x5 and Si(111)-7x7 sys-

tems were found to be 1.4 eV, in excellent agreement with values obtained from recent

STM time-lapse [48] and charge-injection [50] experiments.
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3.3 Intermolecular interactions

Results calculated in this work and presented in the previous section in Fig. 3-8 have

shown that adatom binding sites on the unfaulted half of the Si(111)-7x7 surface are

energetically preferred by aromatic molecules, with a 0.03 eV higher binding energy,

averaged over all side-group positions, compared to that associated with the faulted

half. This preference is supported by previous experimental and computational studies

[45–49] and is thought to be due to electronic structure differences between the two

halves of the unit cell.

Simulations of the adsorption of aromatic molecules on the Si(111)-7x7 surface has so

far only modelled a single molecule on the surface, whereas multiple molecules per unit

cell is possible in the real system. For simulations employing the Si21H34 cluster to

model the surface, investigating a single adsorbed molecule is all that is possible, given

that the cluster contains a single adsorption site. However, the Si(111)-7x7 slab used

in this work can accommodate the maximum number of adsorbed molecules that may

be present on the real surface, which is 3 molecules per half-unit-cell, assuming that

all molecules are in the 1,4 di-σ configuration.

A previous experimental study has counted the distribution of chemisorbed chloroben-

zene molecules over the faulted and unfaulted halves of the Si(111)-7x7 surface, as pre-

sented in Fig. 3-9. Fig. 3-9(a) shows that below 2 molecules per half-unit-cell (regarded

as low coverage), molecules preferentially bind to adatoms on the unfaulted half of the

unit cell, in agreement with binding energy calculations of single adsorbed molecules.

However, for higher coverage within the half-unit-cell, adatoms on the faulted half were

found to become the preferred binding sites. The same trend was found on a different

Si(111)-7x7 sample with a higher exposure to chlorobenzene molecules (Fig. 3-9(b)),

where a greater proportion of half-unit-cells were found to contain 3 molecules. Note

that Figs. 3-9(a) and (b) show that a small percentage of half-unit-cells contain more

than 3 molecules, indicating that molecules can also bind in other, less energetically

favoured, configurations to accommodate more molecules on the surface.

In view of the above experimental results, Li et al. [49] commented that this switching

of energetic preference of molecular binding from the unfaulted to the faulted half of the

Si(111)-7x7 unit cell may be due to a cooperative enhancement between the adsorbed

molecules. They commented further that due to the limited computational power (at

the time), it was too computationally expensive to simulate the adsorption of more

than one molecule on the Si(111)-7x7 surface.
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Figure 3-9: Distribution of the number of chlorobenzene molecules chemisorbed on
the Si(111)-7x7 surface in the faulted and unfaulted halves of the unit cell, for silicon
samples with a total surface coverage of (a) 31% (i.e. 31% of silicon adatoms are bonded
to a chlorobenzene molecule) and (b) 47%. From Ref. [67].

A subsequent computational study [11] compared the binding energies calculated at

the semi-empirical level between 3 benzene molecules chemisorbed on the faulted and

unfaulted halves of the Si(111)-7x7 surface, as illustrated in Figs. 3-10(a) and (b),

respectively. The surface was modelled using non-periodic half-unit-cell slabs which

were capped with hydrogen atoms at the sides and base. Geometry optimisations of

the two systems were limited due to the high computational expense (at the time),

with only atoms belonging to the molecules, the adatoms and restatoms bonded to the

molecules, and three silicon atoms bonded to these adatoms and restatoms, permitted

to move during the relaxation.

For the systems illustrated in Figs. 3-10(a)–(b), the calculated binding energies per

molecule at the semi-empirical level were found to be 1.04 eV and 0.77 eV for benzene

molecules chemisorbed to middle adatom sites on the faulted and unfaulted halves of the

Si(111)-7x7 surface, respectively. For this system of 3 adsorbed molecules representing

high surface coverage, it appears that the faulted half is now the energetically preferred

half, in agreement with the STM data presented in Figs. 3-9(a)–(b). However, in

the same computational study with limited geometry optimisation of the half-unit-

cell slab systems, binding energies calculated (at the same semi-empirical level) for

single benzene molecules chemisorbed to the faulted and unfaulted halves were found

to be 1.06 eV and 0.85 eV, respectively. Therefore, there is no switching of energetic

preference between binding to the unfaulted and faulted halves of the Si(111)-7x7

surface when the number of molecules per unit cell is increased, and so the study does

not actually support the data presented in Figs. 3-9(a)–(b).
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Figure 3-10: Top-view of three benzene molecules chemisorbed on middle adatom sites
on the (a) faulted and (b) unfaulted halves of the Si(111)-7x7 surface, which is modelled
by a non-periodic half-unit-cell slabs of thickness 2 bilayers, and capped with hydrogen
atoms at the slab sides and bottom. After Ref. [11].

In order to reduce computational expense at the time, the computational study dis-

cussed above used non-periodic slabs of thickness 2 bilayers, with limited geometry

optimisation, and binding energies calculated at the semi-empirical level. With the

improved computational processing power of the Isambard HPC used in this work, pe-

riodic hydrogen-terminated Si(111)-7x7 slabs of thickness 3 bilayers are modelled with

geometry optimisation permitting the movement of all atoms in the system except the

bottom bilayer of silicon atoms which fixes the base of the slab at bulk silicon positions.

Fig. 3-11 illustrates the top 2 bilayers (with the bottom bilayer and capping hydro-

gen atoms omitted for clarity) of the hydrogen-terminated Si(111)-7x7 slab with 3

chemisorbed toluene molecules bound to faulted middle (FM) adatoms in the P3 con-

figuration. Note that all 3 molecules were positioned at middle adatom sites, as against

corner adatom sites, to maximise intermolecular interaction in an attempt to get the

molecule/slab system to exhibit the cooperative enhancement suggested by Li et al.

A corresponding slab was also constructed with the 3 toluene molecules bound to un-

faulted middle (UM) adatoms, with all molecules again in the P3 configuration (not

shown). The calculated binding energies per molecule (using the PBE functional, with-

out TS dispersion correction as only the relative binding energy is of interest) are 0.81

eV and 0.83 eV for the slab systems with molecules at the FM and UM sites, respec-

tively. The binding energy per molecule being noticeably less than that calculated for

single adsorbed molecules in the UM-P3 geometry (1.03 eV, see Table. 3.2) indicates

that there is significant intermolecular interaction due to the close proximity of the 3

molecules. This is in line with the experimental observation that crowding of adsorbed

molecules on the Si(111)-7x7 surface causes the molecule-surface bonds to weaken [68].
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Figure 3-11: Three toluene molecules positioned on the periodic Si(111)-7x7 slab in
faulted middle adatom sites in the P3 configuration (see Fig. 3-5 for the molecular
configuration naming scheme). The faulted (left triangle) and unfaulted (right triangle)
halves of the 7x7 unit cell are outlined in red. Only the top 2 bilayers of silicon atoms in
the slab are shown for clarity; the full slab has a thickness of 3 bilayers with hydrogen
atoms saturating broken Si–Si bonds at the base of the slab.

Given that the molecules bound to the unfaulted half are found to have a higher

binding energy compared to those on the faulted half, which is the same energetic

preference compared to the scenario of single adsorbed molecules (presented in the

previous section), the change in preference to the faulted half that was reported in Ref.

[67] is not supported by results of this work, calculated at a DFT level.

3.4 Summary

The binding energy of toluene chemisorbed on both the Si(111)-5x5 and Si(111)-7x7

systems is found to be 1.4 eV (PBE+TS, plane wave implementation of DFT), in

excellent agreement with previous experimental studies, and computational studies that

used a different implementation of DFT (B3LYP+D3, local orbital implementation).

There is preferential binding in the P3 (and equivalently the P5) geometry, and to

adsorption sites on the unfaulted half of the unit cell, a preference which does not

change when there are multiple adsorbed molecules in close proximity and interacting

with one another.
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Chapter 4

Phonon-assisted desorption

A phonon is a collective vibrational excitation of atoms in a crystal structure. The

atoms can be modelled as masses connected by springs with a certain spring constant. A

phonon in this model results from one or more atoms being perturbed, thereby causing

adjacent atoms to also be displaced with oscillating regions of spring compressions

and rarefactions like in sound waves. The perturbed atoms would collectively oscillate

with a certain frequency and associated energy, depending on their masses and the

strength of their chemical bonds. Phonons with different frequencies, wave vectors and

polarisations (longitudinal, transverse) are referred to as different phonon modes.

The phonon modes associated with a system reflect the behaviours and properties of

the system. This chapter will explore phonon modes of aromatic molecules (benzene,

toluene, and chlorobenzene) chemisorbed on the Si21H34 cluster as a model for the

Si(111)-7x7 surface. These systems will also have varying charges (neutral, –1e, +1e)

as a means of investigating the initially neutral system and the near-surface region

following electron or hole capture from STM charge injection experiments.

Section 4.1 describes STM experiments that led to speculation of phonons assisting

molecular desorption following charge injection. After a brief description of the com-

putational methods that are used, in section 4.2, section 4.3 presents identified phonon

modes that could explain behaviour in the aforementioned STM experiments.
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4.1 Literature review of phonon-assisted desorption

4.1.1 Low-temperature activation energy of desorption

The involvement of phonons at the Si(111)-7x7 surface during desorption of molecules

was initially suggested by Pan et al. [69]. This could account for results from STM

charge injection experiments where electron-induced non-local desorption of chloroben-

zene was carried out as a function of surface temperature between 77 K and 313 K.

By inspecting STM images before and after charge injection at a given temperature,

the ratio of molecules desorbed to the total number of molecules within a radial area,

extending outwards from the injection site up to 175 Å, was counted and then con-

verted to a rate, as given in Fig. 4-1. It was found that both range and efficiency of

chlorobenzene desorption increased with temperature.

Fitting the rate of desorption to the Arrhenius equation yielded two activation en-

ergies: a high-temperature (above 260 K) activation energy of 450˘170 meV, and a

low-temperature (below 260 K) activation energy of 21˘4 meV. Given that the binding

energy for physisorbed chlorobenzene has been established as „0.5 eV both experimen-

tally [70, 71] and computationally [44], Pan et al. proposed a thermally-assisted two-

Figure 4-1: Rate of electron-induced non-local desorption of chlorobenzene from the
Si(111)-7x7 surface. Each data point is an average of „10 STM injection experiments
at a given temperature. Fits to the Arrhenius equation indicate two different activation
energies for the higher and lower temperature regimes. From Ref. [69].
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step desorption mechanism. Firstly, electrons injected from the STM tip are captured

by and excite chemisorbed molecules to become physisorbed. Secondly, surrounding

thermal energy excites the physisorbed molecules to completely desorb them from the

surface. The high-temperature activation energy identified from the Arrhenius plot

shown above in Fig. 4-1 would be explained by the thermal excitation step.

Subsequent work on atomic manipulation [48, 50] has demonstrated that electrons can

induce molecular desorption when the STM injection bias voltage is above a threshold

value of 1.4 eV. This exceeds the „0.5 eV binding energy of physisorbed molecules and

is associated with the binding energy of chemisorbed molecules. Since data in Fig. 4-1

does not indicate the presence of a third fit corresponding to an activation energy of

„1400 meV, it is reasonable to conclude that electron-induced desorption directly from

the chemisorbed state does not have a significant temperature dependence. Therefore,

it enters the rate of desorption measurement shown in Fig. 4-1 as a constant offset.

Regarding the low-temperature activation energy of 21˘4 meV, it lies close to the

typical energy range of surface phonons at adatom sites of the clean Si(111)-7x7 surface,

which is 24–41 meV [72]. Since aromatic molecules like chlorobenzene are covalently

bonded to the surface via adatom-restatom pairs, Pan et al. tentatively proposed that

non-local desorption is assisted by surface phonon excitation, in addition to thermal

excitation in the two-step desorption mechanism.

This assignment to surface phonon excitation is plausible. As the temperature is raised

from 77 K to 260 K, an increasing number of phonons with energy „21 meV will be

thermally activated which could help weaken the covalent bonds binding the molecule

to the surface. At 260 K (” 22.4 meV) and above, temperature would no longer be

a limiting factor for this particular phonon mode (see the crossing of fits in Fig. 4-1).

Note that phonon excitation would need to occur while the molecule is still chemisorbed

to the surface, because in the physisorbed state the molecule is no longer in contact

with the surface. This means that if phonon excitation does assist desorption, it more

precisely assists the transition from the chemisorbed state to the physisorbed state, and

not the physisorbed state to the desorbed state in the proposed two-step mechanism.

There is an important caveat regarding the above investigation. At the beginning of

this subsection, it was mentioned that data for the desorption ratio was counted from

a radial area extending outwards from the site of charge injection. This radial area is

given by an annulus between 50 and 175 Å. Below 50 Å, desorption is supressed due to

initial ballistic transport of charge carriers [25, 26] so was not included in the desorption
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ratio. After the initial period of ballistic transport, charge carriers travel outwards

from the site of injection by diffusion within a surface state of Si(111)-7x7 [50], and it

is during this diffusive transport that they may be captured by a molecule adsorbed

on the surface and induce desorption. Importantly, injection experiments reported

in Ref. [69] that used different temperatures used the same area covered by the 50

to 175 Å annulus. This is problematic because the range of diffusion increases with

increasing temperature [50]. Consequently, fewer electrons will reach molecules farther

away from the injection site at lower temperatures, and the reduction in desorption

ratio, as a result of the molecular dynamics once an electron reaches a molecule, will

be overestimated. This means that the molecular dynamics of desorption is convoluted

by the effects of charge transport.

To expand on the key point made above: due to diffusive transport, on average, more

electrons will reach a molecule farther away from the injection site as the temperature

increases. However, with increasing temperature, there is also an increase in scattering

due to electron-phonon interactions, which reduces the range of diffusion. The overall

effect of these two competing mechanisms was found to favour electron diffusion away

from the injection site, as presented in Fig. 4-2. As a result of the temperature-

dependence of the range of diffusion, the desorption ratio is not only a function of

temperature but also a function of radial distance from the injection site. Conclusions

drawn from the data presented in Fig. 4-1 therefore couple the charge transport to the

Figure 4-2: Temperature-dependence of the range of diffusion of electrons injected into
the surface of Si(111)-7x7. The range of diffusion is characterised by λ “

?
Dτ , where

D is the isotropic diffusion coefficient and τ is the lifetime of the charge carrier within
a surface state of Si(111)-7x7. From Ref. [50].
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molecular dynamics of desorption. The conclusions in Ref. [69] give the impression

that it refers only to the molecular dynamics, which is not the case.

The authors of Ref. [69] were aware of the above caveat. They mention delegating the

investigation of the temperature-dependence of the range of diffusion to a future paper

(it appears that Ref. [50] is the future paper being referred to). Since conclusions were

nevertheless made about the molecular dynamics of the system, it would seem that

the authors either suspected, or were already aware, that the effect of charge transport

would not significantly alter the conclusions. That is, despite fewer electrons reaching

molecules farther away from the injection site, the activation energy of the higher

temperature regime is consistent with the binding energy of physisorbed molecules, and

the activation energy of the lower temperature regime is assigned to phonon excitation.

Indeed, this is confirmed below.

4.1.2 Refined analysis of activation energies

The study of electron-induced non-local desorption of chlorobenzene from the Si(111)-

7x7 surface was extended by considering also hole-induced non-local desorption from

the same surface [73]. Furthermore, the author of Ref. [73] aimed to extract properties

of the molecular dynamics only, decoupled from the effects of the charge transport.

This is especially important when comparing differences between using electrons or

holes to induce desorption – any differentiation in the charge transport of electrons and

holes should not be interpreted as variations in their impact on molecular dynamics

once they have reached a molecule. If the transport properties of electrons and holes

are the same, the integrated desorption count used in Ref. [69] would be sufficient

because the effect from transport could be taken as a constant offset. However, there

is no apriori reason to assume that the transport properties of electrons and holes are

the same.

In a 2D diffusive transport model, it was shown [26, 50, 73] that the fraction of desorbed

molecules, Npr, tinjq{Nr,0, at radius r from the injection site, can be expressed as
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Npr, tinjq

Nr,0
“ 1´ exp

´

´AK0

´ r

λ

¯

n
¯

, (4.1a)

A “
σk

2πD
, (4.1b)

λ “
?
Dτ, (4.1c)

n “
sItinj
q

, (4.1d)

where K0pr{λq is the modified Bessel function of the second kind, and λ characterises

the range of diffusion, with D being the isotropic diffusion coefficient and τ as the

lifetime of an injected charge carrier in a surface state of Si(111)-7x7. The quantity A

is a dimensionless value such that AK0pr{λq is the probability per charge carrier that a

molecule is desorbed at radius r from the injection site. It is proportional to σ, which

is the cross-section for a carrier to interact with a molecule, and k, the probability per

unit time of a carrier inducing desorption once it has reached a molecule. Finally, the

number of charge carriers that undergo diffusion in a surface state of Si(111)-7x7 is

given by n, where I is the STM tunnelling current, tinj is the injection duration, q is

the charge of the carrier, and s is the fraction of carriers injected by the STM tip that

enter a surface state, rather than directly into the bulk. s is assumed to be unity [26,

50, 73].

Similar to Fig. 4-1 for the rate of electron-induced non-local desorption with tempera-

ture, Fig. 4-3 presents an Arrhenius plot for both electron- and hole-induced non-local

desorption, but with the quantity A, from Eq. 4.1, on the y-axis. Isolating the quan-

tity A separates the molecular dynamics of desorption from the transport properties

of electrons and holes. Note that the data included in Fig. 4-3 for holes (black curve)

is from Ref. [73] whereas the data for electrons (red curve) was reanalysed from Ref.

[69] by the author of Ref. [73].

The refined activation energies found through this analysis support the previous picture

of the desorption process. For the electron-induced non-local desorption, the low-

temperature activation energy of (13˘3) meV remains in the energy range of surface

phonon excitations, whilst the high-temperature activation energy of (470˘50) meV is

still consistent with the binding energy of physisorbed aromatic molecules. However,

these values should be considerably more reliable than the earlier estimates [69] as they

do not convolute the molecule dynamics with the charge transport.
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Figure 4-3: Arrhenius plot of electron- and hole-induced non-local desorption of
chlorobenzene from Si(111)-7x7. A is a dimensionless quantity such that the prob-
ability per charge carrier that a molecule is desorbed a distance r from the injection
site is fitted to AK0pr{λq, where K0pr{λq is the modified Bessel function of the second
kind and λ characterises the range of charge carrer desorption (see text for details).
Low-temperature (1/T Á 0.004 K´1, T Á 250 K) activation energies for electrons (red)
and holes (black) are (13˘3) meV and (60˘10) meV, respectively. High-temperature
(1/T À 0.004 K´1) activation energies for electrons and holes are (470˘50) meV and
(400˘30) meV, respectively. After Ref. [73].

The corresponding activation energies for hole-induced desorption are (60˘10) meV

and (400˘30) meV for the low- and high-temperature regimes, respectively. The high-

temperature value is again consistent with the binding energy of physisorbed molecules.

The low-temperature activation energy is noticeably higher than the electron counter-

part of (13˘3) meV, which points to asymmetric behaviour between holes and electrons.

Since (60˘10) meV is 2 or 3 times higher than the energy range of surface phonons for

Si(111)-7x7 (21–41 meV [72]), it is possible that multiple surface phonon modes may

be involved. Alternatively, the low-temperature activation energy may be associated

with molecular vibrations that have 2 or 3 times higher energy than surface vibra-

tions, or a mixture of both, if the energy ranges are in better agreement than surface

phonons alone. The energy ranges of such molecular vibrations and surface phonons

of Si(111)-7x7 can be found in computational studies.

83



4.1.3 Computational studies of phonon modes

A full understanding of the mechanism and details of the non-local desorption exper-

iment, such as whether surface phonons and/or molecular vibrations are present at a

particular energy and assist desorption, can be difficult — or impossible — to deter-

mine by experiment alone. The initial interpretations were based only on approximate

energy ranges of known behaviour, which whilst enabing the possible identification of

the mechanisms at play, is insufficient to give full confidence in the conclusions. To

supplement STM experiments, simulations can potentially illuminate key behaviour

that provides support for the conclusions drawn, or even undermine them, either of

which would make further progress towards understanding the physics involved.

To identify phonon modes that could assist or play a role in molecular desorption from

the Si(111)-7x7 surface, and to explain the origins of the low-temperature activation

energies of (13˘3) meV and (60˘10) meV identified experimentally for electron- and

hole-induced desorption, respectively, Utecht et al. performed a study using DFT with

cluster models for the surface [43, 44, 51]. Summarised in Table 4.1 are phonon modes

that were identified that involve a large elongation of the the Si(adatom)–C bond.

Previously in Chapter 2, the positively-charged molecule/Si21H34 cluster system was

found in this work to have a longer Si(adatom)–C bond (2.19 Å) compared to the

neutral (2.04 Å) and negatively-charged (2.10 Å) systems. Utecht et al. also found

a longer Si(adatom)–C bond in their geometry analysis, but with a bond length of

2.96 Å, indicating a broken bond. As discussed in Chapter 2, two local minima in the

potential energy surface were found which accounts for this difference in Si(adatom)–C

bond lengths. In accordance with the results decribed in Chapter 2, Utecht et al. found

that the positively-charged system exhibited the greatest Si(adatom)–C elongation.

DFT functional Cluster A: Si17H26 Cluster B: Si21H34 Cluster C: Si67H54

B3LYP-D3 498.3 500.0 594.0*
PBE-D3 480.2, 482.9 447.5 –

Table 4.1: DFT predictions of phonon modes (units: cm´1, where
1 cm´1 ” 0.124 meV) for chlorobenzene chemisorbed on cluster models of Si(111)-7x7
of various sizes. The modes tabulated are those reported to be Si(adatom)–C
stretch modes. [* Not indicated in Ref. [43] whether this mode corresponds to the
Si(adatom)–C or Si(restatom)–C stretch.] Results given are obtained with two differ-
ent functionals used in the DFT calculations, both including Grimme D3 dispersion
correction [64] to account for Van der Waals interaction between the molecule and
cluster. From Refs. [43, 44, 51].
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Based upon their geometry analysis, Utecht et al. have suggested that a phonon mode

that lies at „500 cm´1 (62 meV) for the various clusters they considered, as reported

in Table 4.1, should promote transition of the neutral geometry to the positively-

charged geometry. This phonon mode, illustrated in Fig. 4-4(a), appears to have been

selected because it has energy close to the low-temperature activation energy of hole-

induced desorption and exhibits a significant Si(adatom)–C elongation. This mode

is also identified as a molecular mode, meaning that the motion is associated with

the molecule itself rather than primarily the motion of the silicon atoms to which the

molecule is bonded. However, there is no mention as to whether or not there are other

modes with comparable or greater Si(adatom)–C stretch at frequencies that are not

consistent with the activation energy.

A phonon mode at 96.5 cm´1 (12 meV), illustrated in Fig. 4-4(b), is also reported

[44, 51] that should promote transition from the neutral geometry to the negatively-

charged geometry. It is similarly unclear how dominant this mode’s vibrational motion

is, compared to any other phonon modes that exist at different energies. It could be

that the vibration is weak, but noticeable enough, and is mainly reported due to it

having an energy close to the electron-induced low-temperature activation energy of

(13˘3) meV. It is also possible that a phonon mode being a relatively dominant mode

is helpful, but not necessary, for assisting desorption.

In the following, phonon modes associated with molecule/cluster systems are explored

in greater detail. The aim is to seek further evidence to clarify whether and/or which

phonon modes are responsible for the low-temperature activation energies observed in

electron- and hole-induced desorption experiments.

Figure 4-4: Illustration of phonon modes at (a) 500 cm´1 and (b) 96.5 cm´1 for the
chlorobenzene/Si21H34 system. Red, blue, and green atoms represent the adatom,
restatom, and chlorine atoms, respectively. From Ref. [44].
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4.2 Methods

Finite-displacement phonon calculations were performed using the CASTEP DFT code

[37]. Phonon frequencies and eigenvectors are obtained by constructing and diagonalis-

ing the dynamical matrix, which involves displacing each atom in the system from their

equilibrium positions by a small amount along the positive and negative directions of

each of the three coordinate axes to determine the force constants. These become part

of a matrix of force constants,

Φ “
B2E

B~uκB~uκ1
(4.2)

where E is the total energy of the system and ~uκ is the displacement of atom κ. Φ

reflects the curvature of the potential energy surface and represents all the effective

spring constants between the atoms. Atomic displacements can be assumed to have a

plane-wave solution

~uκptq “ Re
´

Q ~εκ e
ip~q¨~Rκ´wtq

¯

(4.3)

where Q is the amplitude of displacement which is fixed by the amount of energy put

into the system to displace atom κ from its equilibrium position ~Rκ, ~εκ is a unit vector

and ~q is the phonon wavevector. By substituting Eq. 4.2 and Eq. 4.3 into the equation

of motion, one can obtain1 the eigenvalue equation

ÿ

κ1

˜

1
a

MκMκ1
Φ ei~q¨p

~R
κ
1´~Rκq

¸

~xκ1 ,m “ w2
m ~xκ,m (4.4)

Solutions of Eq. 4.4 correspond to vibrational modes m in which the mode frequency

wm is given by the square-root of the eigenvalue. The operator on the left-hand side

of Eq. 4.4 is the dynamical matrix in a mass-reduced coordinate system,

~xκ “
a

Mκ ~εκ (4.5)

which simplifies the equation of motion, e.g. kinetic energies become mass-independent.

1See documentation shipped with CASTEP: “Phonon and related calculations using CASTEP”.
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This also leads to the eigenvectors ~xκ,m in the .phonon CASTEP output file being mass-

independent. However, the mass-dependency of atomic displacements can be retrieved

by dividing the mass-reduced form of Eq. 4.3 through by
?
Mκ:

~uκ,mptq “
1

?
Mκ

Re
´

Q ~xκ,m eip~q¨
~Rκ´wmtq

¯

(4.6)

which enables mass-independent eigenvectors ~xκ,m to be mapped to displacement vec-

tors ~uκ,m with units of Å.

The magnitude of the atomic displacements used to perturb the atoms in the system

from equilibrium is set by the user in the input .param file:

phonon_method : finitedisplacement

phonon_finite_disp : 0.005 ang

For the results in this chapter, a finite-displacement value of 0.005 Å was used (the

default CASTEP value) which was confirmed to give the same phonon modes, to within

˘1 cm´1, compared to using higher (0.015 Å) and lower (0.0025 Å) finite displacements.

Note that finite-displacement phonon calculations typically require better converged

forces and lower force tolerances compared to, for example, those required for geometric

relaxation. This is because for each pair of displacements along a given coordinate

axis (both positive and negative directions) for a given atom, CASTEP calculates the

force constants using the central-difference method of numerical differentiation of the

calculated forces. Since the forces associated with small finite displacments will be

small, the residual forces on each atom in their relaxed positions must be sufficiently

small before undergoing finite displacements so as to reduce errors from the numerical

differentiation.

Atomic positions in the molecule/cluster systems were initially optimised using geom-

etry relaxation. The PBE functional [32] combined with TS dispersion correction [66]

was used. This scheme has been shown to give binding energies in excellent agree-

ment with previously reported computational studies (see Chapter 3 for details). The

main criterion to determine when the system was sufficiently relaxed was specified

as geom_force_tol = 0.05 eV/ang, which represents the threshold below which the

maximum force component on every atom must lie. The sufficiency of this thresh-

old value was assessed. For the small systems investigated here, phonon mode fre-

quences changed by less than ˘1 cm´1 when the value 0.05 eV/ang was reduced to
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Figure 4-5: Illustration the chlorobenzene/Si21H34 cluster system used in this work.
The unit cell has side lengths of 20 Å; see Fig. 2-6 for the top view.

0.01 eV/ang, indicating that the former tolerance is sufficient. Each relaxed system

was subsequently used as the starting geometry for finite-displacement phonon calcu-

lations.

The silicon cluster that was used to represent the extended Si(111)-7x7 surface is one

containing 21 silicon atoms along with 34 hydrogen atoms saturating broken Si–Si

bonds. It is illustrated in Fig. 4-5 for the chlorobenzene system, and other similar

systems were also constructed for the benzene and toluene cluster systems. The hy-

drogen atoms were fixed in-place during both geometry relaxation and the subsequent

phonon calculations using CASTEP’s IONIC_CONTRAINTS block set in the input .cell

file. This cluster is similar to one of the clusters used by Utecht et al. [44] (cluster B in

Table 4.1). In addition to the phonons of the chlorobenzene/cluster systems that were

studied by these authors, here results are additionally obtained for adsorbed benzene

and toluene.

4.3 Results and Discussion

The molecule/Si21H34 cluster systems were found to have over 200 vibrational modes.

The CASTEP .phonon file, produced in a phonon calculation, contains eigenvectors
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describing the relative atomic displacements for each mode in mass-reduced form. A

script2 that ships with the CASTEP distribution was used to convert the mass-reduced

eigenvectors to actual displacement vectors in .xyz files. These displacement vectors

describe the physical displacement of the atoms associated with each mode, and were

visualised using the Jmol software [74].

Broadly speaking, the various vibrations of the adsorbed molecule system can be ap-

proximately categorised into a few groups depending upon which atoms undergo the

largest motion. Modes with large displacements of hydrogen bonded to the molecule

are found at „3000 cm´1; modes with molecular vibrations of both carbon and hydro-

gen are found at „550–1700 cm´1; and lower frequency molecular vibrations coupled

with vibrations of the silicon cluster are found at „50–200 cm´1.

Note that molecular vibrational frequencies found here in the order of 1000 cm´1,

equivalent to 124 meV, are small compared to the 1.4 eV binding energy of chemisorbed

aromatic molecules [48, 50]. Therefore, the phonon modes that will be presented in the

following subsections are not directly responsible for breaking the covalent Si–C bonds

binding a molecule to the surface. Charge capture by the molecule and subsequent

molecular excitation to a charged state is still needed to overcome the binding energy.

Rather, suitable phonon modes can assist bond-breaking by providing a pre-excitation

that aids the geometric transition of the neutral cluster/molecule system to the charged

state. This is predicted to lower the energy difference between the neutral state and the

charged state, thereby assisting manipulation [44]. The neutral and charged geometries

of the toluene/Si21H34 system is detailed in Chapter 2.

4.3.1 C=C double bond stretches

For a given bond stretch between two atoms, there are often several modes which can

contribute to that stretch. In confirming the reliability of calculated phonon frequen-

cies, it is easiest to focus on modes with distinct motions. To that end, it was found that

the C=C double bond stretch in aromatic molecules fulfils such an ideal comparison.

Aromatic molecules like chlorobenzene, when chemisorbed on Si(111)-7x7, contain two

C=C double bonds on opposite sides of the carbon ring between carbon atoms not

directly bonded to silicon atoms. Visualising the calculated phonon modes with Jmol

showed that there are two distinct modes involving the C=C double bonds, one where

the two bonds stretch and compress in phase, illustrated in Fig. 4-6(a), and one where

2The file path of the script, from the directory where CASTEP is installed, should be
CASTEP-XX.XX/Utilities/cteprouts/phonon2xyz, where XX.XX is replaced by the version of CASTEP.
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Figure 4-6: Visualisation of phonon modes involving C=C bond stretching for the
neutral Si21H34 cluster with chlorobenzene chemisorbed to an adatom-restatom pair.
Arrows indicate the direction and relative displacement of instantaneous motion. Only
H atoms saturating the Si cluster are fixed in-place; all other atoms are free to move.
Si atoms are seen to have no significant motion in the modes illustrated here. The
arrows indicate the two C=C bonds vibrating (a) in-phase for the mode at 1635 cm´1,
and (b) out-of-phase for the mode at 1588 cm´1. To clarify: the arrows in the lower
C=C bond of (b) are pointing towards each other along the C=C bond direction.

this motion is out of phase, illustrated in Fig. 4-6(b). These two vibrational motions of

the C=C bonds are very easy to identify and no other modes involve such motions. This

makes the C=C bond stretches useful for validation purposes by comparing calculated

frequencies with values in the literature.

Table 4.2 presents phonon modes associated with the C=C bonds of the three molecule/

cluster systems. The frequencies calculated in this work and presented in Table 4.2 are

seen to be within ˘7 cm´1 of those measured experimentally and in good agreement

with theoretical values found in literature. This provides support for the methods and

cluster models used in this investigation. Other modes are not as easily identifiable

because the vibrational motion may have contributions from many different phonon

modes spanning a wide range of frequencies. As a result, comparison with literature is

more difficult. Such modes include the Si(adatom)–C stretch and the Si(restatom)–C

stretch. These will be discussed in the next two subsections.

The frequencies of C=C double bond stretch modes in the three different systems

presented in Table 4.2 only vary slightly with the type of aromatic molecule, which is

not surprising given their underlying similarities of bonding geometry and energetics.

It may be the case that the small differences in frequencies result from the different

masses of the side groups, or even from their different electronegativities. However,
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System In-phase (cm´1) Out-of-phase (cm´1)

Si21H34 cluster + benzene 1641 1585
Si(111)-7x7 + benzene, Ref. [7] 1635 1582
Si9H12 cluster + benzene, Ref. [9] 1626 1574

Si21H34 cluster + toluene 1651 1599

Si21H34 cluster + chlorobenzene 1635 1588
Si(111)-7x7 + chlorobenzene, Ref. [8] 1628 –

Table 4.2: Calculated phonon modes associated with C=C double bond stretches for
aromatic molecules chemisorbed on the Si21H34 cluster. Frequencies from literature are
also included in the table: those associated with the molecule/Si(111)-7x7 system are
experimental HREELS frequencies, whilst those associated with the benzene/Si9H12

cluster system are from DFT studies of a different group. The C=C bond stretches are
distinctly in-phase or distinctly out-of-phase (see Fig. 4-6).

whether or not differences of „10 cm´1 in Table 4.2 are significant and can be clearly

attributed to a single origin is questionable, so drawing conclusions from these values

regarding possible trends between the molecule/cluster systems would be premature.

4.3.2 Phonon assisted desorption via Si(adatom)–C stretch

Since aromatic molecules are chemisorbed to the Si(111)-7x7 surface by covalently

bonding to an adatom-restatom pair of silicon atoms on the surface, it is reasonable to

suspect that phonon modes that significantly stretch either or both of the Si(adatom)–C

and Si(restatom)–C bonds may promote bond breaking and therefore assist in molecular

desorption from the surface.

In this subsection, the phonon modes of interest are those involving stretches of the

Si(adatom)–C bond. The discussions presented below will focus mainly on the chloroben-

zene/cluster system for brevity, and any significant differences in behaviour between

the systems with different molecules will be stated where appropriate. A comparison

of the most dominant phonon modes found for the different molecule/cluster systems

is given before the chapter summary.

Identification of phonon modes can be done visually from the output of CASTEP

calculations with Jmol [74], by stepping through the different modes at particular

frequencies one-by-one for a given molecule/cluster system in order to identify which

mode or modes stretch the Si(adatom)–C bond, as well as how dominant these stretches

are relative to other modes. However, this method is prone to human error, in addition

to being tedious.
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Instead, in order to aid identification of the phonon modes of interest, a script was

written to calculate the length of the Si(adatom)–C bond stretch for each mode from

the information in the CASTEP .phonon output file. The script then returns the mode

frequencies sorted in order of decreasing bond stretch. Once run, the most dominant

modes were then viewed with Jmol to confirm that they did indeed correspond to

modes involving large stretches of the Si(adatom)–C bond. Table 4.3 lists the ten

modes for the cluster+chlorobenzene system with the largest associated Si(adatom)–C

bond length stretches.

The low-temperature activation energy of hole-induced desorption has been found to

be (60˘10) meV ” (484˘81) cm´1 [73], as discussed previously. From Table 4.3, the

most dominant Si(adatom)–C stretch mode that also lies around this energy range is

a mode at 421 cm´1. This mode is illustrated in Fig. 4-7. Note that phonon mode

vibrations are sinusoidal about the position of atoms illustrated in the figures of this

chapter, meaning that at other times there is an equal but opposite displacement of

atoms associated with each arrow in such figures.

It is not possible to say whether this phonon mode found here at 421 cm´1 is the

same mode identified at „500 cm´1 that is illustrated by Utecht et al. in Ref. [44],

corresponding to Cluster B in Table 4.1. This is especially the case because there

are many other phonon modes in the same energy range with similar directions of

displacements, albeit with lower magnitudes of the Si(adatom)–C stretch than the 421

cm´1 mode, as can be seen from the values listed in Table 4.3. Nevertheless, there are

Mode frequency (cm´1) Si(adatom)–C stretch (Å)

669 0.147
421 0.126
556 0.079
400 0.078
567 0.077
350 0.071
479 0.070
474 0.068
574 0.068
894 0.066

Table 4.3: Phonon modes associated with the Si(adatom)–C stretch for the neutral
Si21H34 cluster with chemisorbed chlorobenzene, identified from the calculations re-
ported in this work. The modes are sorted in order of decreasing stretch with only the
top 10 modes, out of „200 modes, shown.
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Figure 4-7: Displacements of atoms (indicated by arrows) associated with a phonon
mode at 421 cm´1 for chlorobenzene adsorbed on a neutral Si21H34 cluster. Arrow
lengths show the displacement of atoms in angstroms, multiplied by a scale factor of
13. Colour coding of atoms is as before. To clarify: the carbon atom bonded to the
restatom (left side of the cluster) has minimal displacement whereas the adatom and
carbon atom bonded to it (right side of the cluster) vibrate out-of-phase, giving a
Si(adatom)–C stretch of 0.126 Å. [Jmol visualisation]

(a) 669 cm´1 (b) 556 cm´1

Figure 4-8: Phonon modes for chlorobenzene adsorbed on the neutral Si21H34 cluster.
(a) 669 cm´1 mode which has the carbon atom bonded to the restatom (left of cluster)
and the carbon atom bonded to the adatom (right of cluster) moving out-of-phase for
the Si–C stretch. (b) 556 cm´1 mode in which the motion has the same carbon atoms
moving in-phase. The lengths of arrows in (a) and (b) denote the relative amplitude
of motion with identical scaling to one another and Fig. 4-7.
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similar qualitative features of this mode at 421 cm´1 compared to the one reported by

Utecht et al. at 500 cm´1. From Fig. 4-7, this includes (a) an out-of-phase motion

between the silicon adatom and the carbon atom bonded to it (their displacement

arrows point in opposite directions), (b) significant motion out of the cluster surface

for the adatom compared to the restatom, and (c) minimal motion of the chlorine atom.

It is possible that the mode at 421 cm´1 is responsible for assisting hole-induced des-

orption at low temperatures, but there is so far no evidence suggesting that other

modes within the same energy range and with smaller Si(adatom)–C stretches could

not also contribute. However, the mode with the greatest Si(adatom)–C stretch is

found to be at 669 cm´1, and has a corresponding energy beyond the uncertainty of

the low-temperature activation energy for hole-induced desorption, so seems unlikely

to be responsible for assisting desorption.

Figs. 4-7, 4-8(a), and 4-8(b) illustrate the 421 cm´1, 669 cm´1, 556 cm´1 modes,

respectively. Together, they are the top three modes listed in Table 4.3. Their displayed

arrows are the atomic displacements in Angstroms, all multiplied by a scale factor of

13, meaning that the arrows between each figure can be compared. Even though the

arrows have a smaller magnitude for the mode at 421 cm´1, this mode still exhibits a

significantly larger Si(adatom)–C stretch compared to the mode at 556 cm´1 due to

the displacement being along the Si to C bond direction.

4.3.3 Phonon assisted desorption via Si(restatom)–C stretch

The previous subsection has focussed on the phonon modes associated with the largest

stretching of the Si(adatom)–C bond. This is because it is this bond that exhibited

the greatest elongation following the addition of a hole, changing from a bond length

of 2.04 Å in the neutral state to 2.19 Å in the positively-charged state according to the

geometric relaxation calculations reported in Chapter 2. The phonon mode at 421 cm´1

(when using the PBE+TS functional) could assist non-local hole-induced desorption by

aiding the transition of the neutral molecule/cluster system to the positively-charged

molecule/cluster system by sufficiently stretching the Si(adatom)–C bond.

Of course, complete desorption requires that the Si(restatom)–C bond be broken too.

Geometry relaxation calculations show that this bond increases from 2.01 Å when the

molecule/cluster system is in the neutral state to 2.06 Å in the positively-charged state.

To identify possible phonon modes able to assist with this geometrical transition, Table

4.4 lists phonon modes in order of decreasing Si(restatom)–C stretch.
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Mode frequency (cm´1) Si(restatom)–C stretch (Å)

567 0.127
675 0.127
556 0.120
916 0.108
669 0.106
574 0.078
440 0.075
746 0.064
1005 0.063
425 0.056

Table 4.4: Phonon modes associated with the Si(restatom)–C stretch for the neutral
Si21H34 cluster with chemisorbed chlorobenzene, identified from the calculations re-
ported in this work. The modes are sorted in order of decreasing stretch with only the
top 10 modes, out of „200 modes, shown.

Looking at Fig. 4-8, it is unsurprising that the modes at 669 cm´1 and 556 cm´1 iden-

tified as having large Si(adatom)–C stretches also exhibit significant Si(restatom)–C

stretches. Modes that do not appear in the top ten modes with the largest Si(adatom)–C

stretches are found to have even larger Si(restatom)–C stretches. These are the modes

at 567 cm´1 and 675 cm´1, which are illustrated in Fig. 4-9.

Compared to modes in the previous subsection, the 567 cm´1 and 675 cm´1 modes

correspond to atomic motions that are more within the plane of the molecule. These

vibrations are more appropriately referred to as Si–C “bend” modes, in contrast to

“stretch” modes shown in Figs. 4-7 and 4-8 where the atomic displacements are more

perpendicular to the surface.

The distinction between a stretch mode and a bend mode is emphasised when the

chlorobenzene is substituted by benzene. The corresponding modes are illustrated

in Fig. 4-10. Owing to the greater symmetry of a benzene molecule, the atomic

displacements for these modes show more symmetry too, and lie entirely within the

plane of the molecule, i.e. the displacements are much more parallel to the surface

compared to those present in the chlorobenzene case illustrated in Fig. 4-9.

By characterising phonon modes in this way in terms of the atomic motion, correspond-

ing phonon modes between different systems, e.g. with different substituted molecules

or different charged states, can be identified. This is how corresponding phonon modes

between the chlorobenzene/Si21H34 and benzene/Si21H34 systems, illustrated in Figs.

4-9 and 4-10, were identified.
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(a) 567 cm´1, side view (b) 567 cm´1, top view

(c) 675 cm´1, side view (d) 675 cm´1, top view

Figure 4-9: Visualisation of phonon modes for chlorobenzene chemisorbed on the neu-
tral Si21H34 cluster with significant Si(restatom)–C stretch. (a) Side and (b) top view
of the mode identified at 567 cm´1. (c) Side and (d) top view of the mode identified
at 675 cm´1.
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(a) 573 cm´1 (b) 555 cm´1

Figure 4-10: Visualisation of phonon modes for benzene chemisorbed on the neutral
Si21H34 cluster. (a) Top view of the mode at 573 cm´1 corresponding to the 567 cm´1

mode of the chlorobenzene–Si21H34 system, Fig. 4-9(b). (b) Top view of the mode at
555 cm´1 corresponding to the 675 cm´1 mode of the chlorobenzene–Si21H34 system,
Fig. 4-9(d).

4.3.4 Influence of molecule and charge state on phonon modes

Calculations similar to those described in the previous subsection have been repeated,

replacing the chlorobenzene molecule with benzene and toluene, and by considering

systems carrying a net charge of ´1e and `1e in order to understand any trends and

differences when the systems capture an electron or hole during an STM injection

experiment.

The modes containing the most significant Si(adatom)–C and Si(restatom)–C stretches

and bends are summarised in Table 4.5. Note that modes with the same label (Stretch

A, B, C; Bend 1, 2) correspond to the same phonon mode for different charged states

of the systems. For example, frequencies listed in the table for Stretch A for the

neutral system correspond to those listed for Stretch A for the negatively-charged

system. Since it was possible to map the modes from system to system by considering

the atomic motions involved, at least for the modes listed in Table 4.5, this implies

that the change in the molecule or charged state does not have a significant effect on

the phonon eigenvectors. The one exception to the mapping of modes from system

to system is Stretch B for the positively-charged system, where atomic displacements

could not be reliably matched to other charged states and molecule/cluster systems.

Several important observations evident from the results summarised in Table 4.5 are

as follows:
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Charge Mode label Benzene (cm´1) Toluene (cm´1) Chlorobenzene (cm´1)

C=C stretch 1633, 1575 1642, 1589 1628, 1578
Stretch A 663 664 652

–1e Stretch B 383 391 386
Stretch C 471 534 544
Bend 1 577 577 567
Bend 2 552 764 670

C=C stretch 1641, 1585 1651, 1599 1635, 1588
Stretch A 680 681 669

0 Stretch B 421 422 421
Stretch C 507 549 556
Bend 1 573 575 567
Bend 2 555 762 675

C=C stretch 1605, 1526 1607, 1535 1598, 1528
Stretch A 662 659 651

+1e Stretch B – – –
Stretch C 424 509 523
Bend 1 578 578 568
Bend 2 560 763 675

Table 4.5: Phonon modes associated with the most significant Si(adatom)–C and
Si(restatom)–C bond vibrations as found for benzene, toluene, and chlorobenzene
chemisorbed on a Si21H34 cluster for negative, neutral, and positive charged states.
For the C=C double bond stretch, the frequencies of both the in-phase and out-of-
phase modes are given, respectively.
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1. For all three charged states, most modes listed in the table lie within „20 cm´1

when changing the molecule adsorbed on the cluster. The exceptions are Stretch

C and Bend 2, which will be discussed below.

2. For each molecule/cluster system, the frequencies of the Bend 1 and Bend 2

modes change very little with the charge state of the system.

3. For each molecule/cluster system, the Stretch modes (including the C=C stretch)

exhibit a systematic reduction in frequency when changing from the neutral to

a charged system. This reduction is greater for the neutral to the `1e–charged

system (capture of a hole) compared to the reduction from the neutral to the

´1e–charged system (capture of an electron).

Regarding the exception of Stretch C in point #1 above, the frequencies are similar

for toluene and chlorobenzene, within 15 cm´1, for all three charged states. However,

the same Stretch C mode for benzene is significantly reduced by as much as 100 cm´1

compared to the former two adsorbates. Stretch C is characterised by an in-phase

vertical vibration of the carbon atoms bonded to the adatom-restatom pair. With

benzene being rotationally symmetric compared to toluene and chlorobenzene, the

motion of its carbon atoms for Stretch C are much more perpendicular to the cluster

surface compared to those seen in Fig. 4-8(b). This difference in displacement direction

may be significant enough to account for the larger change in phonon mode frequency.

It is thought that Stretch C has a significantly higher frequency for the chloroben-

zene/cluster and toluene/cluster systems, compared to the benzene/cluster system,

because the carbon atoms bonded to the side-groups are seen to move out-of-phase

with the carbon atoms bonded to the adatom and restatom. This out-of-phase motion

would increase the restoring force of the atoms and thereby increase the frequency of

oscillation. Thus, benzene without this additional out-of-phase motion between the

carbon atoms has a significantly lower frequency for the mode labelled Stretch C.

Regarding the exception of Bend 2 in point #1, a change in the adsorbed molecule

changes the frequency of the Bend 2 phonon mode by as much as „200 cm´1. This is

possibly due to displacements being within the plane of the molecule combined with

the different masses of the side-groups. Unlike Bend 1 which also involves displace-

ments within the molecular plane, one of the features of Bend 2 is that all carbon

atoms in the ring have large in-plane displacements. Bend 1 is able to reorientate the

displacements such that motion of the carbon atom bonded to a heavier side group

can be minimised – compare Fig. 4-9(b) to Fig. 4-10(a). This is not possible with
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Bend 2 so that in-plane vibrations of carbon atoms must couple with vibrations of the

side-group, whether that is ´H, ´CH3, or ´Cl. A consequence of this is that Bend

2 in Fig. 4-9(d) appears strongly distorted compared to Bend 2 in Fig. 4-10(b). The

vibrational motion for Bend 2 is therefore strongly dependent on the side group of the

molecule, leading to significantly different frequencies. Furthermore, the frequencies

do not change systematically with the masses of the side-groups of the molecules. For

example, if the frequency of the Bend 2 mode for the toluene system is greater than

the benzene system, it might be expected that the frequency will be even higher for

the chlorobenzene system, given that the mass of a chlorine atom is higher than that of

the –CH3 group. However, chlorine does have a significantly higher electronegativity

than carbon, and this could lead to a softening of the C–Cl bond and therefore a lower

frequency than expected for differences in mass alone.

Point #2 indicates that Bend 1 and Bend 2 are insensitive to changes in the net

charge of the system, unlike all the Stretch modes. This is because changes in the

net charge lead to significant changes in the Si(adatom)–C and Si(restatom)–C bond

lengths (changes up to 0.15 Å, see Chapter 2 for details). In contrast, bonds lengths

within the plane of the molecule, e.g. the C–C and C=C bonds, change very little (up

to 0.03 Å). Since Stretch modes are characterised by vertical motions of carbon atoms

bonded to the adatom and/or restatom (see Figs. 4-7 and 4-8), these are the modes

whose frequencies chage most (the exception of the C=C bond is explained below).

Regarding point #3, the systematic reduction in frequency for the Stretch modes can

be attributed to the increase in Si(adatom)–C and Si(restatom)–C bond lengths, as

reported in Chapter 2, when the neutral molecule/cluster systems are given a net

charge. The increase in bond lengths was found to be greater for the `1e–charged

systems than the ´1e–charged systems. This affects the Stretch modes because they

are predominantly characterised by vertical atomic motions of the carbon atoms bonded

to the adatom and restatom (see Fig. 4-8).

However, the C=C bonds did not exhibit an elongation when the neutral molecule/

cluster systems were given a net charge. For example, the C=C bond length remained

at 1.36 Å for all three charged states of the benzene/cluster system. This means that

the systematic reduction of frequency for the C=C stretch, from the neutral state to

the ´1e–charged state, and even more so from the neutral state to the `1e–charged

state, must have a different explanation than suggested for the other Stretch modes.

One possible explanation is that the extra ˘1e charge changes the density of charge

associated with the C=C bond, thus changing the local bond strength, but without
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causing a noticeable difference in the C=C bond length, unlike the Si–C bonds. The

C=C double bond has a shorter bond length (1.36 Å) than the Si–C single bond („2

Å), so changes in bond length would be more apparent for the longer Si–C bond.

It is also suspected that for Stretch B of the positively-charged system, there is a

dramatic reduction of the mode frequency down to the range 100–200 cm´1 as several

modes were identified in this range with vibrational motions that vaguely resemble the

characteristics of Stretch B. The dramatic reduction in frequency could be explained

by geometry relaxation calculations reported in Chapter 2, which showed that the

Si(adatom)–C bond length increases dramatically from the neutral state (2.04 Å for the

toluene/cluster system) to the +1e-charged state (2.19 Å), which indicates a softening

of the Si(adatom)–C bond. However, the specific Stretch B mode for the positively-

charge system could not be reliably distinguished from other candidates and is therefore

not listed in Table 4.5.

4.4 Summary

In this chapter the phonon modes associated with aromatic molecules benzene, toluene,

and chlorobenzene on Si(111)-7x7 have been investigated. Similar behaviour was found

for all three molecules adsorbed on the Si21H34 cluster model of the surface.

The phonon mode at „421 cm´1 for the neutral molecule/cluster system was proposed

to assist low-temperature hole-induced desorption. This was based on (1) its dominant

Si(adatom)–C stretch compared to other modes, (2) its corresponding energy lying

within the uncertainty of the low-temperature activation energy of desorption, and (3)

the possibly dramatic reduction of the mode frequency from the neutral to positively-

charged state.

A phonon mode for the electron-induced desorption was not proposed because the

expected energy range of this mode, 13˘3 meV, corresponding to a frequency range of

105˘24 cm´1, was not within the lists of top ten stretches for the Si(adatom)–C bond

(Table 4.3) nor the Si(restatom)–C bond (Table 4.4). It appears that comparing Si–C

bond stretches would not be a reliable approach to identify phonon modes responsible

for electron-induced desorption.
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Chapter 5

Tip-derived interface state

Scanning tunneling microscopy provides a means to conduct atomic manipulation ex-

periments, where manipulation includes induced desorption or diffusion of a molecule

adsorbed on a surface. For local manipulation at the Si(111)-7x7 surface, this involves

charge injection from the scanning tunneling microscope (STM) tip directly into the

molecule or into the adatom bonded to the molecule. For non-local manipulation, this

involves charge injection into a surface state, after which the charge diffuses outwards

from the site of injection to potentially be captured by molecules some distance away,

where it can subsequently induce molecular manipulation.

So far in this work, computational studies to investigate particular aspects of manip-

ulation experiments, e.g. binding energies of molecules and phonon modes associated

with the system, have done so by modelling the system as a periodic molecule/slab

system (Chapter 3) or a non-periodic molecule/cluster system (Chapters 3 and 4).

These computational studies did not include the STM tip itself and hence any effect

this might have on local manipulation. As described in the following section, there is

experimental evidence that the STM tip can affect the outcome of hole-induced local

desorption of toluene molecules chemisorbed on the Si(111)-7x7 surface.

This chapter investigates the role of the STM tip within the context of local atomic

manipulation experiments at the Si(111)-7x7 surface. A model tip is introduced into

the vicinity of the optimised toluene/Si(111)-5x5 slab system described in Chapter 2.

Subsequent simulations where the tip is gradually approached to the surface, and the

response of the molecule/surface system that is observed, are used to discuss the role

of the proximity of the STM tip to the outcome of local manipulation experiments.
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5.1 Experimental evidence for tip–surface interactions

In recent local atomic manipulation experiments by Rusimova et al. [42], charge carriers

were injected from the STM tip into chemisorbed toluene molecules on the Si(111)-

7x7 surface in order to induce manipulation, which is either desorption or diffusion

depending on the resulting molecular dynamics. A statistically significant number

(„120) of such charge injection experiments were carried out to find the dependence of

the fraction of manipulated molecules, P ptinjq, on the duration of the charge injection,

tinj . Fig. 5-1(a) presents this dependence when using injection parameters of +1.6 eV

and 450 pA. By fitting a curve of the form

P ptinjq “ 1´ exp
`

´ ktinj
˘

, (5.1)

the rate of manipulation, k, for a given tunneling current is extracted. This series of

„120 injection experiments was repeated for a range of tunneling currents to find the

current-dependence of the rate of manipulation. The rates are presented in Figs. 5-1(b)

and (c) for electron-induced and hole-induced manipulation, respectively.

Previous work has established that the dependence of the rate of manipulation on the

tunneling current I can be used to deduce the number n of electrons or holes needed

to induce manipulation [45], with k varying as In. The fit to data points in Fig. 5-1(b)

yields n “ 0.8˘ 0.1, indicating that each electron-induced local manipulation event is

triggered by a single electron.

Similarly, for hole-induced local manipulation in Fig. 5-1(c), n is again approximately

one for I À 10 pA, indicating that a single hole can trigger each manipulation event

at low tunneling currents. However, at higher currents the picture of single charge-

induced manipulation breaks down. The rate of manipulation for I ą 10 pA shows a

near-constant rate as the current is increased. In terms of the power-law relationship

this implies k 9 I0, which indicates that injected holes are no longer driving local

atomic manipulation.

Although it appears that the magnitude of the tunneling current has no affect on the

rate of manipulation in terms of the power-law relationship, the current may instead

have an indirect affect: when the tunneling current is increased during these charge

injection experiments, the STM tip is brought closer to the surface in order to deliver

the increased rate of charge injection at fixed bias. This raises the question of whether
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Figure 5-1: Rate of local molecular manipulation (either desorption or diffusion) fol-
lowing injecting charge from an STM tip into chemisorbed toluene molecules on the
Si(111)-7x7 surface. The STM tip is positioned above the molecule, as illustrated in
(b) and (c), with its height above the molecule determined by the tunneling current.
(a) Fraction of manipulated molecules as a function of injection duration, found by
counting the time to manipulation in 117 individual injection experiments. Injection
parameters used here are +1.6 V and 450 pA. This series of „120 injection experiments
is repeated using different tunneling currents, and the resulting plots similar to (a) are
fitted to Eq. 5.1 to extract the rate of manipulation, k, at each current, I. The rate
of manipulation as a function of tunneling current is presented in (b) for electrons and
(c) for holes. The solid line in (b) is given by k 9 In, where n “ 0.8˘ 0.1, whereas the
dashed line in (c) is given by a tip-dependent model (see Ref. [42] for details). From
Ref. [42].
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the proximity of the STM tip affects the rate of manipulation.

To attempt answering the question above, Rusimova et al. [42] demonstrated that

when no charge is transferred between the STM tip and the molecule/surface, i.e.

I “ 0, but the tip is gradually moved closer to the surface from 800 pm (the tip

height corresponding to a tunneling current of 2 pA) to 600 pm above the surface

(corresponding to 1000 pA), manipulation of toluene was not induced by the mechanical

interaction of the STM tip alone. Note that tip height is measured from the apex atom

of the tip to the surface silicon adatom bonded to the molecule. Moreover, when I “ 0

and the tip is also retracted from the surface, but a relatively high bias of –10 V is

applied between the tip and surface to generate an electric field comparable to that in

current-injection experiments, it was again found that molecules within that electric

field do not undergo manipulation. These results indicate that a tunneling current is

indeed necessary to induce manipulation.

Despite the findings described above, the results presented in Fig. 5-1(c) show that

the magnitude of the current has no effect on the rate of manipulation when above

a threshold of 10 pA, which opposes the conventional picture that manipulation only

scales with the number of charge carriers. Clearly, even though a tunneling current is

necessary, other factors can still affect the rate of manipulation, and must be responsible

for the near-constant rate observed at higher tunneling currents.

The influence of tip height warrants further investigation due to a previous experi-

mental report of the creation of an interface electronic state when an atomic force

microscope (AFM) tip approached a cyclohexadiene molecule adsorbed on Si(100) [75].

A subsequent computational study [76] supported these results by modelling the AFM

tip as a pyramidal cluster of four Pt atoms. To this end, the rate of manipulation, k, in

Fig. 5-1 can be recast to a probability of manipulation per tunneling charge, P “ ke{I.

Fig. 5-2 presents the probability per charge carrier for electrons (Fig. 5-2(a)) and holes

(Figs. 5-2(b)–(c)) as a function of tip height. Note that the tip height enters as an

independent variable, rather than the tunneling current, because it is the probability

per charge carrier being inspected.

It can be seen from Fig. 5-2(a) that the probability of electron-induced manipulation

at a bias of +1.6 V is independent of tip height, whereas for hole-induced manipulation

at a bias of –1.3 V in Fig. 5-2(b), the probability per carrier drops by two orders

of magnitude when the tip height is reduced from 800 pm to 600 pm. This drop in

probability is also observed in Fig. 5-2(c) for hole-induced manipulation at a bias of
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Figure 5-2: Experimentally deduced probability per injected charge carrier of locally
manipulating chemisorbed toluene molecules on the Si(111)-7x7 surface. (a) The prob-
ability for electron-induced manipulation for a bias voltage of 1.6 V is approximately
constant as the STM tip height (measured from the apex atom of the tip to the surface
silicon adatom bonded to the molecule) is reduced from 800 pm to 600 pm, which
corresponds to increasing the STM tunneling current from 2 pA to 1000 pA. The life-
time of the excited state of the molecule after capturing an electron is estimated to
be 10 fs. (b) For hole-induced manipulation at a bias of –1.3 V, the probability of
manipulation per injected hole, and the lifetime of the excited molecular state, reduce
by two orders of magnitude as the tip height is reduced from 900 pm to 600 pm. (c)
Similar behaviour is seen for hole-induced manipulation using a different bias voltage
(–1.0V), but no plateuing of the probability per charge carrier is observed at tip height
Á 800 pm due to a lack of data points. (d) Illustration of the proposed new interface
state (the tip is on the left and the surface is on the right) to explain the reduction in
probability per charge carrier, with diagrams (I), (II), and (III) corresponding to tip
heights labelled in (b). From Ref. [42].
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–1.0 V, although the plateauing in (b) for tip height exceeding 800 pm is not seen in

(c) likely due to a lack of data points in that range. Therefore, the data presented in

Figs. 5-2(b) and (c) indicate that the drop in probability of hole-induced manipulation

is independent of bias voltage. These results are reflected in the data as presented in

Figs. 5-1(b) and (c), but it is made more explicit in terms of the tip height in Figs.

5-2(a)–(c).

Noting the identification of an interface state created for the cyclohexadiene molecules

on the Si(100) system, the authors of Ref. [42] proposed a similar mechanism to

explain the reduction in probability of manipulation per injected charge carrier that

they observed for toluene molecules on the Si(111)7x7 system. That is, as the STM

tip approaches the chemisorbed toluene molecule (which occurs when increasing the

tunneling current), they proposed that a new state is created in the locality of the

tip-surface junction that provides a new decay channel for the excited molecular state,

reducing the excited state lifetime of the molecule, τ , from 10 fs to 0.1 fs (see the second

y-axis of Fig. 5-2(b)). The theory of desorption induced by electronic transitions

(DIET) [42] dictates that the excited state lifetime is proportional to the probability

of manipulation. The new interface state is illustrated in Figs. 5-2(d)–(f) as having

increased density of states as the STM tip moves closer to the molecule/surface.

An issue with the proposed mechanism above and the results presented in Fig. 5-

2 is as follows. If the proximity of the tip causes the creation of an interface state,

which reduces the molecular excited state lifetime and consequently the probability of

manipulation, then why does this happen for hole-induced manipulation but not for

electron-induced manipulation?

The probability of manipulation per injected electron remaining approximately con-

stant in Fig. 5-2(a) represents asymmetric behaviour between electrons and holes as

injected charge carriers. One possible explanation for this could be that the injected

electrons tend to be localised more in the surface region of Si(111)–7x7, whereas in-

jected holes tend to be localised in the molecule [44]. The distance between the surface

adatom and the molecule is „2 Å, which is significant on the scale of tip height vari-

ations in Figs. 5-2(a)–(c). This could mean that the effective tip height is sufficiently

greater for electron-induced manipulation compared to hole-induced manipulation, and

is not reflected in the horizontal scales of Figs. 5-2(a)–(c). Indeed, it is inherently dif-

ficult to measure tip–surface separation experimentally. Rusimova et al. approximated

the absolute tip heights for the horizontal scales of Figs. 5-2(a)–(c) by correlating the

onset of mechanically induced manipulation, i.e. with tunneling current I “ 0 (see Fig.
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3B within Ref. [42]) with the onset of the repulsive force (at 600 pm away from the

centre of the bonding silicon adatom) in simulations between a model tip and molecule

adsorbed on the Si(111)-7x7 surface [77]. Consequently, the results presented in Fig.

5-2(a) is likely due to the STM tip not being close enough to the molecule/surface

during electron-induced manipulation for an interface state to form that can reduce

the probability of manipulation.

To summarise, a new state has been proposed as being created at the interface between

the STM tip and the toluene/Si(111)-7x7 surface when the tip is sufficiently close to

the molecule it is injecting charge into. As the tip moves closer towards the molecule,

the proposed mechanism involves an increase in the effective density of the new state

which leads to a decline in the excited state lifetime of the molecule by providing

a new decay channel, and this then reduces the probability of manipulation induced

by charge injection. However, uncertainties in this mechanism exist due to inherent

experimental difficulties in establishing the precise height of the STM tip above the

surface. Fortunately, computational studies are able to overcome such limitations and

hence provide an opportunity to better establish whether or not a new interface state

is responsible for the reduction in the probability of local manipulation, observed for

toluene/Si(111)-7x7.

5.2 Computationally modelling the tip

Conventionally, an STM tip above a surface is modelled such that the tip and surface

are unperturbed by the presence of the other, and then the probability that an electron

is transferred between them is calculated. This approach was developed by Bardeen

[19]. Tersoff and Hamann used Bardeen’s approach and made a further simplification

by using the wave function of a spherical tip [20] to find that the tunnelling current is

proportional to the surface local density of states (LDOS) (see Eq. 1.2). As described

in the previous section, hole-induced local desorption experiments suggest that the tip

does perturb the molecule/surface system. Therefore, the conventional approach of

modelling an STM tip cannot be used to support these experimental results.

Previous computational studies that explicitly model a tip interacting with a surface

below it are effectively modelling atomic force microscope (AFM) tips, not STM tips,

because the only tip–surface interactions in these studies are van der Waals forces and

the Pauli repulsive force when the tip–surface separation is sufficiently small. In STM,

a bias is applied between the tip and surface, generating an electric field that causes

charge to be transferred between them, if the tip–surface distance is small enough for
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quantum tunneling to occur. Computational simulations in this work do not include

time-dependent DFT, as required to model electron hopping from the tip to the sample.

Furthermore, in the case of a time-independent system where charge is already trans-

ferred between the tip and sample, DFT does not seem compatible with separating

charge between the tip and surface because self-consistency in DFT involves allowing

charge to move around in order to minimise the total energy. As demonstrated in

Chapter 4 to model localised charge in clusters, it is only possible to apply a net charge

to the entire system using DFT.

Given the above barriers to computationally modelling an STM experiment, a com-

promise is made such that there is no transfer of charge between the model tip and

the molecule/surface. In effect, the model tip will be implemented into simulations

more like an AFM tip than an STM tip. The outcome of such modelling should still

give insight into the existence of a tip-derived interface state during STM injection

experiments because it is thought that the cause of this new state is from the physical

presence of the tip close to the molecule/surface [42].

To approximate the semi-infinite Si(111)-7x7 surface, non-periodic clusters and periodic

slabs of unit cell size 5x5 and 7x7 have been explored in previous chapters. In this

chapter, where a model tip will be added to the system, the 7x7 slab is not used

because the system size will become too large for practical simulation times. As for a

non-periodic cluster, placing it below a model tip does not seem appropriate because

they will have approximately the same size. There would effectively be two “clusters”

in close proximity, which is not an ideal model for a tip over a semi-infinite suface.

Therefore, the Si(111)-5x5 slab derived in section 2.2 will be used, and this contains

few enough atoms that simulation times are still practical.

A model tip should consist of a “reasonable” number of atoms. It must not have

too many atoms such that the computational time to perform calculations becomes

impractical. Equally, it must not have too few atoms such that the model does not

accurately capture the key behaviours of a real tip. Furthermore, in the case of the

periodic Si(111)-5x5 slab where the unit cell has a fixed size, the tip will need to be

small enough relative to the unit cell size such that it does not interact with itself.

Two tip models are used here, and are shown in Fig. 5-3. In experiments, it is highly

unlikely that a clean tungsten tip would persist through active STM usage without at

some point accumulating a silicon cluster at the tip apex from the surface of Si(111)-

7x7, either by accidental or controlled collisions of the tip and surface. Therefore,
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(a) Adatom-tip, side view (b) Adatom-tip, bottom view

(c) Dimer-tip, side view (d) Dimer-tip, bottom view

Figure 5-3: Silicon tip models used to approximate a real STM tungsten tip covered
with a cluster of silicon atoms. Broken Si–Si bonds are saturated with hydrogen atoms.
(a) Side view of a Si21H23 cluster, „7.8 Å in diameter, obtained from silicon atoms
around an adatom on the Si(111)-5x5 surface. The adatom is used as the apex atom
of the tip. The bottom view shown in (b) is in the direction facing the apex atom. (c)
Side and (d) bottom view of a Si29H34 cluster, „11.0 Å in diameter, obtained from the
authors of Ref. [78]. This tip is based upon the atomic configuration in the vicinity of
a dimer on the reconstructed Si(100) surface, and has been shown to be successful in
modelling an AFM tip in various studies [77, 79, 80].
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both tips in Fig. 5-3 consist of silicon atoms, with hydrogen atoms saturating broken

Si–Si bonds. The tip referred to as the “adatom-tip” in Figs. 5-3(a)–(b) was obtained

by extracting a cluster of 21 silicon atoms centred around an adatom of the Si(111)-

5x5 slab, and then geometrically relaxing the atomic positions after hydrogen atoms

saturate the broken bonds. This was then turned upside-down so as to use the adatom

as the apex atom of the tip. Given that this Si(111) arrangement of silicon atoms is

already present on the substrate surface and is energetically stable, it would not be

unreasonable for the tip to also become covered with a similar arrangement of silicon

atoms. The adatom-tip can therefore be considered to be a reasonable choice of a tip

model.

The second tip used in this chapter, referred to as the “dimer-tip” in figs. 5-3(c)–(d),

was generously provided by the authors of Ref. [78]. This contains 29 silicon atoms

centred around a dimer of the reconstructed Si(100) surface, and was found to be suc-

cessful in modelling AFM tips in previous studies [77, 79, 80]. Using two different tip

models will help to determine the extent to which the outcomes of the simulations are

tip-dependent. Experimentally, the tip termination can potentially adopt a number of

structures, and also change between them as the tip experiences tip–surface interac-

tions, including collisions with the surface. As such, it would be impractical to attempt

to model a real tip with great accuracy. Instead, the aim here is to model a tip that is

a reasonable approximation to real tips, and to get a measure as to how much specific

tip models affect the results obtained.

Studies modelling a tip typically use force–distance curves as a key measure of whether

a tip model is a reasonable approximation to real tips. This involves moving the tip

towards the surface in a series of steps, and measuring the maximum force experienced

between the tip and surface due to van der Waals forces and overlap of wavefunctions.

Force–distance curves are suited for characterising tips because they indirectly reveal

the general structure of a real tip, e.g. a broad minimum in a force–distance curve

indicates a blunt tip, which would be difficult to identify directly given the nanoscale

size of tips. Section 5.3 will present force–distance curves for the adatom-tip and

dimer-tip described above.

Note that 10 silicon atoms in the adatom-tip and 21 silicon atoms in the dimer-tip in

planes farthest from the apex atom are fixed in-place during geometry optimisation at

each step of the tip approach towards the surface. This keeps the base of the tip firmly

fixed as would be the case for a real tip, and prevents the model tip from behaving

like an isolated cluster of atoms. The dimer-tip required more atoms to be fixed due
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to its wider base („11.0 Å in diameter) compared to the adatom-tip („7.8 Å), which

made the entire dimer-tip+molecule/surface system more difficult to optimise than the

adatom-tip+molecule/surface system. Geometry relaxation was performed with a force

component tolerance of 0.05 eV/Å for each atom.

5.3 Characterising model tips using force-distance curves

The interactions between the tips and the toluene/Si(111)-5x5 slab were considered

for two different lateral positions. The adatom-tip and dimer-tip models, described in

the previous section, were aligned either above the adatom bonded to the molecule, as

illustrated in the left and middle images of Fig. 5-4, or displaced to the left in these

illustrations such that the tip was aligned above the centre of the carbon ring of the

molecule. For the remainder of this chapter, these lateral positions will be referred to

as the tip being “above the adatom” or “above the molecule”, respectively.

The first alignment above the adatom is chosen because in typical STM images of the

Si(111)-7x7 surface, only the adatoms are visible and the location of any molecules

chemisorbed on the surface is indicated by “missing” adatoms. This is because the

orbitals associated with adatoms are partially occupied, making it easy for charge from

Figure 5-4: Snapshots of the quasi-static approach of the adatom-tip aligned vertically
above an adatom of the Si(111)-5x5 slab bonded to a toluene molecule. Only part of
the Si(111)-5x5 slab is shown. All atoms in each system are geometrically optimised.
When the tip is positioned 3.0 Å above the adatom and then optimised (the right-
most system above), repulsion between the tip and molecule causes significant lateral
displacements of both the tip and molecule.
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the STM tip to tunnel into these orbitals and thus image adatoms prominently com-

pared to any other features on the Si(111)-7x7 surface, at typical imaging parameters

of the STM. The appearance of “missing” adatoms is due to molecules bonding to these

adatoms and saturating their orbitals. For charge injection experiments that aim to

induce manipulation of molecules, the STM tip is therefore typically aligned above the

“missing” adatoms, which are bonded to the molecules.

The second alignment of the tip above the molecule is chosen on the basis that the

π orbitals of aromatic molecules extend above and below the carbon ring. Therefore,

positioning the tip above the centre of the carbon ring should probe the interaction of

the tip with the π orbitals.

Fig. 5-5 presents force-distance curves for the two tip models. For both alignments

of the tips, the tip height is measured from the centre of the apex atom of the tip to

the centre of the adatom bonded to the molecule. This means that the tip–molecule

distance will be less than the tip height because the chemisorbed molecule extends „1.5

Å above the Si(111)-5x5 surface.

Data values for the force–distance curves were calculated as follows. Starting at a tip

height of 10 Å, the tip is moved quasi-statically towards the molecule/surface in steps

of 0.5 or 1.0 Å. This means that after each vertical step, the tip+molecule/surface

system is geometrically optimised. Silicon atoms in the uppermost planes of the tip are

fixed in-place during optimisations to keep the base of the tip firmly fixed as would be

the case for a real tip, and prevents the model tip from behaving like an isolated cluster

of atoms. Similarly, the silicon atoms in the lowest bilayer plane of the Si(111)-5x5 slab

is fixed during geometric optimisations to keep the slab base fixed as would be the case

for the real surface reconstruction on top of bulk silicon.

The average force experienced between the tip and molecule/surface, F “ ´dEtotal{dz,

is also calculated after each geometric optimisation at a given tip height. Vertical steps

of the tip towards the molecule/surface are repeated until reaching a tip height of 4.0

Å, where the Pauli repulsive force due to overlap of the tip and molecule wavefunctions

can lead to significant lateral displacement of the tip and molecule, depending on

the particular tip model and initial lateral position. Some snapshots of the quasi-

static approach of the adatom-tip are illustrated in Fig. 5-4, with significant lateral

displacement of the tip and molecule seen in the right-most system of Fig. 5-4 when

the tip was initially positioned at tip height 3.0 Å before geometric optimisation.

For both the adatom-tip and dimer-tip, the typical shape of a force–distance curve is
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observed as shown in Fig. 5-5: At large distances, there is minimal interaction between

the tip and molecule/surface. As the tip approaches the molecule/surface, with the

tip height reducing from 9.0 to 5.5 Å, the attractive force steadily increases up to a

maximum of approximately –0.3 nN for the adatom-tip, and up to approximately –0.2

nN for the dimer-tip. The maximum attractive force being a few tenths of a nN agrees

well with corresponding force-distance curves from experiment involving a molecule on

the Si(111)-7x7 surface [81]. In the absence of a molecule on the Si(111)-7x7 surface, the

maximum attractive interaction between silicon atoms on a tip and a surface adatom

is rather larger, between –1 and –2 nN, as seen in experiment [81] and computational

studies [80].

At tip heights between 5.5 to 4.5 Å in Fig. 5-5, the interactions experienced by the

adatom-tip above the adatom (red), and above the molecule (orange), are similar.

This changes at a tip height of 4.0 Å, where the former becomes sufficiently close to

the molecule for repulsive interactions to dominate. In contrast, the latter system

remains in the attractive interaction regime, with a slight increase in attractive force

Figure 5-5: Force-distance curves for model tips (see fig. 5-3) quasi-statically approach-
ing a toluene molecule chemisorbed on the Si(111)-5x5 slab. Each tip is positioned
either directly above the adatom bonded to the molecule, or directly above the centre
of the carbon ring of the molecule. Tip height is measured from the centre of the apex
atom of the tip to the centre of the adatom, i.e. the distance between the tip and
molecule is less than the tip height given on the x-axis.
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(a) (b) (c)

Figure 5-6: Quasi-static approach of model tips towards a toluene molecule chemisorbed
on the Si(111)-5x5 slab from tip height 4.5 Å (opaque atoms) to 4.0 Å (translucent).
Hydrogen atoms saturating the tip and molecule are not displayed for clarity. The
adatom-tip in (a) and dimer-tip in (c) are positioned vertically above the adatom
bonded to the molecule. The adatom-tip in (b) is positioned above the centre of the
carbon ring of the molecule. There is noticeable lateral displacements of the tip apex
atom and molecule in (b) and (c) when the tip is moved towards the molecule/surface.
This is reflected in the corresponding (orange and blue) force–distance curves in Fig.
5-5 as “kinks” at short tip heights.

when the tip height decreases from 4.5 to 4.0 Å, leading to a “kink” in the (orange)

force–distance curve. The same is true for the dimer-tip (blue) but in the repulsive

interaction regime. These kinks are attributed to a noticeable rearrangement of atomic

positions between the tip and molecule, as illustrated in Fig. 5-6.

From the force–distance curves in Fig. 5-5, it can be seen that the maximum attractive

and repulsive force of the dimer-tip (blue curve) is less than that of the adatom-tip

(red/orange curves). This is due to the dimer-tip having more atoms that are free

to move, i.e. not fixed during geometry optimisation, leading to a more elastic tip

compared to the adatom-tip. This also explains why the adatom-tip appears more

rigid with its apex atom not being laterally displaced in Fig. 5-6(a) compared to the

same vertical alignment and step towards the surface of the dimer-tip in Fig. 5-6(c).

Real tips are also elastic to various extents, so this difference in elasticity between

the adatom-tip and dimer-tip reflects the various tip behaviours that a real tip can

exhibit. As noted above, the maximum attractive force for both the adatom-tip and

the dimer-tip is in the same order of magnitude as real tips.

From the force–distance curves presented in Fig. 5-5 and all the points discussed above,
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it is believed that both the adatom-tip and dimer-tip model real tips to an acceptable

extent. The main difference between the two tips is that the dimer-tip is more elastic

and therefore more susceptible to atomic rearrangements, leading to reduced maximum

attractive and repulsive forces compared to the adatom-tip.

5.4 Emergence of a tip-derived state

The density of states (DOS) is the number of available electronic states per unit volume

per unit energy and can be mathematically expressed using the delta function as

gpεq “
1

V

ÿ

i

δpε´ εiq , (5.2)

where εi is the energy of state i. The projected density of states (PDOS) is the density

of states associated with specified atoms in a system. In this chapter, the system

consists of a toluene molecule, the Si(111)-5x5 slab on which it is chemisorbed, and a

model tip above either the bonded adatom (see Figs. 5-6(a) and (c)) or the molecule

(see Fig. 5-6(b)).

The PDOS presented in this section will be the density of states projected onto the

carbon atoms of the molecule. This is because molecular desorption following charge-

injection from the STM tip is associated with the breaking of Si(adatom)–C and

Si(restatom)–C bonds, meaning that PDOS projected onto hydrogen atoms will have

little relevance. Furthermore, the probability of molecular manipulation is linked to

the molecule’s excited state, as described by the theory of desorption induced by elec-

tronic excitations (DIET) [42]. It can be assumed that carbon atoms have the greatest

contribution towards the molecule’s electronic excitations compared to other atoms in

the system.

The PDOS of the carbon atoms was determined for the different tip heights studied

when collecting force–distance data presented in the previous section. For each of

these systems the atomic positions are geometrically optimised. Three specific systems

are presented here: Figs. 5-7(a)–(b) present the PDOS for the adatom-tip above the

adatom (system 1), Figs. 5-7(c)–(d) are for the same adatom-tip but above the molecule

(system 2), and Figs. 5-7(e)–(f) show the PDOS for the dimer-tip above the adatom

(system 3).

Compared to having no tip above the molecule/surface (PDOS curves coloured green),

116



-2 -1 0 1 2
Energy, E-Ef (eV)

0

PD
O

S 
(a

rb
. u

ni
ts

)
3 Å
4 Å
5 Å
6 Å
7 Å
10 Å
No tip

(a) Adatom-tip above adatom

-0.2 -0.1 0.0 0.1 0.2
Energy, E-Ef (eV)

0

PD
O

S 
(a

rb
. u

ni
ts

)

4.0 Å
4.5 Å
5.0 Å
5.5 Å
6.0 Å
7.0 Å
10.0 Å
No tip

(b) Adatom-tip above adatom

-2 -1 0 1 2
Energy, E-Ef (eV)

0

PD
O

S 
(a

rb
. u

ni
ts

)

3 Å
4 Å
5 Å
6 Å
7 Å
10 Å
No tip

(c) Adatom-tip above molecule

-0.2 -0.1 0.0 0.1 0.2
Energy, E-Ef (eV)

0

PD
O

S 
(a

rb
. u

ni
ts

)
4.0 Å
4.5 Å
5.0 Å
5.5 Å
6.0 Å
7.0 Å
10.0 Å
No tip

(d) Adatom-tip above molecule

-2 -1 0 1 2
Energy, E-Ef (eV)

0

PD
O

S 
(a

rb
. u

ni
ts

)

4 Å
5 Å
6 Å
7 Å
10 Å
No tip

(e) Dimer-tip above adatom

-0.2 -0.1 0.0 0.1 0.2
Energy, E-Ef (eV)

0

PD
O

S 
(a

rb
. u

ni
ts

)

4.0 Å
4.5 Å
5.0 Å
5.5 Å
6.0 Å
7.0 Å
10.0 Å
No tip

(f) Dimer-tip above adatom

Figure 5-7: PDOS projected on carbon atoms of toluene chemisorbed on the Si(111)-
5x5 slab, for a range of tip heights and tip positions (see text for details). Plots in the
right column enlarge the region around the Fermi energy contained within the plots in
the left column. 117



there is a clear emergence of a new state near 0 eV for all three systems presented in

Fig. 5-7, with an average tip height onset of 6 Å. It is interesting that the new state

lies exactly at the Fermi energy for system 1, but system 2 demonstrates that the state

can shift in energy by ˘0.05 eV when the tip approaches close to the molecule/surface,

whilst system 3 demonstrates that the onset of the new state, even at a tip height of 7

Å, can occur away from the Fermi energy.

As mentioned in section 5.1, a similar emergence of a new state at a tip–molecule

junction has previously been identified in a computational study of cyclohexadiene on

Si(100), where at tip separations below 5 Å a state 0.2 eV above the Fermi energy

was observed to form [76]. Experimentally, local density of states measurements of the

same system identified a state at 0.35 eV [75]. This provides supporting evidence for

the new state identified here and seen in Fig. 5-7 as lying between 0 eV and a few

tenths of an eV above the Fermi energy.

For all three systems, the movement of the tip towards the molecule/surface generally

leads to an increase in the weight of the new state in the PDOS near the Fermi energy,

e.g. as visible in Fig. 5-7(b). These results provide strong evidence in support of the

proposed formation of a tip-derived state made in Ref. [42], which as illustrated in

Fig. 5-2(d) was suggested as a state that increases in amplitude when the STM tip is

moved closer towards a toluene molecule chemisorbed on the Si(111)-7x7 surface. It is

believed that more complex evolution of the weight of the PDOS associated with the

new state as a function of tip height visible in Fig. 5-7, e.g. a reduction in the PDOS

in Fig. 5-7(f) when the tip height drops from 4.5 to 4.0 Å, is a result of the lateral

shifts of the tip and/or molecule atoms that occur at these close separations and which

were responsible for the “kinks” observed in Fig. 5-5 at low tip heights.

Aside from the new state at 0 eV for the adatom-tip and 0.1 eV for the dimer-tip,

there is also a notable increase in the PDOS at „1.4 eV for the adatom-tip for lateral

tip alignment both above the surface adatom and above the molecule. Like the 0 eV

state, the weight of this feature in the PDOS increases as the tip is moved closer to the

molecule/surface. Unlike the 0 eV state, the weight of the 1.4 eV state is greatest in

the PDOS at a tip height of 6 Å, before reducing with further approach of the tip for

both lateral alignments.

Note that 1.4 eV is the threshold bias applied between an STM tip and surface for

local desorption of aromatic molecules from the Si(111)-7x7 surface [50]. The increase

in PDOS as the adatom-tip approaches the surface from 10 to 6 Å suggests that an
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STM tip not only injects charge into the molecule/surface causing manipulation, but

its presence may also enhance the probability of manipulation. If the tip is moved

closer to the molecule/surface, for tip height ă 6 Å, the reduction in state density at

1.4 eV supports the suppression of local manipulation due to the proximity of the tip,

as proposed in Ref. [42]. Thus, the reduction in the probability of manipulation may

not only be caused by the emergence of a new state at „0 eV creating a second decay

channel, but rather the combined effect of the emergence of this new state and the

reduction of the original 1.4 eV state linked to local manipulation.

Interestingly, unlike for the adatom-tip, there does not appear to be any significant

feature in the PDOS at 1.4 eV in Fig. 5-7(e) when the dimer-tip is moved towards the

molecule/surface. It is expected that the 1.4 eV state exists here too because the 1.4 eV

threshold bias for local molecular manipulation is not considered to be tip-dependent

[50]. Further investigations would need to be carried out to determine the reasons

behind the evolution of the 1.4 eV state seen in Fig. 5-7(c) but not in Fig. 5-7(e) for

the different tip models and lateral alignments used in the corresponding systems.

From the results presented in Fig. 5-7, it is so far unclear whether the evolution of

states at 1.4 eV as a function of tip height plays a key role in the desorption mecha-

nism. Nevertheless, the results presented here provide strong evidence for the existence

of a new state that was proposed in Ref. [42] as playing a major role in the manip-

ulation of the toluene/Si(111)-7x7 system. That is, the reduction in the probability

of manipulation as the STM tip is moved towards a toluene molecule chemisorbed on

the Si(111)-7x7 surface can be explained by the presence of the tip creating a new

state approximately between 0 eV and a few tenths of an eV above the Fermi energy,

and that the density of this new state generally increases as the tip approaches closer

towards the molecule/surface.

5.5 Spatial visualisation of electronic states

In the previous section, a tip-derived state near the Fermi energy was identified in the

density of states projected onto the carbon atoms of the chemisorbed molecule. Plots

of the PDOS provide the relative number of states for an energy range but do not

indicate the spatial distribution of the states in relation to the system. Decomposing

the PDOS by projecting onto individual carbon atoms would provide more insight into

the spatial distribution, but far more insight is gained by plotting the real part of the

electronic wavefunction, ψ, or the probability distribution of charge localisation, |ψ|2.

Note that since ψ and |ψ|2 are continuous variables in three dimensions, in practice
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it is clearer to visualise the corresponding isosurface, i.e. all points in space with the

same isovalue of ψ or |ψ|2.

In order to visualise the new state as an isosurface, the precise energy band number,

out of all the energy bands of the system, needs to be identified. Bandstructures

allow individual bands to be identified, and more clearly than simply increasing the

energy resolution of the PDOS. Figs. 5-8(a) and (b) show the bandstructures of the

Si(111)-5x5 slab, before and after a toluene molecule is chemisorbed on the surface,

respectively. Because of the large number of atoms in the unit cell of the system, the

bandstructures contain a large number of bands compared to simple crystal systems

such as bulk silicon.

It is possible to identify the bands associated with the adatom and restatom (at 0.25

eV and –0.40 eV, respectively) because these are present in Fig. 5-8(a), but not in

Fig. 5-8(b) when the adatom and restatom become saturated due to bonding with the

toluene molecule. These energy values are in good agreement with previous experimen-

tal and computational studies [12, 59]. Similarly, the band at –0.8 eV in Fig. 5-8(b) is

associated with the toluene molecule because it is present in the energy band structure

for the surface and molecule but not in that of the clean surface alone.

Fig. 5-8(c) repeats the toluene/Si(111)-5x5 slab energy bands, but these are decorated

with solid disks whose size is proportional to the fraction of the state on the carbon

atoms of the toluene. Most prominent is the band at –0.8 eV, which is confirmed as

being associated with the molecule.

Similarly decorated bandstructures but now for calculations including the adatom-

tip at various tip heights above the adatom are presented in Figs. 5-9(b)–(d) for

the energy range from –2 to 2 eV (relative to the Fermi energy). Fig. 5-9(a) is the

same bandstructure as in Fig. 5-8(c) but with the extended energy range. The lower

density of bands in all bandstructures of Fig. 5-9 between approximately –1 and 1 eV

corresponds to the bandgap range expected of a purely semiconducting surface. As

previously described in Chapter 1, the reconstruction of the Si(111) surface to become

Si(111)-7x7 results in the surface acquiring metallic properties. This is also true of

the Si(111)-5x5 reconstruction, and leads to the band gaps in Figs. 5-9(a)–(d) being

occupied by surface state bands that disperse through the Fermi energy.

Features within the bandstructures can be linked to those of the PDOS displayed in

Figs. 5-7(a)–(b). In particular, the growth and reduction of the 1.4 eV state, and the

growth of the 0 eV state, is seen as the tip approaches closer to the molecule/surface.
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Figure 5-8: Bandstructures for the Si(111)-5x5 slab systems with no tip above the
surface and (a) no molecules, i.e. the surface is clean, and (b) a toluene molecule
chemisorbed on the surface. Note that different colours indicate different bands
but there is no correspondance between specific colours in (a) and (b). As toluene
chemisorbs to the surface, two bands in (a) disappear in (b), at energies approximately
0.25 eV and ´0.4 eV. Also, a new band appears in (b) at approximately ´0.8 eV.
These correspond to missing adatom and restom bands and the emergence of a molec-
ular band. (c) Weighted bandstructure (see text for details) projected on the carbon
atoms of the chemisorbed toluene molecule. This confirms that the new band in (b) at
´0.8 eV is associated with the molecule.

One important feature that can be distinguished in these bandstructures, but not

previously in the PDOS, is that the band at 0 eV in Figs. 5-9(b)–(d) is not present when

the tip is absent in Fig. 5-9(a). This confirms that the new state near the Fermi energy

is a tip-derived state, and not a state already associated with the molecule/surface that

becomes activated upon the approach of the tip.

With band numbers identified from these bandstructures, the 0 eV state located at

the M-point of the Brillouin Zone is visualised as isosurfaces of the wavefunction, ψ, in

Fig. 5-10 for various tip heights. For tip heights greater than 5.5 Å, there is very little

weight in the isosurface at 0 eV, confirmed by the minute size of the red disks in the 0

eV band of Fig. 5-9(b). Isosurfaces of the probability density of charge, |ψ|2, are not

displayed here as changes in sign of ψ reflect changes in bonding/antibonding character:

a change of sign for ψ (indicated by a change in colour in Fig. 5-10) between two

atoms indicates antibonding interaction, whereas no change in sign indicates bonding

interaction. Similar isosurface visualisations were found for the 0 eV state located at

the Γ-point of the Brillouin Zone, indicating that the character of the states associated

with the band are similar across the Brillouin Zone.

At a tip height of 5.5 Å, visualising the isosurface for the state at 0 eV at the M-point
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Figure 5-9: Calculated bandstructures for (a) toluene/Si(111)-5x5, and
toluene/Si(111)-5x5 + adatom-tip positioned above the adatom bonded to the
toluene molecule at tip heights of (b) 6 Å, (c) 5 Å, and (d) 4 Å. The red disks denote
the relative fraction of the states on the carbon atoms of the toluene.
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Figure 5-10: Isosurfaces of the real part of the electronic wavefunction, ψ, corresponding
to the 0 eV state located at the M-point of the Brillouin Zone, associated with the
adatom-tip+toluene/Si(111)-5x5 system. The adatom-tip is positioned at various tip
heights above the adatom bonded to the toluene. A constant isosurface value of 0.03 is
used in (a)–(d). The two colours (blue and yellow here) allow one to distinguish between
opposite signs of ψ [82]. For example, the change of sign between the tip apex atom and
the nearest carbon atom of the molecule indicates an antibonding interaction between
these atoms. Similar visualisations were found at the Γ-point of the Brillouin Zone for
this 0 eV state, indicating that the character of the states associated with the band
are similar across the Brillouin Zone. Illustrations produced using the visualisation
software VESTA [82, 83].

123



indicates that the tip first induces the creation of states surrounding adatoms and re-

statoms of the Si(111)-5x5 slab. This could impact the probability of electron-induced

manipulation of adatoms on the Si(111)-7x7 surface (without any adsorbed molecules),

which was experimentally observed at low temperatures [45, 84]. However, it has

been found that excitation of adatoms also drives the excitation of adsorbed molecules

bonded to the adatom, which can then induce the manipulation of the molecules [24].

Therefore, the new states surrounding the adatoms/restatoms could impact the prob-

ability of electron-induced manipulation of the adsorbed molecules. Given that the

molecule is bonded to adatom/restatom pairs on the surface, at least part of these

adatom/restatom-derived states extend onto the molecule. This is supported by the

rise in the PDOS projected onto the carbon atoms of the molecule visible in Fig. 5-7(b)

at a tip height of 5.5 Å. When the tip is farther away, the 0 eV state visualised in Fig.

5-10(a) does not exist.

As the tip is moved closer to the molecule/surface as shown in Figs. 5-10(b)–(d),

the state density in the vicinity of the molecule and tip increases. At a tip height of

4.5 Å and lower, it is seen that the new state is almost completely localised around

the molecule and the tip, with minimal extension into the Si(111)-5x5 slab surface.

This indicates that charge-induced STM manipulation using positive bias (electrons

tunneling from the STM tip into the molecule/surface) and negative bias (electrons

from the molecule/surface tunneling into the STM tip) can both be affected by this

new state.

It was previously seen from the results in Fig. 5-2 that the probability of hole-induced

desorption is reduced upon the close proximity of the tip to the molecule/surface,

whereas electron-induced desorption was not noticeably affected. However, it was noted

that the tip heights given in the horizontal scales of Figs. 5-2(a)–(c) are not entirely

reliable due to experimental limitations, and therefore the lack of a reduction in prob-

ability for electron-induced manipulation could be due to the tip not being sufficiently

close to the chemisorbed toluene molecule. The simulations here indicate that the

new state, whose isosurface volume is approximately symmetrically localised around

both the molecule and tip, should influence the transfer of charge in both directions,

i.e. both hole-induced (using negative bias) and electron-induced (using positive bias)

manipulation.

Since the density of the tip-derived state at 0 eV increases with the proximity of the

tip towards the molecule/surface, the occupation of the state by charge injection seems

increasingly more likely compared to the occupation of other states at the same energy.
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However, it is unclear whether the new state can potentially divert charge away from

states at other energies associated with local manipulation, e.g. the 1.4 eV state. If

so, it can be speculated that increased occupation of this 0 eV state would reduce the

excited state lifetime of the molecule because it provides a second decay channel during

molecular excitation, as illustrated in Fig. 5-2(d).

5.6 Summary

Simulations using two different model tips have shown that they both induce the cre-

ation of a new tip-derived state, near the Fermi energy at the M-point of the Brillouin

Zone, localised around the tip and molecule upon their close proximity. As the tip–

surface separation reduces, the effective density of this new state was found to increase,

corresponding to a larger isosurface volume.

The above observations are in line with experimental results of the reduction in the

probability of hole-induced desorption of toluene molecules from the Si(111)-7x7 surface

as the tip–surface separation decreases, and that the cause of this reduction in prob-

ability is due to a new state near the Fermi energy providing a second decay channel

for injected charge from the STM tip [42]. There is some indication of the tip-derived

state near the Fermi energy acting as a second decay channel due to the reduction of

a state at „1.4 eV as the tip is moved closer to the molecule/surface, but this was

only observed in the PDOS of the system with the adatom-tip and not the dimer-tip.

Further evidence is needed to clarify whether the tip-derived state is linked to the re-

duction of states at 1.4 eV associated with the hole-induced desorption of molecules

from the Si(111)-7x7 surface.
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Chapter 6

Summary and future work

In this thesis, computational calculations using density functional theory (DFT) plane

wave methods have been used to investigate the binding and desorption of aromatic

molecules (benzene, chlorobenzene, toluene) from the Si(111)-7x7 surface. This surface

has been represented in simulations by a non-periodic Si21H34 cluster as well as the

periodic hydrogen-terminated Si(111)-5x5 and Si(111)-7x7 slabs with a thickness of 3

bilayers (6 atomic layers).

6.1 Molecular binding and geometry

In order to identify the equilibrium atomic configuration expected to be present in

the real molecule/surface system, geometry relaxation of the molecule/cluster and

molecule/slab systems has been performed. The molecule/cluster system has enabled

localised charge to be modelled given its non-periodic and finite system size. Geometry

analysis has shown that when the cluster system has a net –1e charge, there is significant

elevation of the adatom away from the surface compared to the adatom position of the

neutral cluster. Conversely, when the cluster system has a net +1e charge, there is sig-

nificant elevation of the molecule’s carbon atom bonded to the adatom, elongating the

Si(adatom)–C bond. Both charged states indicate atomic motions towards molecular

desorption, reflecting the real system in STM charge-induced molecular manipulation

experiments.

The above results from cluster calculations have been previously reported by Utecht et

al. [44, 51] where a local orbital implementation of DFT was used, thereby demonstrat-

ing the applicability of instead using a plane wave basis for a non-periodic system. Not
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previously reported in literature but found in this work are two local minima of the

positively-charged state of the molecule/cluster system with different Si(adatom)–C

bond lengths of 2.64 Å and 2.19 Å (the corresponding bond length for the neutral

system was found to be 2.04 Å). The energy barrier between these two local minima

is approximated to be in the order of 0.01 eV, implying that at room temperature

(0.025 eV), the system can spontaneously switch between the two positively-charged

states. Other local minima may exist, but their identification would require a more

comprehensive study using a wider range of initial molecule/cluster configurations be-

fore performing geometry relaxation.

The energetically preferred side-group position around the aromatic molecule’s phenyl

ring when chemisorbed to the surface has been investigated by performing binding

energy calculations of the toluene/Si21H34 cluster. Results have shown that the P3

configuration (and equivalently the P5 configuration, see the naming scheme used in

Fig. 3-5) is favoured, with a calculated binding energy of 1.70 eV, using the PBE

functional combined with the Tkatchenko-Scheffler dispersion correction (PBE+TS).

This is in excellent agreement with previously reported binding energy calculations

for the chlorobenzene/Si21H34 system (B3LYP+D3, without counterpoise corrections

(CPC)), once again demonstrating that plane wave DFT is also suitable for non-periodic

systems. Utecht et al. subsequently applied CPC which had the effect of lowering the

binding energy to 1.4 eV, in excellent agreement with values from experiment [48].

In the work presented in this thesis, however, toluene chemisorbed on the hydrogen-

terminated slabs of the Si(111)-5x5 and Si(111)-7x7 systems, in the P3 configuration,

exhibited in both cases a binding energy of 1.4 eV (PBE+TS, without CPC), which is

more reliable than using clusters given that a periodic slab with the full unit cell more

accurately represents the real Si(111)-7x7 surface.

Future work to investigate why the P3/P5 configurations are energetically favoured

may involve analysing the distribution of charge density upon molecular adsorption.

It is expected that the electronegativity of the molecule’s side-group will influence the

charge density distribution, but probably not to the extent that the P3/P5 are no

longer the preferred configurations for different aromatic molecules. This is because

the covalent bonding of the molecule’s carbon atoms on opposite sides of the phenyl

ring to the surface adatom and restatom is expected to have a greater influence on

charge density.

The effect of intermolecular interactions has also been investigated by studying toluene/

Si(111)-7x7 with three molecules chemisorbed within the same half-unit-cell. For this,
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the slab model was employed. A previous experimental study [67] observed that the

energetic preference of molecular binding to the unfaulted half of the unit cell switched

to favour the faulted half when the number of molecules per half-unit-cell was greater

than two, i.e. at high surface coverage. This could not be confirmed by previous

computational studies in the literature due to the expense of simulating the full Si(111)-

7x7 surface at a DFT level. Using the computational processing power available in

modern HPC systems, the above simulation has been carried out for the work in this

thesis. Results show that there is no switching in the energetic preference of adsorption

sites between the unfaulted and faulted halves: with three toluene molecules bonded to

middle adatom sites, the binding energy per molecule on the unfaulted half is found to

be 0.83 eV whereas that of the faulted half is 0.81 eV. This preference for the unfaulted

half is also observed in slab calculations involving a single adsorbed molecule. Here,

toluene is found to have a 0.03 eV higher binding energy on average on the unfaulted

half of the surface compared to the faulted half.

6.2 Phonon-assisted desorption

Previous STM charged-induced desorption experiments at low-temperature [69] re-

ported activation energies that were significantly lower than the thresholds at room

temperature (e.g. 1.4 eV for electron-induced desorption at room temperature). To

account for this, phonon calculations of the molecule/Si21H34 cluster system have been

performed for the neutral, –1e and +1e charge states. The reliability of these calcu-

lations has been confirmed by matching the C=C vibrational frequencies of the sys-

tems with those reported in previous experimental and computational studies. The

chemical similarity between the different aromatic molecules studied in this work (ben-

zene, chlorobenzene, toluene) is confirmed by vibrational modes differing between the

molecules by up to „20 cm´1, which is relatively small.

A phonon mode at 421 cm´1 for the neutral molecule/Si21H34 system is identified as the

likely mode responsible for assisting hole-induced desorption from the surface. At this

frequency, the neutral system has a corresponding energy within the uncertainty of the

low-temperature activation energy of hole-induced desorption (60˘10 meV ” 484˘81

cm´1 [73]), whilst also displaying vibrational motion that maximises the Si(adatom)–C

bond length. As mentioned in the previous section, the positively-charged state exhibits

a significant Si(adatom)–C bond stretch, and therefore the 421 cm´1 mode could aid

the transition into this state upon adsorption of a hole during STM charge-injection

and subsequently be desorbed from the surface.
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It has not been possible to identify a mode that could be responsible for the electron-

induced desorption. Geometry analysis indicates that there is little elongation of the

Si(adatom)–C and the Si(restatom)–C bonds for the transition of the neutral state to

the negatively-charged state. This means that phonon analysis by comparing bond

stretches involving these atoms is not an appropriate approach to identify the mode

associated with electron-induced desorption. Future work to identify the modes respon-

sible for the low-temperature activation energy of electron-induced desorption (13˘3

meV ” 105˘24 cm´1 [73]) could involve the analysis of Si–Si stretches associated with

the adatom. It has been identified that the adatom of the negatively-charged state

exhibits significant elevation away from the surface compared to the adatom position

in the neutral state.

6.3 Tip-derived state

Previous STM hole-induced desorption experiments of toluene from the Si(111)-7x7

surface have showed that the probability of desorption drops by two orders of magnitude

when the STM tip height from the surface decreases from approximately 8 to 6 Å [42].

It was proposed by the authors of Ref. [42] that (1) the close proximity of the STM

tip to the molecule/surface creates a new state near the Fermi energy, and (2) this

new state acts as a second decay channel that reduces the excited state lifetime of the

molecule and consequently the probability of it being desorbed.

The work presented in Chapter 5 modelled a tip above the molecule/surface system

and established the existence of a new state near the Fermi energy at a tip–surface

separation of 6 Å, which increased in state density as the tip is moved closer to the

surface. This confirms proposition (1) above. The new state is considered to be a

“tip-derived state” because the tip needs to be in close proximity to the surface for

the state to appear. As shown by bandstructure calculations, the state is absent when

there is no tip above the molecule/surface. In contrast, the term “interface state” used

previously [76] implies that the state is present regardless of whether there is a tip

probing the surface and that the state is characteristic of the interface on the surface.

This is not the case for the new state observed in the results of this work, and hence it

is therefore referred to as a tip-derived state.

There is indication of proposition (2) being true given that, in tandem with the cre-

ation of the new state near the Fermi energy, a state at „1.4 eV above the Fermi energy

reduces in effective density as the tip is moved closer to the surface, which is relevant

considering that the 1.4 eV state is associated with electron-induced molecular manipu-
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lation. However, this was not observed for both model tips used in the simulations and

no corresponding reduction in effective density of a state at „1.2 eV below the Fermi

energy was observed, which is associated with hole-induced molecular manipulation.

Further work to provide evidence of the tip-derived state being responsible for the

reduction in manipulation probability should include a continuation of the isosurface

visualisation analysis presented in Chapter 5. Specifically, the state at 1.4 eV associated

with local molecular manipulation could be identified and visualised to see whether

there is a link between its spatial localisation and that of the tip-derived state as a

function of tip–surface separation.

Other model tips should also be considered in future investigations in an attempt to

identify why the system using the model dimer-tip did not exhibit a reduction in the

effective density of states at „1.4 eV which was observed for the system using the model

adatom-tip. It is expected that the tip-derived state is not specific to the models used

in the simulations but instead it is a general property arising from the short-range

interactions between the tip and molecule/surface.

By understanding the conditions which give rise to the tip-derived state and reliably

controlling its onset and effect on STM local manipulation experiments, it is hoped

that an additional degree of freedom will be gained with which to influence surface

chemical reactions of molecules and nanostructures. For STM experiments in which

the reduction in manipulation probability caused by the tip-derived state is undesired,

one approach to limit the influence of the tip would be by introducing a sufficient time

delay between successive STM images, in so-called time-lapse STM imaging [48].
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