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ABSTRACT

This thesis presents a detailed study of the physical processes underpinning manipulation

of aromatic molecules with the scanning tunnelling microscope (STM) on Si(111)-7x7.

We distinguish between two modes of manipulation: local and nonlocal.

Nonlocal manipulation is when an electron injected from the STM tip induces a

molecule some tens of nanometres distant from the original injection site to react,

in this case desorb. We split this process into three steps: (i) electron injection, (ii)

surface transport, and (iii) molecular manipulation. The first set of results presented

in this thesis aim to gain comprehensive understanding of the transport process, step

(ii). By drawing a comparison with laser two-photon photoelemission experiments, we

are able to show that the injected electrons are transported across the surface via a

state localised at the silicon adatom backbonds. We also show that the temperature

dependence of the length-scale of the nonlocal process obeys Einstein’s electrical mobil-

ity equation, λ ∝ T 0.5. This, combined with a good fit to the radial distribution data

allows us to conclude that the observed nonlocal effect is the aftermath of diffusive hot

electron transport across the surface. Furthermore, we observe a region of suppressed

desorption close to the injection site, which behaves in a saw-tooth fashion as we

increase the injection bias voltage. We show that each time the suppression region

resets itself back to a minimum value, a new surface state appears as measured with

scanning tunnelling spectroscopy (STS). We develop a theoretical model to link the

magnitude of the supression region to the surface band structure, based on the coherent

expansion of an electron wavepacket. By fitting the model to the experimental data we

extract a coherent lifetime of ∼ 10 fs. We conclude that electron (and hole) transport

is a two-step proces: (1) ultrafast coherent inflation, followed by (2) incoherent diffusion.

The second set of results presented here are aimed at understanding step (iii) of

the nonlocal process, i.e. the molecular manipulation itself. To address this we perform

extensive studies where we inject electrons (and holes) directly into a single target

molecule on the surface and into the silicon adatoms themselves and look at the current

and the voltage dependence of the manipulation rate. At low temperature, we compare

directly the rate of desorption of toluene molecules to the rate of silicon adatom hopping.

This, combined with a comparison of the voltage dependence of the manipulation rate

with STS spectra acquired on top of a molecule and on top of a clean adatom, allows
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us to show that manipulation is in fact mediated by the underlying silicon surface.

Injecting the tunnelling current into the molecule simply enhances this effect. Finally,

the current dependence for hole injections into toluene molecules allows us to observe

suppressed desorption rate at higher currents - the opposite effect of what is expected.

By presenting the desorption rates as a function of tip height, we construct a simple

model where we introduce a second decay channel for the excited state of the molecule:

through the tip. This allows us to obtain an estimate of the tip-molecule separation

during a ‘passive’ scan of ∼ 0.4 Å.

In the context of all this, we discuss step (i), the injection process, and propose future

experiments that will allow us to: gain better understanding of the injection process

and measure the absolute reaction cross-section; extend the nonlocal manipulation to

new surfaces, e.g. graphene, and employ this technique in order to observe relativistic

quantum mechanics phenomena; and obtain quantitative information about some

principal surface science properties on the nanoscale, like mobility.
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Chapter 1

INTRODUCTION

As Richard Feynmann predicted in 1959, there is no physical barrier to manipulating

matter at its ultimate level of individual atoms and molecules [1]. The invention of the

scanning tunnelling microscope (STM) in the early 1980’s [2] gave us the ability to ‘see’

atoms. Don Eigler’s pioneering work in the early 1990’s showed that individual atoms

could be positioned using an STM with atomic resolution (to form a nanoscale advert no

less) [3]. This level of control over matter offers the possibility of atomic scale devices

such as molecular transistors or single atom logic memory [4, 5]. Over the past decade

there has been a world-wide push to understand and catalogue what can and cannot be

done at this level. There have been examples of dissociation [6, 7] and rotation [8] of

small molecules, and also of the controllable switching of macromolecules [9–11]. Some

of the most beautiful examples were those of quantum structures, like the quantum

stadium [12] and the quantum mirage [13], where text book quantum mechanics could

be ‘observed’ directly with an STM. However, the serial one-atom-at-a-time form of

atomic construction so far employed by the best groups would lead to a considerable

bottle neck for any realistic and scalable atomic-scale technology.

My supervisor, Dr Peter Sloan, then at the University of Birmingham, demonstrated

in 2010 that the STM can in fact perform many hundreds of individual atomic manipu-

lations simultaneously [14, 15]. Molecules many tens of nanometers distant from the

precise location of the STM tip can be made to react: nonlocal manipulation. In this

thesis I will report a detailed and systematic investigation into the underlying physics of

this method of manipulation. Both the transport process across the surface and the

final molecular manipulation itself will be discussed.

We show that after an electron has quantum tunnelled from the tip of the STM into

the surface it undergoes rapid (and quantum coherent) inflation growing to a radius of

about 15 nanometres in less than 10 femtoseconds [16]. Then, a more slow diffusive

expansion lasting 200 fs and growing to a final size of 30-50 nm takes place [15]. This

electron dynamics is the same dynamics that is presently limiting the downsizing of

microchip technology through parasitic leakage currents [17–19] and constraining the
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efficiency of electrical solar cells [20–22]. Furthermore, through a series of rigorous

single-molecule experiments (where we inject directly into a single target molecule) we

show that the actual molecular manipulation is mediated by the surface and that the

only role of the molecule is in enhancing this process. In this context, there might be

scope to reconsider some of the implications of the earlier reports of electron-induced

single molecule manipulation.

The layout of this thesis is as follows: Part I presents a detailed introduction to

the principle of operation of the STM and to atomic manipulation. Part II gives an

overview of the experimental techniques used to acquire the results in this thesis. The

main results are split into two parts. Part III presents the nonlocal transport study.

Part IV deals with the local experiments. Finally, Part V summarises the results and

discusses the future outlook of this research.

CHAPTER 1. INTRODUCTION 3



Chapter 2

STM AND ATOMIC

MANIPULATION

This chapter gives an extended introduction into the theoretical principle and experi-

mental aspects of the STM. It then goes on to give some examples of the STM as a

tool for manipulating individual atoms and studying the behaviour of surface electrons,

which is the main topic of this thesis. Specific literature reviews are attached to the

relevant results chapters.

2.1 Quantum tunnelling

Central to the theory of STM is the principle of quantum tunnelling. If we consider

a particle of energy E incident on a potential barrier U0, then classically the particle

would be transmitted through the barrier with a probability T = 1, so long as E > U0.

If the reverse holds true, then the particle would be reflected from the barrier with a

probability of reflection R = 1. In the case of quantum mechanics however, if the energy

E of the particle is slightly higher or slightly lower than the potential barrier height

U0, then there will be a finite chance of the particle to be reflected by or transmitted

through the barrier respectively. This is possible because of the principle of wave-particle

duality. Outside the tunnelling barrier, in regions I and III from figure 2.1, the particle

behaves like a wave. However, inside the barrier (region II) it can be treated as an

individual particle. This behaviour is well described by the Schrödinger equation

ĤΨ (z) = EΨ (z) , (2.1)

where Ĥ = −i~52 +U(z) is the Hamiltonian operator, with i the imaginary number,

~ = h/2π Planck’s constant and U(z) the potential energy of the particle. A plane

wave solution to this equation for each region in figure 2.1 allows us to express the
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2.2. PRINCIPLE OF THE STM

wavefunction of the particle as

Ψ1 (z) = Ae(ik1z) +Be(−ik1z) for z < 0 (2.2)

Ψ2 (z) = Ce(k2z) +De(−k2z) for 0 ≥ z < d (2.3)

Ψ3 (z) = F e(ik1z) +Ge(−ik1z) for d ≤ z, (2.4)

with k1 =
√

2mE
~ and k2 =

√
2m(U0−E)

~ . Since there is no barrier to be reflected off in

region III, we set G = 0. To ensure continuity of Ψ (z) and dΨ (z) /dz at z = 0 and

z = d we apply the usual boundary conditions

Ψ1 (0) = Ψ2 (0) (2.5)

Ψ2 (d) = Ψ3 (d) (2.6)

Ψ̇1 (0) = Ψ̇2 (0) (2.7)

Ψ̇2 (d) = Ψ̇3 (d) . (2.8)

This gives the tunnelling probability

T =
|F |2
|A|2 =

(
1 +

(
k2

1 + k2
2

2k1k2

)2

sinh2 (k2z)

)−1

. (2.9)

For an electron tunnelling through a large barrier in the z-direction e−k2z → 0. This

results in the simplified form for the probability of tunnelling through a potential barrier

of finite height U0 and width d

T ≈ 16
k2

1k
2
2

(k2
1 + k2

2)
2 e−2k2z. (2.10)

Therefore, the lower and the narrower the barrier, the higher the transmission probability.

In the classical limit the quantity k2z is very large, hence T = 0 and there is no chance

of detecting the particle on the other side of the barrier. As we will see, it is the

exponential z-dependence that gives the STM its atomic resolution.

2.2 Principle of the STM

We can treat the tip and the sample of an STM as one-dimensional flat-plate electrodes.

When they are brought very close together, an overlap of the wavefunctions of the tip

and the sample may occur and electrons will tunnel between them. If a bias is applied

to the sample as shown in figure 2.2, the Fermi level of the sample will be shifted

from equilibrium. This scenario can be treated in the same way as the one-dimentional

tunnelling problem discussed above. The potential barrier that the electrons need to

CHAPTER 2. STM AND ATOMIC MANIPULATION 5



2.2. PRINCIPLE OF THE STM

z=0 z=d

E

U=U
0

I II III

Figure 2.1: Quantum tunnelling of a particle of energy E through a potential barrier of
height U0.

E
F

F
s

eV

F
t

z

e-

Figure 2.2: STM tunnelling barrier of width z. When a bias voltage V is applied to the
sample, electrons of energy eV tunnel from the occupied states of the sample into the
empty states of the tip. Φs is the workfunction of the sample and Φt that of the tip.

overcome in order to tunnel between the sample and the tip can be approximated to a

square barrier of height Φ = 1/2(Φs + Φt) as long as the workfunctions of the sample

and the tip are of similar magnitudes, typically Φs ≈ Φt ≈ (4 − 6) eV [23], and the

applied sample bias V is small. Therefore, an electron tunnelling from the nth occupied

state in the sample will have a wavefunction inside the tunnelling gap

Ψn(z) = Ψn(0)e−κz, (2.11)

where the decay constant κ =
√

2mΦ/~ ≈ 1 Å−1. Its corresponding tunnelling

probability is then given by

Pn(z) ∝ |Ψn(0)|2e−2κz. (2.12)

CHAPTER 2. STM AND ATOMIC MANIPULATION 6



2.2. PRINCIPLE OF THE STM

Integrating over all energy states between the Fermi level of the sample and eV below

it results in the tunnelling current

It ∝
∫ E=EF

E=EF−eV
|Ψ(0)|2e−2κzdE (2.13)

and the main contribution to the tunnelling current comes from electrons close to the

Fermi level EF of the sample. We can express the local density of states on the sample

at some energy E as

ρs(z, E) =
1

eV

∫ E=E

E=E−eV
|Ψ(z)|2dE. (2.14)

Therefore, in the small bias regime we can link the tunnelling current It to the local

density of states of the sample ρs by

It ∝ ρs(0, EF )e−2κzV, (2.15)

which by equation 2.11 is then equivalent to

It ∝ ρs(z, EF )V. (2.16)

Therefore the tunnelling current depends on 3 things: (i) the tip height z, (ii) the sample

work function Φ and (iii) the local density of states of the sample ρs. The exponential

dependence of the tunnelling current on the tip-sample separation means that for a

typical value of the workfunction Φ = 5 eV, a change in tip height of ∆z = 1 Å would

result in an order of magnitude change in the tunnelling current. This is where STM’s

capability for imaging conducting surfaces on an atomic scale wields its power. However,

any change in the tunnelling current could be either attributed to a corrugation on the

surface or a change in the work function of the tip or the surface. Those two effects

can be easily decoupled by (
∂ ln I

∂z

)2

∝ Φ. (2.17)

Furthermore, assuming a stable tip condition, the work function of the sample Φs at a

specific point can be extracted by measuring the change in the tunnelling current as a

function of the tip height. This is known as z-spectroscopy [24].

Finally, by measuring the change in the tunnelling current as a function of the

tip-sample bias voltage, we can directly access information about the local density of

CHAPTER 2. STM AND ATOMIC MANIPULATION 7



2.3. DESIGN OF THE STM

states at the Fermi level of the sample in atomically defined locations

∂I

∂V
∝ ρs(z, EF ). (2.18)

This mode of operating the STM is known as scanning tunnelling spectroscopy (STS)

and will be discussed in greater detail in section 3.5.3.

z

I
tV

B

z

I
tV

B

A

B

Figure 2.3: (A) Constant current imaging: the tunnelling current It is kept constant by
correcting the tip height above the surface z at a set tip-sample bias voltage VB. (B)
Constant height imaging: the tip height above the sample z is maintained constant by
correcting the tunnelling current It at a set tip-sample bias voltage VB.

2.3 Design of the STM

Image acquisition with the STM can be performed in 2 ways: either at constant

current (see figure 2.3(A)) or at constant height (see figure 2.3(B)). The commonly

used imaging mode is the former, in which the STM tip is scanned across the surface
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at a set bias voltage VB, and the tunnelling current It is maintained at a constant

value by correcting the tunnelling gap z. The required corrections are typically on the

sub-nm scale. In order to achieve such small corrections, the STM tip is mounted

on piezoelectric ceramics. When a voltage is applied to a piezo tube of length l and

cross-sectional area A, it extends by an amount

∆l = δ
l

A
V, (2.19)

where δ is a piezoelectric constant specific to the material.

In order to achieve atomic resolution in the plane of the sample, the apex of the

STM tip has to be atomically sharp. For ambient condition imaging, the commonly

used tip materials are Au and Pt-Ir since they are relatively inert to oxidation. Sharp

terminations capable of atomic resolution imaging can be obtained by snapping a wire

of either material into two halves. However, these tips are unstable and the failure

rate of producing them is very high. The favoured material for imaging under UHV

conditions is tungsten (W). It is very oxidisable and therefore cannot be used in air.

The advantage of tungsten, however, is that it is much harder and therefore more stable.

Such tips are usually made by electrochemically etching a tungsten wire, followed by

outgasing or electron bombardment in high vacuum (∼ 1 × 10−6 mbar). This is a

very efficient procedure with a high success rate and will be discussed in more detail in

section 3.3.1. Further, it is possible to achieve sub-atomic resolution by picking up a

CO molecule with a W tip [25, 26]. However, such tips are difficult to obtain and are

only stable at low temperature (5 K).

The extreme sensitivity of the tunnelling current to the tip-sample separation means

that any small mechanical oscillations of the scanning unit result in noise in the acquired

images. Such vibrations can come from the oscillations of the building or even from

acoustic noise carried in the air and would typically have an amplitude of ∼ (0.1−1) µm.

On the scale of the typical tip-sample separations during imaging (∼ 1 nm) and the

corrugations on standard STM substrates like graphite (∼ 10 pm), these oscillations

will dominate the image. Therefore, in order to achieve atomic resolution it is crucial

to have good vibrational damping. The common inexpensive way of achieving this is by

using rigid materials with high resonant frequencies for the design of the STM head.

The head is then suspended on low-resonant-frequency springs and placed in a vacuum

chamber. This ensures that any high frequency mechanical vibrations coming from

outside will not be transmitted to the STM head because of the low-lying resonance

of the spring suspension mechanism. Vice versa, any low-frequency mechanical vi-

brations will not couple efficiently to the scanner head due to its high resonant frequency.
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The typical currents measured during imaging are of the order of ∼ 100 pA and

require significant amplification to be converted to voltages that are comfortable to

work with. This is usually done by connecting a preamplifier directly to the STM head

feedthrough which amplifies the tunnelling current 105 − 109 times. Therefore, at

the highest gain a current of 1 nA would correspond to 1 V. Due to the exponential

nature of the current-distance relationship, the corresponding voltage can be further

amplified with a logarithmic amplifier during a second amplification stage. This voltage

is then compared to some reference value corresponding to the desired tunnelling current

set by the operator. The voltage difference is amplified greatly by a high-voltage am-

plifier and supplied to the z-piezo driver (see figure 2.4) to complete the feedback circuit.

However, in order to use this extremely sensitive feedback circuit in the first place,

the sample needs to be within reach of the z-piezo tube that the tip is mounted on.

Most piezo actuators have a range of only ∼ 1 µm. In order to bring the tip close

enough without crashing it into the surface, some piezo drivers employ the ‘slip-stick’

method shown in figure 2.5. The z-piezo tube is slowly extended. If the tunnelling

current is below the desired setpoint, it is then quickly retracted and the coarse motors

bring the tip a single step closer to the surface. To ensure that it is safe to do so, a

coarse-motor step has to be smaller than the maximum extension of the piezo tube.

This is repeated until the desired value for the tunnelling current is reached.

2.4 Atomic manipulation

When Binnig and Rhorer first designed the STM [2, 23], it was with the clear goal to

resolve surfaces on the atomic scale. However, their invention soon proved valuable for

its capability to move individual atoms and molecules on surfaces. Despite this effect

being adverse to imaging, it was quickly recognised that the STM could revolutionise

the field of bottom-up fabrication, offering the possibility to overcome the predicted

end of Moore’s law. The first example of controllable atomic manipulation came from

Donald Eigler’s lab and became the smallest company advertisement yet. Eigler and

Schweizer used the STM to move 35 Xe atoms on Ni(110) one by one to spell out

‘IBM’ (see 2.6(A)). To achieve this, they had to pick their substrate such that the

barrier to thermal displacement of the Xe atoms (at 5 K) was high enough for them to

be stable under passive imaging conditions. At the same time, the barrier to diffusion

had to be lower than that to desorption to enable lateral manipulation with the STM

tip. They employed a 4-step procedure each time (see 2.6(B)), which is typical for all
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Figure 2.4: STM feedback circuit. At a set sample bias, the tunnelling current between
the tip and the sample is amplified and converted to voltage using a pre-amplifier. It is
then used to provide feedback for the STM tip height. Both the piezo motors and the
coarse approach motors are driven with the piezo driver.

Dx

slow extention

rapid contraction

coarse step

Dl

0max min

Figure 2.5: ‘Slip-stick’ method of fine approach. First, the piezos are slowly extended.
If no tunnelling current is detected, the piezos are then quickly retracted and the coarse
motors make one step towards the sample. This is repeated until the current setpoint
is reached.

mechanical manipulation experiments:

1) the tip is precisely positioned above a Xe atom in passive imaging conditions;

2) the tunnelling current is increased, causing the tip to come closer to the adsorbate

atom;
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3) under a closed feedback loop, the atom is pushed with the STM tip to the desired

location;

4) the tip is returned back to the passive scanning parameters.

This mechanism of manipulation was attributed to the van der Waals interaction

between the tip and the Xe adsorbate atoms [3]. Manipulating atoms and molecules in

this fashion is nowadays an almost routine procedure abundant in examples [4, 12, 13,

27–32]. Recently, it was even used to make the world’s smallest stop-motion movie: ‘A

boy and his atom’ (see figure 2.6(C)). The film was made by individually manipulating

CO molecules on Cu(111) to create 242 frames and took 4 researchers 2 weeks to

make.

A C

B

(1)

(2)

(3)

(4)

Figure 2.6: (A) IBM written with 35 Xe atoms on Ni(110). (B) Step-by-step schematic
of the manipulation mechanism. ((A) and (B) from [3]) (C) ‘A boy and his atom’
created by mechanically pushing individual CO molecules on Cu(111). (Image taken
from the IBM website.)

Artificial structures manufactured in this way have also been used to trap surface

electrons in different geometries and study their quantum behaviour. For example, when

48 Fe atoms were arranged to form a coral on the Cu(111) surface it was possible to

measure the surface states inside the coral and to match them up to the eigenvalue

solutions of the Schroedinger equation for electrons confined in a two-dimentional

round box [12, 28]. Another more peculiar example is the quantum ‘mirage’. When

CHAPTER 2. STM AND ATOMIC MANIPULATION 12



2.4. ATOMIC MANIPULATION

individual magnetic atoms like Co or Ce are placed on a non-magnetic conducting

surface (e.g. Cu(111), Ag(111)) they can perturb the local density of electronic states

at the position of the adsorbate impurity. This effect is very localised and is strongly

temperature dependent. Even though it was first theorised half a century ago and has

been extensively studied since, the first observation of a Kondo resonance around a single

magnetic impurity was only possible after the invention of the STM [33]. In the presence

of a magnetic adatom, the electrons from the two-dimentional electron gas (2DEG)

on the metal surface align their spins to screen the single magnetic moment of the

adsorbed impurity. This leads to the formation of a magnetic singlet state surrounded

by a cloud of conduction electrons. In STM this is pronounced as an increase in the

local density of states around the adsorbed Co atoms since the screening electrons

come predominantly from the Fermi surface of the substrate. Figure 2.7 shows an

example of a Kondo resonance inside an elliptical quantum coral on Cu(111). Strikingly,

when the Co atom is precisely placed in one focus of the ellipse, a second peak in

the LDOS is observed in the other focus (figure 2.7a,c). This matches well with the

theoretically calculated eigenstates (figure 2.7e). The mirage is no longer observed if the

impurity is placed anywhere else inside the coral (figure 2.7g,i). This is the first example

of a local perturbation of the 2DEG of a metal surface which does not spatially decay [13].

With the discovery of graphene, where surface electrons exhibit a light-like linear

dispersion, such artificially created structures have also been employed to study relativis-

tic quantum mechanical phenomena. One such example is shown in figure 2.8 where 5

Ca dimers were manipulated to create a structure that mimics a superheavy nucleus

in order to observe the atomic collapse of a wavefunction on graphene. Relativistic

quantum mechanics predicts that electrons orbiting around a nucleus will spiral out from

their Bohr orbitals and ‘dive’ towards the nucleus so long as the nucleus exceeds some

critical charge Zc. The electrons exist in this supercrical regime for a finite amount

of time before spiralling back outward and coupling to the positron continuum. Until

recently this phenomenon has eluded experimental observation, but the relativistic

nature of electrons in graphene allowed Wang and his colleagues to detect this effect

as a resonance in the measured LDOS on the surface close to the artificial nucleus.

The position of this resonance is indicated with the red arrow in figure 2.8 (A) and (B)

and it is easy to see the remarkable agreement between experiment (A) and theoretical

prediction (B). Figure 2.8(C) shows a map of the intensity of this quasi-bound state

near the artificial nucleus. It is easy to see that the resonance extends to about 10 nm

away from the artificial nucleaus indicating that the peak in the LDOS is due to the

occupation of the atomic collapse state by graphene electrons. It was further shown

that the behaviour of this quasi-bound state is strongly dependent on the type of doping

and could be quenched at high electron concentrations [34].
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Figure 2.7: a),g) STM image of an elliptical quantum coral constructed by mechnically
manipulating Co atoms on Cu(111). An individual Co atom is placed in the focus of
the ellipse in a) and out of focus in g). c), i) Normalised dI/dV spectra acquired
simultaneously with a) and g) respectively. When the Co impurity is placed in one
focus of the ellipse, an increase in the LDOS is also observed in the empty focus. e)
Calculated eigenstates for the case in a) and g). All images are 15 nm2. Figure from
[13].
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A B

C

Figure 2.8: Quantum collapse of a wavefunction close to an artificial nucleus created
from 5 Ca dimers on graphene. (A) STS spectra acquired at different heights close
to the artificial nucleus. Red arrow shows the resonance associated with the atomic
collapse. Black dashed line marks the position of the Dirac point. (B) Theoretically
calculated spectra matching the STS in (A). (C) Intensity map acquired at the voltage
of the resonance in (A). The five Ca dimers appear as slightly darker discs. Figure from
[34].

Figure 2.9 shows another example of atomic manipulation with the STM. In this case

a single hexa-t-butyl-hexaphenylbenzene (HB-HPB) molecule is put to work to collect

individual Cu adatoms on the Cu(111) surface. HP-HPB molecules have a very low diffu-

sion barrier on Cu(111) and aggregate at step edges and impurities even at temperatures

as low as 5 K. However, it was possible to push an individual HP-HPB molecule with

the STM tip from a step edge to the location of an individual Cu adatom. This further

lowered the diffusion barrier, but it also had the unexpected effect that the Cu adatom

would attach to the HP-HPB molecule. Up to 5 Cu adatoms could be collected in this

fashion. When the HP-HPB molecule was picked up with the STM tip, the cluster of 5

Cu adatoms remained in place. This is an elegant example of controllable manipula-

tion of multiple atoms and could be used to engineer artificial structures on surfaces [35].
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Figure 2.9: Using an HP-HPB molecule to collect Cu adatoms. a) 4 Cu adatoms on the
Cu(111) surface. b)-e) An HP-HPB molecule is consecutively dragged across the Cu
adatoms to collect them. f) An HP-HPB molecule holding a cluster of 5 Cu adatoms.
e) After picking up the molecule with the STM tip, a cluster of 5 Cu adatoms remain
in the same place on the surface. Figure from [35].

All examples of STM-induced atomic manipulation discussed so far in this chapter

were carried out by using the STM tip to mechanically push or pull individual atoms

and molecules. However, the tunnelling current and the applied bias between the tip

and the sample in STM mean that manipulation can also be induced by the electrons

themselves or even by the electric field between the tip and the sample. Thus, we can

group atomic manipulation experiments into 3 categories: (i) mechanical, via a direct

contact between the tip apex and the adsorbate; (ii) electric field, where the intense

electric field between the tip and the sample (∼ 109 V/m) can interact with polarisable

adsorbates on the surface and (iii) electron-induced, via inelastic electron-tunnelling

into the adsorbate. More detailed reviews of these mechanisms both locally within

the STM tunnel junction and nonlocally, far from the injection site, will be given in

Chapters 6 and 4 respectively.

Electron-induced excitations allow us to study rapid, high yield processes in a con-

trollable fashion and form a major part of this thesis. An example of such manipulation

is shown in figure 2.10. When electrons are injected into a biphenyl molecule adsorbed

on the Si(100) surface, it is possible to induce controllable switching of the molecule by

injecting electrons into it. At room temperature, the biphenyl molecules are bi-stable on

the surface. The two possible adsorption configurations are shown in the STM images

2.10(B), (C) and schematically in figure 2.10(D), (E). When the surface is cooled down

to 5 K, the molecules reside in either adsorption configuration and it is possible to image

the surface with the STM under passive conditions without disturbing them. In order to

induce a manipulation event, the STM tip is placed on top of the molecule and electron

injections are performed at an elevated sample bias with the feedback loop switched off.
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The recorded tunnelling current exhibits a telegraphic signal, corresponding to either

surface geometry of the molecule (figure 2.10(F)). From the voltage dependence of

the estimated switching rates, it was concluded that the manipulation mechanism is

indeed by resonant electron tunnelling via an ionised state of the molecule. The authors

showed further that the outcome of manipulation can be controlled by injecting into

different sites both inside and immediately next to the molecule [9].

The precise mechanism of manipulation in such systems was one of the main research

topics in the field of single-molecule manipulation over the last two decades. One of the

most studied toy-systems is the hydrogenated Si(100) surface. This system presents an

interesting example as despite its relative simplicity in comparison to other systems (e.g.

the one studied here, aromatic molecules on Si(111)-7x7 [7, 14–16, 36]), the desorption

mechanism was subject to some debate. The first reports of hydrogen desorption from

Si(100) suggested that a vibrational heating mechanism requiring > 10 electrons is

responsible for the desorption process [37, 38]. However, a later study by Dujardin

and colleagues [39] which involved testing a much larger range of injection parameters

with two different methods of manipulation (frame-by-frame and single-point injections)

revealed that the manipulation mechanism is in fact via coherent electron excitation

[40] and requires ∼ 2 electrons. This example highlights the importance of acquiring

large amounts of statistical data in such single-molecule studies, which is partly the

motivation for the work presented in Part IV of this thesis. A more detailed literature

review of STM-induced single-molecule manipulation is given in Chapter 6.

An example of the first STM-fabricated logic gate is shown in figure 2.11. When

CO molecules are deposited on the Cu(111) surface, it is possible to induce a cascade of

reactions by mechanically manipulating a single CO molecule with the STM tip. Such

molecular cascades can be used to transport a single bit of information from one location

to another. A combination of these cascades can even be employed to perform logical

operations. The basic unit of the cascade is three CO molecules arranged in an arrow

configuration. After some time they decay to a more stable triangular arrangement. At

temperatures below 6 K the mechanism of manipulation was identified to be quantum

tunnelling of the molecules. Figure 2.11(A) shows the workings of a logic AND gate

fabricated in this way (B). When either input of the cascade is triggered separately, the

output remains unaffected - in the ‘off’ state (E), (C). However, when both inputs are

triggered, the cascade carries through to the output. The decay time of an individual

chevron is of the order of 5 min - much slower than any modern day Si transistor.

However, after a single operation, the logical gate has to be manually reset by placing

all CO molecules back to their starting positions [4].
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Figure 2.10: (B), (C) A single biphenyl molecule on the Si(100) surface. (D), (E)
Schematics of the 2 possible adsorption configurations of biphenyl on the surface.
(F) Current trace recorded during an injection of electrons at Vs = −2.8 V into the
site marked with a circle in (B) and (C). Peaks correspond to the molecule being in
configuration (B) and troughs - in configuration (C). Figure from [9].

CHAPTER 2. STM AND ATOMIC MANIPULATION 18



2.4. ATOMIC MANIPULATION

Figure 2.11: Logic AND gate. (A) Model of the AND gate. Large blue dots indicate
CO molecules that hop during device operation, and green dots indicate the positions
after hopping. Both input cascades (left) have to be triggered to set up a chevron in the
centre, which then triggers the output cascade. (B) to (D) Sequence of STM images
(5.1 nm by 3.4 nm) showing the operation of the AND gate. (B) Initial configuration.
(C) Result after input X was triggered manually by moving the top left CO molecule
with the STM tip. (D) When input Y was triggered, the cascade propagated all the
way to the output. (E) The result of manually resetting all CO molecules to the initial
configuration of B, and then manually triggering input Y. Subsequently triggering input
X yielded configuration (D). Figure and caption from [4].

CHAPTER 2. STM AND ATOMIC MANIPULATION 19



2.4. ATOMIC MANIPULATION

Figure 2.12: Linear chain of six dangling bonds (DB). (A) STM topographs of a six-DB
chain at +1.8, +1.4 and -1.4 V, respectively (15 pA; 5.3× 2 nm2). (B) Line profiles
taken along the DB structures as indicated for each of the images in (A). (C) Simulated
line profiles generated from linear combinations, Σci|Ψi|2, of the individual bound-
state solutions to the six-DB system. (D) Six-DB potential well and the probability
distribution of its bound-state wavefunctions, ψ1 to ψ8, with binding energies given in
eV. Figure and caption from [41].

Manipulating surfaces on the scale of individual atoms and molecules also offers

the exciting possibility of creating atomic-scale devices that operate on the principle of

coherent quantum interference, instead of charge transport [42]. Even though structures

that exhibit quantum states can now be fabricated almost routinely on metal surfaces

at cryogenic temperatures [13, 28], the controllable formation of such structures on

semiconductors and insulators has eluded experiments until recently. Figure 2.12 shows

an STM-fabricated chain of 6 dangling bonds (DB) on the hydrogen-passivated Si(001)

surface at 77 K. By tuning the tunnelling bias voltage and current, Schofield and

colleagues [41] demonstrated that it is possible to control and observe the mixing of

quantum states on the silicon surface. The resulting new quantum states are strongly

confined to the DBs and are highly reproducible. The symmetry of the Si(001) surface

meant that DBs could be created such that they were far enough from each other to

preclude the formation of a chemical bond, yet close enough for wavefunction overlap to

occur. A minimum of two DBs were necessary to observe the formation of new excited

quantum states regardless of whether the DBs were arranged parallel or perpendicular to

the dimer rows of the Si surface, or whether they were separated by one or two H atoms,

or by the dimer trough itself. Figure 2.12(B-C) shows the remarkable similarity between

theoretical simulation of the 6-DB chain and line profiles of the STM topographs. Based

on symmetry considerations, the ground state level is allowed to split into six states

(shown in blue in (D)), with only two excited states (shown in red in (D)) of energies

lower than the ionisation potential. Figure 2.12(C) shows that by linearly combining

the 8 predicted wavefunctions, it is possible to mimic closely the experimental line

profiles in figure 2.12(B) [41]. This is a beautiful example of controlling the coherent
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quantum interference on a semiconductor surface on a lengthscale as long as 5 nm.

The observation of similar quantum coherent behaviour of a wavepacket on silicon at

room temperature will be discussed in Chapter 5.4.3.

The examples of atomic manipulation discussed so far are all limited to liquid helium

temperature (5 K). This, combined with the one-atom-at-a-time approach, imposes

a clear restriction to the scaling of such bottom-up fabrication techniques and their

application in modern computer chip technology. This thesis concentrates on achieving

control over the dynamics of molecules with the STM at room temperature. This can

happen either within the tunnelling junction (mechanically or with the help of electrons),

or many nanometres away from the physical location of the STM tip - via electron

transport across the surface. Apart from offering a route towards achieving remote

control of atomic manipulation, the latter also allows us to study the behaviour of

hot electrons - those of energies much higher than kBT - and forms the first set of

experimental results presented in this thesis. The second set of experimental results

presented here deal with the problem of disentangling the mechanisms responsible for

manipulating single molecules on the Si surface. The final part part of this thesis

explores some future avenues that this line of work could undertake and sets up the

scene for studying the behaviour of relativistic electrons using atomic manipulation on

graphene.
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Chapter 3

EXPERIMENTAL TECHNIQUES

In order to perform experiments with individual molecules, it is essential to have a clean

reproducible surface, a stable tip and the correct molecules. To achieve all this, the

microscopes used for the work described in this thesis were housed in ultra-high vacuum

(UHV) chambers. This chapter explains the relevant UHV techniques that were used

and the automation applied in sample preparation, data acquisition and data analysis,

which allowed the collection of extensive, statistically significant data sets. The sample

preparation and data acquisition automation described here was developed by Dr Peter

Sloan. All low temperature (LT) work was conducted on a commercial Omicron LT

qPlus/STM system. Room temperature experiments were carried out with an Omicron

STM 1 scanner housed in a custom vacuum system. Both machines were operated

with the same Nanonis control module.

3.1 Ultrahigh vacuum

3.1.1 Vacuum stages

At ambient pressure, molecules from the surrounding atmosphere can adsorb to surfaces

and change their properties. In order to study individual molecules it is necessary to

keep the substrate surface clean. Even at a pressure of 1 × 10−6 mbar, it takes no

longer than a couple of seconds for the surface to be completely covered in a monolayer

of molecules. This is clearly not long enough for any meaningful experiments to be

carried out. Thus, surface science is usually conducted with UHV conditions. In order

to achieve UHV, the multi-chamber system is pumped down in several stages as shown

in figure 3.1. In the first stage, a roughing pump takes the vacuum chamber from

atmospheric pressure to medium vacuum (1 × 10−3 mbar). Once a rough vacuum

(1× 10−1 mbar) has been created, a turbomolecular pump (TMP) can be introduced.

The TMP works in combination with the roughing pump to take the system down

to high vacuum (1 × 10−8 − 1 × 10−9 mbar). When the pressure is sufficiently low,

preferably in the range 1× 10−7 − 1× 10−8 mbar, an ion pump takes over and brings

the vacuum chamber down to UHV. The ion pump is usually aided by a titanium
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sublimation pump (TSP), which evaporates titanium from a filament to cover the walls

of the vacuum chamber in a titanium film. Any particles in the vacuum (e.g. O2, N2,

H2) then react with the titanium and get captured onto the chamber walls thus reducing

the overall pressure in the chamber. The different vacuum stages also require different

gauges. A pirani gauge is usually used to measure pressures down to 1× 10−4 mbar.

UHV pressures are measured with hot or cold cathode (penning) ion gauges.

In order to achieve UHV it is important to remove all contaminations that are ad-

sorbed to the walls of the vacuum chamber. This is done by ‘baking’ the vacuum system

at ∼ 150◦ C over the course of a few days in order to evaporate water and other contam-

inants from anything enclosed in the chamber that has been previously exposed to air.

The baking procedure is described in more detail in Section 3.1.4. It is also important to

note that many materials are not compatible with UHV. For example, certain types of Cu

or steel can continuously degas over the course of time. In addition, screws can trap air,

creating an air pocket. This causes a ‘virtual’ leak inside the vacuum chamber, which

outgases over an extended period of time after the bake and is very difficult to pin down.

1e-11

Pressure (mbar)

1e-9 1e-7 1e-5 1e-3 1e-1

UHV HV MV

Roughing pump

Turbomolecular pump

Ion pump

Titanium sublimation pump

Pirani gauge

Ion gauge

Pressure range

Pumping

Measuring

Figure 3.1: Pumping stages. Vacuum can be crudely separated into medium vacuum
(9× 10−1 − 1× 10−3 mbar), high vacuum (1× 10−3 − 1× 10−9 mbar) and ultrahigh
vacuum (1× 10−9 − 1× 10−11 mbar). The operational range of the different pumps
used to achieve UHV and of the measurement gauges.

3.1.2 Pumping down

Figure 3.2(A) shows a schematic of the pumping diagram of the room temperature

Omicron STM 1 system that was used for the majority of this thesis. There are two

UHV chambers: the analysis chamber, which houses the STM head, and the preparation

chamber, where samples are cleaned and dosed with molecules. The two chambers

are separated with a gate valve, V4. The preparation chamber is equipped with a
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Hiden quadrupole mass spectrometer (MS), two leak valves for gas dosing and an ion

gauge. The MS ionises the particles in the vacuum and allows us to look at their

mass-to-charge ratio, producing a signature spectrum for each molecular species present

in the preparation chamber. Both UHV chambers have separate ion pumps and TSP’s

which maintain the pressure in each chamber at 1× 10−10 mbar and can be isolated

with the gate valves V1 and V5 respectively. The preparation chamber is also connected

directly to the turbomolecular pump (TP) via gate valve V6. This is used when baking

the system.

Samples are inserted through the load-lock, which can be pumped down to high

vacuum (1× 10−6 mbar) separately from the rest of the machine with the TMP. The

pressure in the load-lock can be measured with a Bayard-Alpert pirani combination

gauge PG2, which covers the entire range of pressures from atmosphere down to UHV.

The gas dosing pipes are also connected to the turbo pump via valve V11 so that they

can be evacuated before baking. Figures 3.2(B) and (C) show photographs of the

machine outlining the relative components from the schematic.

Figure 3.3(A) shows a schematic of the pumping diagram of the low temperature

Omicron qPlus/STM system. Similarly to the STM 1, There are 2 UHV chambers: the

analysis chamber, which houses the STM head, and the preparation chamber, where

samples are cleaned and dosed with molecules. The two chambers are separated with a

gate valve, V12. The preparation chamber is equipped with a Hiden quadrupole mass

spectrometer (MS), a Mantis e-beam evaporator, a leak valve (LV2) for gas dosing and

an ion gauge (IG1). The analysis chamber is housed in two low temperature cryostats

and has a separate leak valve (LV1) for gas dosing at low temperature and an ion gauge

(IG2). Both UHV chambers have separate ion pumps and TSP’s which maintain the

pressure in the preparation chamber at 1× 10−10 mbar and in the analysis chamber at

1× 10−11 mbar. There are no valves to separate the ion pumps and TSP’s from the

vacuum chambers. However, to prevent direct contamination with titanium the pumps

are shielded with big stainless steel plates. The preparation chamber is also connected

directly to the turbomolecular pump (TP) via gate valve V7. The arrangement of the

chambers allows for the preparation chamber to be vented and baked separately from

the rest of the machine with a custom-made bakeout tent.

Samples are inserted through the load-lock, which can be pumped down to high

vacuum (1× 10−6 mbar) separately from the rest of the machine with the TMP. One

disadvantage of the geometry of this machine is that the load-lock is connected directly

to the analysis chamber, which makes it easier to contaminate and degrade the vacuum

in the analysis chamber. The gas dosing pipes are also connected to the TMP via
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Figure 3.2: Omicron STM 1 pumping. (A) Pumping schematic, which is colour coded
with the typical operational pressures. (B) & (C) Photographs of the STM showing
the components from (A).
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valve V11 so that they can be evacuated before baking. Figures 3.3(B) and (C) show

photographs of the machine outlining the relative components from the schematic.
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䰀䰀 ⴀ 氀漀愀搀ⴀ氀漀挀欀
嘀砀 ⴀ 瘀愀氀瘀攀
䰀嘀砀 ⴀ 氀攀愀欀 瘀愀氀瘀攀
䤀倀砀 ⴀ 椀漀渀 瀀甀洀瀀
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吀倀 ⴀ 琀甀爀戀漀ⴀ洀漀氀攀挀甀氀愀爀 瀀甀洀瀀
刀倀 ⴀ 爀漀甀最栀椀渀最 瀀甀洀瀀
䤀䜀砀 ⴀ 椀漀渀 最愀甀最攀
䴀匀 ⴀ 洀愀猀猀 猀瀀攀挀琀爀漀洀攀琀攀爀
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Figure 3.3: Low temperature Omicron qPlus/STM pumping. (A) Pumping schematic,
which is colour coded with the typical operational pressures. (B) & (C) Photographs of
the STM showing the components from (A).

3.1.3 Venting

When venting an STM, it is important to first switch off the control electronics or

disconnect the high voltage cables in order to prevent corona discharge of the STM

head. All ion pumps and ion gauges are then switched off and the gauges are left

to cool down. The vacuum chambers are vented separately from the turbo pump -

roughing pump assembly.

In the case of the STM 1, venting of the chambers happens through the load-lock

vent valve. The ion pumps and TSP’s can be kept clean by closing valves V1 and

V5 and keeping the pumps switched on. The gate valve between the STM and the

preparation chamber (V4) and the load-lock (V3) are opened. The valves between the

TMP and the preparation chamber (V6), the load-lock (V10) and the gas dosing pipes

(V11) are all closed. The system is then vented with liquid nitrogen through vent valve
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V2. The TMP is switched off and the valve to the roughing pump V9 is also closed.

When the TMP slows down it can be vented separately through vent valve V7 and the

roughing pump through vent valve V8.

Before venting, the LT qPlus STM has to be brought up to room temperature. This

procedure is described in detail in Section 3.4.2. The load-lock, preparation chamber

and analysis chamber can be vented separately through vent valves V4, V13 and V6,

respectively, while keeping V3, V5, V7 and V12 shut. The TMP and roughing pump

are vented automatically through valve V1 upon switching the TMP off.

3.1.4 Baking

If the vacuum system is exposed to ambient conditions, e.g. when modifications to the

chambers need to be made, water, nitrogen and carbon dioxide from the atmosphere

tend to stick to the chamber walls. To minimise this effect, we vent the system with

dry N2. Nevertheless, small amounts of contaminants adsorb to the chamber walls

and act as a reservoir upon pumping, precluding us from obtaining UHV conditions.

Therefore, to achieve UHV we have to encourage the desorption of the contaminant

species from the UHV components by ‘baking’ the system. This involves elevating the

temperature of the entire system to ∼ 150◦ C for a few days, whilst pumping away

with the TMP. This section gives a detailed description of the baking procedure.

Before baking, the vacuum chambers need to be pumped down to high vacuum. To

pump down the STM 1, all valves to the load-lock and vacuum chambers (V1, V3-6,

V10) are opened. This is done to preserve the viton seals of the gate valves during

the bake. The roughing pump is switched on and when the pressure gets as low as

5 × 10−2 mbar measured with the pirani gauge PG1, V9 is opened. Once there is

enough backing pressure for the TMP (1× 10−1 mbar), it can be switched on. The

entire system is then pumped down to high vacuum (1× 10−7 to 5× 10−8 mbar). In

the case of the LT qPlus/STM all valves, except for the manual gate valve V3 and

V11, are opened and the TMP and roughing pump are automatically switched on. The

only connection left between the vacuum system and the TMP is then through the

automatic gate valve V7. This is done in order to prevent the system from venting in

case of a turbo pump failure, in which case V7 automatically shuts.

On both systems, the gas dosing pipes and test tubes have to be evacuated through

the TMP and taken off the system. All electronics and non-bakeable cables (mass

spectrometer, pre-amplifier, combination gauge, evaporator, manipulator feedthrough,

stepper motors, etc) have to be disconnected (and removed). All feedthroughs and
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viewports need to be covered with aluminium foil to minimise the temperature gradients

during baking. The STM head has to be grounded with either special grounding caps,

as is the case with the LT STM, or with aluminium foil. Grounding is necessary in order

to prevent current build-up in the electronic components and is especially important

for the piezoelectric elements. Samples have to be taken out of the STM head and

preparation chamber manipulator and placed in the carousel. The leak valves have to

be left slightly open as the metal components expand during the bake and can crack the

inner sapphire components. The STM head has to be placed in the bakeout position,

so that it is not floating on the springs. The transfer arm magnets are removed to

avoid demagnetisation. Any plastic, paper or combustible elements have to be removed

from the STM table. The STM is then covered with the bakeout shields/tent.

In the case of the LT STM, baking is automated and happens through two main

heaters working in combination with the built-in heaters for the ion pumps. The STM is

baked for 60 hours at 150◦ C. The maximum allowed bakeout temperature is determined

by the maximum temperature that the piezoelectrics and the ion pump magnets can

withstand without damage.

Bakeout of the STM 1 is controlled with a LabView automation program developed

by Dr Peter Sloan. The STM is heated using 2 fan heaters, a number of heating

ceramics and heating tapes and the built-in ion pump heaters. K-type thermocouples

are placed in different locations in order to monitor the temperature across all parts of

the STM. The temperature is ramped up to ∼ 150◦ C in steps of 20◦ C or so. Figure 3.4

shows an example of one such heating step. The temperature of the thermocouple that

is closest to the STM head is used as feedback to regulate the heating power (figure

3.4(C)). During the bake, the pressure is kept lower than 1× 10−6 mbar, providing a

second feedback. To prevent the temperature from overshooting in case of a computer

failure there is also an external temperature trip inserted into the bakeout tent. As the

temperature in the vacuum chamber is elevated, the measured pressure also increases

(see figure 3.4(B)). After some time at the higher temperature, the pressure starts to

recover as the TMP pumps away the outgased contaminants.

After baking for about 60 hours, the STM is slowly cooled down for about a day.

The ion pumps are switched on while the STM is still at a relatively high temperature

(∼ 100◦ C) in order to prevent any outgased contaminants from sticking to the chamber

walls. The typical pressure before the ion pumps are switched on is 1×10−7 mbar in the

STM 1 (1×10−8 mbar in the LT STM). All TSP filaments are then flashed a few times to

outgas and to produce a clean layer of titanium on the chamber walls. Once the system

is at room temperature, the valves that isolate the different chambers from each other
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Figure 3.4: Baking of the Omicron STM 1. (A) Temperature measurements during
bake. Thick black line is the setpoint. The STM thermocouple temperature is used as
feedback. (B) Pressure measurement during the bake. (C) Regulating the bake power.
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are closed and the turbo pump is switched off. Finally, all components that can be locally

heated, e.g. the mass spectrometer and preparation chamber manipulator, are outgased.
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Figure 3.5: Background mass spectrum recorded before and after baking the preparation
chamber.

Figure 3.5 shows example mass spectra recorded before and after baking the STM

1. From a base pressure of ∼ 1× 10−7 mbar before the bake, the vacuum chambers

are taken down to ∼ 1× 10−10 mbar. The water, N2 and CO2 peaks are significantly

reduced. All traces of other elements are completely removed.

3.1.5 Leak detection

In order to maintain UHV, all flanges need to be tightly sealed. Leaks are not uncommon

and can happen due to the incorrect positioning of Cu gaskets, loose bolts, broken welds,

cracked feedthroughs or ruptured bellows. If the leak is big, it is sufficient to spray

isopropanol around the suspected area. The pressure inside the chamber will either rise

because of isopropanol leaking into the vacuum system or drop due to the isopropanol

freezing and temporarily sealing the leak. If the leak is small and the pressure inside the

chamber is in the high vacuum range, it is common to use a He detector to look for the

leak. Figure 3.6 shows an example of He leak detection with the mass spectrometer. In

this case, the leak was inside the TSP cryoshields. The cryoshields were filled with He

gas and the leak was detected as a corresponding increase in the He pressure.
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Figure 3.6: He leak testing with the mass spectrometer. The peak in pressure corre-
sponds to He leaking into the vacuum chamber.

3.2 Sample preparation

3.2.1 Si sample preparation

Pre-cut Si samples of dimensions 10 mm × 2 mm from an n-type Phosphorus doped

((0.001 − 0.002) Ω.cm) Si(111) wafer of thickness (350 − 400) µm (Pi-Kem) are

mounted onto tantalum sample holders like the one in figure 3.7. The left hand-side

of the sample is insulated from the base plate of the sample holder with ceramic

washers, allowing for current to be passed through the sample for resistive heating of

the Si crystal. Before mounting the Si sample on the sample holder, it is cleaned with

isopropanol and blow-dried with dry N2. Once mounted, the connections across the

sample are checked with a multimeter as indicated in figure 3.7(A).

Once inserted into the STM chamber, the sample is outgased at ∼ 660◦ C overnight.

R
sample

≈0 Ω

A B

Figure 3.7: Resistive heating plate. (A) Schematic showing how to check that the
sample is mounted correctly. (B) A photograph of a (melted) Si sample mounted in
the sample holder.

This temperature is lower than the melting point of Si oxide, which acts as a protecting
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layer to prevent any contaminants from the sample plate and the sample itself from

sticking to the Si surface. Temperature calibration is then done with a digital pyrometer

set to the emissivity of Si (ε = 0.66). The sample is flashed a few times to 1250◦ C

typically for (10− 20) s, keeping the pressure lower than 1× 10−9 mbar to remove all

contaminants from the surface. Sample flashing and gas dosing are automated with

a LabView program written by Dr Peter Sloan. Figure 3.8 shows an example of Si

sample flashing. If the pressure inside the vacuum chamber overshoots, the current

is immediately switched off and the flash is regarded as a ‘bad’ flash. After 5 ‘good’

flashes, the sample is reconstructed to the 7× 7 reconstruction by quickly cooling down

to 960◦ C, followed by a slow anneal down to room temperature. Intuitively, after each

flash, the pressure spikes are reduced as the sample gets cleaner.

3.2.2 Gas dosing

We deposit molecules on the Si surface by admitting a set amount of toluene (or

benzene) vapour through the leak valves. We control the amount of surface coverage

by quantifying the process in units of Langmuir (L) and refer to this process as ‘dosing’.

The dosed amount is calculated as the integral of the pressure rise in the chamber

during the dose, with 1 L equivalent to dosing gas at 1× 10−6 torr for 1 s. Typically,

the surface is covered with ∼ 1 L of molecules for the local experiments and ∼ 4 L

for the nonlocal experiments at a maximum pressure of 5× 10−9 mbar. The surface

coverage will vary slightly on different machines depending on the geometry of the leak

valve, ion pump and pressure gauge. However, the main advantage of adopting this

procedure is that it ensures consistency when we dose molecules on the same machine.

In order to dose gas through the leak valves, first the gas pipes are evacuated with

the turbo pump by opening valves V11 and V13 (or V12 and V14) on the STM 1

or V11 on the LT STM. Once the gas lines are pumped down to high vacuum, they

can be locally baked with a heat gun. The test tubes are filled with (1 − 2) cm of

ultrapure benzene, toluene or chlorobenzene (Sigma Aldrich). Before dosing the Si

surface, the chemicals are cleaned from any remaining solvents (CO2, N2, H2O) with

the freeze-pump-thaw technique:

1. The test tube containing the chemical is frozen by dipping it into liquid N2.

2. The valve between the test tube and the turbo pump is then opened and any

contaminants that are still in the gas form are pumped away.

3. The valve is closed and the chemical in the test tube is thawed by dipping the

test tube into lukewarm water. Upon thawing, any gas contaminants trapped in
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Figure 3.8: Sample flashing automation. (A) The sample is flashed several times at
6 A, which corresponds to 1250◦ C on the sample surface. (B) Corresponding spikes in
the vacuum chamber pressure during each flash. If the pressure overshoots some set
point (1× 10−9 mbar) indicated with the red dotted line, the current is tripped and
the flash is regarded as ‘bad’. (C) Temperature of the manipulator, directly behind the
sample plate. The LabView program waits for the temperature to drop below 60◦ C
(red dotted line) before each flash. Shading indicates each stage of the sample flashing
routine.
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the chemical will escape in the form of gas bubbles as per Henry’s law. This is

because after step 2 their partial pressure in the headspace of the test tube is

lower than before.

This cycle is repeated a few times until the chemical used for dosing the Si surface is

clean from contaminants as verified with the mass spectrometer. An example spectrum

of clean toluene is shown in figure 3.9(A). The process of gas dosing is automated with

a LabView controlled stepper motor which operates the leak valve. Figure 3.9(B) shows

the behaviour of the stepper motor while dosing toluene in (A).

O2 is also dosed through the leak valves. A gas canister of compressed ultrapure O2

is attached in place of one of the test tubes. When dosing with O2, it is important not

to let the O2 be in contact with any viton seals or combustible pump oils. Therefore, to

clean the gas pipes, the O2 is released directly into the atmosphere and the gas pipes

are then pumped down to high vacuum with the turbo pump. After this, they can be

used again with another gas.
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Figure 3.9: Toluene gas dosing automation. (A) Mass spectrum taken during toluene
dosing. (B) Stepper motor control of the gas dosing.

3.2.3 In-situ graphene sample cleaning

Samples of CVD graphene on Si(100)/SiO2 are mounted on the same sample plates as

the ones used for the Si samples. Contact to the graphene sheet is made with a Ta
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plate. The graphene samples are heated to ∼ 500◦ C (below the melting point of SiO2)

on a heat sink created with a W-wire that is located directly behind the sample plate.

3.2.4 Loading a sample

Figure 3.10 illustrates the procedure for loading a sample into the STM 1.

1. The sample is loaded into the load-lock which is pumped down to high vacuum

(1× 10−6 mbar) with the turbo pump over the course of a couple of hours. Valve

V1 is opened and the sample is lowered to the level of the transfer arm.

2. The sample tag is captured with the transfer arm and moved across to the

preparation chamber. The transfer arm is moved back to its home position

and V1 is closed to avoid long exposure of the preparation chamber to the

contaminants in the load-lock.

3. The sample is slid into the manipulator where it can be cleaned by resistive

heating and dosed with molecules.

4. The manipulator is rotated by 90◦ and the valve between the preparation chamber

and the analysis chamber is opened. The sample tag is captured with the wobble

stick.

5. The sample is moved into the STM head. The STM head is then suspended on

its springs and the sample can be imaged.

Figure 3.11 illustrates the procedure of loading a sample into the LT STM.

1. The sample is loaded in the load-lock which is pumped down to high vacuum

with the turbo pump over the course of half an hour.

2. Valve V1 is opened and the sample is slid into the manipulator. Valve V1 is

then closed and the sample can be either loaded into the STM head or into the

preparation chamber.

To load the sample into the STM head:

3. The sample is transferred into the analysis chamber and captured with the wobble

stick.

4. The sample is rotated upside down and loaded into the STM head. The cryostat

shields can then be closed and the STM head floated on its springs for imaging.

If the STM is at low temperature, it is typical to wait for about half an hour for

the sample to reach thermal equilibrium before floating the STM head.
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Figure 3.10: Sample transfers in the Omicron STM 1. (1) Sample loaded into load-lock.
(2) Valve V1 opened and sample picked up on transfer arm. (3) Sample transferred
into manipulator and manipulator rotated by 90◦. (4) Valve V2 opened and sample
picked up with wobble stick. (5) Sample placed in STM head and STM head floated.
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To load the sample into the preparation chamber:

3. The sample is transferred onto another manipulator.

4. The valve between the analysis chamber and the preparation chamber V2 is then

opened and the sample is transferred to the manipulator where it can be cleaned

and dosed with molecules.
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V2

1

to STM
to air

to prep

2

3

4

1

2
3
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Figure 3.11: Sample transfers in the Omicron LT qPlus/STM. (1) Sample loaded
into load-lock. (2) Valve V1 opened and sample picked up by transfer arm. To prep
chamber: (3) Sample transferred to other transfer arm. (4) Valve V2 opened and
sample transferred to manipulator. To STM head: (3) Sample picked up by wobble
stick. (4) Sample loaded into STM head.

3.3 Probe preparation
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3.3.1 Tip etching

Tungsten tips are electrochemically etched in a 2M NaOH solution (Sigma Aldrich)

from a 99.95% pure W wire of diameter 0.25 mm. In order to achieve atomic resolution,

the apex of the etched tips must have a radius smaller than 100 nm. This can be

achieved by controlling the etch with a fast switch and fine tuning the etch parameters.

The setup for etching is shown in figure 3.12. A gold (Au) ring is submerged into the

NaOH solution ∼ 10 mm from the top of the liquid. W wire is cut to size (typically

12 mm) with wire cutters and cleaned with distilled water and isopropanol. It is then

mounted into a tip holder which is connected to the anode of the power supply. The

precise depth to which the wire is submerged into the NaOH solution is controlled with

a vertical adjustment knob. First, we determine the point at which the wire first touches

the surface of the etching solution and consider this as the zero point. The wire is then

submerged a few cm below the surface of the NaOH solution. Care is taken to en-

sure that the W-wire is positioned in the centre of the Au ring to prevent an uneven etch.

The applied bias between the wire and the Au ring leads to the following chemical

reactions:

cathode: 6H2O+6e− → 3H2(g)+6OH−

anode: W(s) + 8OH− → WO2−
4 + 4H2O + 6e−

overall: W(s) + 2OH− + 2H2O → WO2−
4 + 3H2(g)

These reactions are enhanced at the meniscus-wire interface. This is likely due to

the flow of the WO2−
4 product of the reaction protecting the lower part of the W-wire

from the OH− (see the inset of figure 3.12). Therefore, more material is removed from

the part of the W-wire at the meniscus, such that it eventually thins out enough for

the bottom part of the wire to drop off under its weight [43–45].

Typically, the wire is etched twice (see figure 3.13(A)-(C)). The first etch (5 mm)

removes the part of the wire that has been cracked after snapping it with the wire

cutters. The second etch is typically 3 mm and results in an atomically sharp tip of

length (3− 4) mm - just enough to fit into the Omicron tip holders. The etching is

controlled with a fast switch, set to a trip current of (3− 4) mA. The trip current and

the length of the second etch affect the aspect ratio of the tip (h/d), which in turn

determines its stability. If the trip current is too high, the etch will stop before the

etched tungsten has dropped off. If it is too low, however, the W-wire will continue to

etch after the drop-off and the produced tip will be very blunt. Figure 3.14 shows an

example current trace recorded during an etch. When the etch current drops below

4 mA the applied voltage is switched off with the aid of a fast (few ns) solid state

switch. On the other hand, the length of the submerged wire determines the shape
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of the meniscus and therefore that of the tip itself. Further, the etching station is

encased in foam to provide insulation from mechanical vibrations which can disturb the

meniscus. Figure 3.13(D) shows an SEM image of a good-aspect-ratio tip after it was

used in the STM 1 for two years to acquire the majority of the data presented in this

thesis. This particular tip died during training a new student on graphene substrates,

as we did not have a continuous graphene sheet or a high magnification camera optics.

Hence, the 90◦ bend at the tip apex in figure 3.13(D) was a result of driving the tip

into the substrate (multiple times).

Tip

holder

W wire

NaOH

Au ring

H
2OH- OH-

WO2-
4 flow

Controlled

switch

Figure 3.12: Tip etch station. Inset: WO2−
4 flow along the sides of the tip.

3.3.2 Annealing and mounting

After the etch, the tip is cleaned with isopropanol and distilled water to remove any

residual NaOH. Before mounting on a sample holder, the tip needs to be cleaned from

the oxide layer (WO3), which is detrimental to tunnelling. In order to do this, the tip is

mounted on an electrical feedthrough as shown in figure 3.15 and resistively heated

to ∼ 1100◦ C (bright orange in colour) in high vacuum (1× 10−6 mbar) for 2 s [45].

During the heating, the WO3 reacts with the W to form WO2, which is pumped away

with the turbo pump:

2WO3 + W → 3WO2 ↑.

After a few such cycles, the tip is further degased for (5 − 10) min at a lower

temperature (∼ 600◦ C, dim red in colour). The tip is then left to cool down for half an
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Figure 3.13: Two-step tip etching. (A) W wire after cutting with wire cutters. (B)
W wire after the first etch of length a. (C) W wire after the second etch of length b,
leaving a W tip of length c. (D) SEM image of a W tip used in the STM 1. It gives an
example of a good aspect ratio h/d.
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Figure 3.14: Tip etch switch computer control. Current during a typical etch.
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hour before it is taken out of vacuum and mounted on a tip holder like the one shown

in figure 3.16. The tip is then inserted into the STM. Tungsten oxide grows slowly and

so the brief exposure to atmosphere should not result in an oxide layer. In the case of

the LT STM we used commercially available pre-etched W tips (from Omicron).

3.4 Low temperature

In order to operate at low temperature, the STM head of the LT STM is placed inside

2 cryostats. The outer cryostat is designed for liquid N2, whereas the inner one can be

filled with either liquid N2 or liquid He. The STM head can be held in 3 positions: (1)

clamped, (2) floating and (3) bake-out. When in (1), the inner cryostat is in contact

with the STM head allowing it to be cooled down. When not in use, the STM is

normally kept in this position. Position (2) is used for scanning, allowing the STM head

to ‘float’ on its springs for mechanical noise insulation. When in position (3) the STM

head is not suspended on its springs, but it is also not in full contact with the cryostats,

which can expand or get very hot during a bake. This section outlines the procedures

of cooling down and warming up the LT STM.

3.4.1 Cooling down

When cooling down the STM, the scanning head needs to be in position (1) to optimise

heat transfer. The STM head feedthroughs have to be grounded or connected to

the electronics which are turned on. This is because during cooling, the piezoelectric

elements shrink, which can lead to a current build-up if not grounded. The cooling

procedure is schematically illustrated in figure 3.17(A). First, the outer cryostat is filled

with liquid N2 through the inlet. In this way, it is ensured that filling happens from

the bottom to the top of the cryostat. Since we use a compressed liquid there is an

overpressure valve, which will burst if the pressure inside the cryostat rises because of a

blockage in the outlet. The most common problem that can arise with such cryostats

if they are kept at room temperature for a prolonged period is condensation of water

from the atmosphere. This can lead to a blockage or even to a crack in the cryostat.

Therefore, it is advisable to blow dry the cryostats with dry N2 before cooling down.

When the outer cryostat is completely filled, the inner cryostat can also be filled. This

work has only used liquid N2. The procedure is the same as that for the outer cryostat,

with the only difference that both the inlet and the outlet of the outer cryostat have

the same length inside the cryostat. Typically, it takes the STM a few hours to come

down to 77 K. After filling the cryostats, both outlets are sealed with a rubber pipe
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B

3WO
2

load-lock: 1e-6 mbar
A

Figure 3.15: Tip annealing. (A) Schematic of a tip mounted onto an electrical
feedthrough on the STM load-lock. (B) A picture of a tip mounted on the feedthrough
used for annealing.

Figure 3.16: Picture of a tip holder with a good-aspect-ratio tip.

CHAPTER 3. EXPERIMENTAL TECHNIQUES 43



3.4. LOW TEMPERATURE

with a small slit on the side to allow pressure to escape outwards, while at the same

time preventing condensation from the outside air. Once at 77 K, the outer cryostat is

refilled every 4 days and the inner one just once a week. To take the system down to

4 K, once both cryostats are in thermal equilibrium at 77 K, the liquid N2 from the

inner cryostat is blown out with dry N2. When completely empty, the inner cryostat is

refilled with liquid He.

䄀 䈀

Figure 3.17: Low temperature cryostats. (A) Schematic of the cooling down process.
(B) Picture of the STM cryostats.

3.4.2 Warming up

A schematic of the warming up process is shown in figure 3.18. First, a tube is inserted

into the inlet of the inner cryostat so that it is close to the bottom. (i) The liquid N2

is then blown out of the inner cryostat with dry N2. The tube is then removed and

(ii) the dry N2 is connected to the outlet of the outer cryostat to blow out the liquid.

(iii) A special light bulb is then inserted into the inner cryostat through the outlet that

is normally connected to the overpressure valve. The outlet of the inner cryostat is

connected to the inlet of the outer cryostat and dry N2 is flown across the system. The

light bulb is gradually warmed up to a few hundred ◦C. This procedure can normally

take up to 24 hours.
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Figure 3.18: Warming up the low temperature cryostats. (i) The inner cryostat is
emptied from liquid N2 by blowing dry N2. (ii) The outer cryostat is then emptied in
the same manner. (iii) A light bulb is inserted into the inner cryostat and dry N2 is
circulated between both cryostats.

3.5 Data acquisition

In order to obtain good, reproducible data that is statistically significant, aspects such

as noise, tip conditioning and automation need to be considered. This section explains

the noise cancellation precautions and data acquisition procedures employed during my

PhD.

3.5.1 Imaging

3.5.1.1 STM noise

The extreme sensitivity of the STM to the tip-sample separation means that the tunnel

junction needs to be stable during data acquisition. To achieve this, the UHV system is

mounted on soft rubber mats. It is also important to ensure (with a spirit level) that

the STM table is completely level. The STM head itself is suspended on soft springs

so that it is separated from the chamber walls. In addition, a magnetic eddy current

damper is also employed to reduce mechanical vibrations (see figure 3.19). The spring

suspension has a low-lying resonant frequency, whereas the STM head is built from

hard materials with high resonant frequency. This combination ensures that mechanical

noise does not couple easily to the STM head. It is easy to see from the noise spectrum

of the STM 1 in figure 3.20 that no common mechanical oscillation frequencies get

picked up. As a comparison, at room temperature the STM 1 is much more stable than

the LT STM. In fact, the LT STM spectrum exhibits a characteristic 8 Hz noise (for

which this Omicron qPlus model is infamous). This most likely arises from the design
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of the STM head, which is suspended on much longer springs that run alongside the

entire length of the cryostats.

Figure 3.19: Photograph of the STM 1 microscope head.

Since the tunnelling current is very small, of the order of ∼ (10− 100) pA, another

major limitation to the resolution of the STM is posed by electrical noise. To minimise

this, the tunnelling current cable is shielded and is kept away from any high voltage

carrying cables. All electrical elements on the machine are grounded in a star-like

configuration, where each ground is individually connected to the mains ground to avoid

ground loops. The cable that carries the tunnelling current is additionally grounded

to the STM itself to minimise the 50 Hz noise coming from the mains, known as the

‘mains hum’ (see figure 3.20). During imaging all electrical components on the vacuum

chamber that are not being used are switched off and the STM lights are turned off.

This removes a few more peaks from the noise spectrum in figure 3.20.

There are also effects that occur during normal imaging that can be detrimental to the

quality of the acquired data. When the tip is moved from one location on the sample

to another remote location within the same scanning area, thereby extending the x− y
piezos, it may take some time for the piezos to respond. This leads to an effect known

as creep (see figure 3.21(A)). To minimise this, it is best to retract the tip and to use

the coarse motors when a big shift in location is necessary. Small amounts of creep are

present even when the scan frame has been shifted by less than 50 nm and these are

waited out before data acquisition. The creep is much more significant when working

at low temperature. It is also possible to get noise when the STM feedback loop is
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Figure 3.20: Noise spectrum of the Omicron STM 1 measured in 3 different situations.

too fast (figure 3.21(B)). There is a fine balance when choosing the right feedback

parameters: too slow a feedback will smear out the image, whereas if the feedback is

too fast this may lead to ‘scratchy’ traces on the acquired images.

The STM head is comprised of components made of different material, which

respond to small temperature fluctuations disproportionately to one another. These

fluctuations are large on the atomic scale and result in ‘drift’. This can skew the

images or even result in the tip scanning completely different areas on the sample

between consecutive images (see figure 3.21(C) & (D)). This effect is much larger

when experimenting at room temperature as the STM head is much more susceptible

to fluctuations in the temperature in the lab than it is when the scanner is housed

inside the cryostats at low temperature. It is crucial to compensate for drift when

performing experiments where we want to control the precise location of the electron

(or hole) injection. To do so, during my PhD I have been using a bespoke LabView

drift tracking software written by Rebecca Purkiss and Sarah Thomas. The software

calculates the drift between two consecutive images by performing a cross correlation

routine to determine how far the tip has drifted in the duration of a scan. It then

feeds (50 − 60) % of the calculated amount back to Nanonis which applies a small

time-dependent voltage to either piezo in order to compensate for the drift. This is done

to minimise overshooting of the drift compensation and therefore drift tracking normally

requires more than 2 images. In this way the drift during all injection experiments

presented in this thesis was kept below 2 pm/s.
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Figure 3.21: Imaging stability and noise. (A) Creep. (B) Feedback noise. (C) and (D)
STM images taken 4 min apart. The position marked with a circle has drifted 1 nm
south-east.
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3.5.1.2 Tip conditioning

Despite all measures taken during tip etching to ensure a stable atomically sharp tip,

in situ tip conditioning is always necessary. This is because the tip apex can suffer

modification during imaging, manipulation or even approaching due to a gentle crash or

picking up a molecule. Some examples of the effect that the tip state can have on the

STM images are shown in figure 3.22. To minimise these, the tip can be modified while

scanning by ripping out Si atoms from the surface when pulsing with voltages close to

the work function of Si (∼ −4 to −5 V [46]). If unsuccessful, the tip can be pulsed at

much higher voltages (∼ −8 V) in order to pick up enough material in order to build

up a new Si micro-tip. If the tip keeps leaving contaminants on the surface during

scanning, it may be ‘cleaned’ by scanning at positive bias (∼ (3 − 4) V) or even by

baking it in the preparation chamber. After each modification the tip state is checked

by scanning at +1 V and 100 pA. If the tip is unstable for a prolonged period of time,

it is usually replaced with a new one. Here we used the same tip for a two-year period.

3.5.2 Automated data acquisition

To obtain the data presented in this thesis, I used a combination of LabView and Matlab

programs. LabView controls the Nanonis data acquisition while the Matlab routine

finds the exact molecular and atomic positions for injection. The same Matlab code is

also used for analysing the nonlocal data. Automating the data acquisition and data

analysis means that it is easy to obtain large amounts of data, while also reducing the

significance of human error and the time it takes to analyse the data.

First, LabView collects a large scan before injection. Matlab waits for the image file

to be written to a designated folder and when it finds the ‘before’ image it runs the

molecule finding routine:

� Matlab performs a line-by-line normalisation of the STM image and converts it

into a 2D matrix with each matrix element corresponding to the z-height of each

pixel.

� It then performs a cross-correlation routine between the image and a library of

images of corner holes surrounded with adatoms. Matlab determines the angular

orientation of the image and produces a correlation image for the best template

with maxima at all corner hole positions.

� The unit cell vectors are determined by predicting the positions of the corner

holes and cross-correlating them to their actual locations (figure 3.23(B)). This

allows for small amounts of thermal drift to be corrected for.
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Figure 3.22: Example tip states. (A) Double tip. (B) ‘Scratchy’ tip. (C) Sharp tip. (D)
Blunt tip. (E) Nice tip. (F) Unstable tip. (G) Bright tip. (H) Dark tip.
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� Matlab determines all unit cell positions and outputs a matrix file with the

locations of the individual adatoms and molecules (figure 3.23(A)). All unit cells

are tagged and the adatoms/molecules within them are numbered from 1 to

12 corresponding to each characteristic adatom location (faulted and unfaulted

middles and corners) inside the unit cell.

For a typical 50 nm ×50 nm image, the analysis procedure takes less than 5 seconds. For

the purpose of data analysis, once an STM image is loaded into Matlab, areas where the

symmetry of the surface is broken like grain boundaries, step edges or contaminations

can be manually excluded. Also, depending on the tip state the apparent height of the

adatoms and molecules on the surface may vary. Thus, in some cases the molecules

and adatoms might be determined incorrectly by the graphical user interface (GUI)

program. To correct this, the user can change the threshold height of the adatoms or

correct the assignment of individual adatoms or molecules.

A

B

Figure 3.23: Output of the Matlab molecule finding routine. 25 nm ×25 nm image
of the Si(111)-7x7 reconstruction. (A) All adatom locations are marked with yellow
circles. All molecules are marked with red circles. (B) The corresponding unit cell
vectors marked with a blue and a red line.
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After determining all molecular locations on the ‘before’ image, Matlab randomly

chooses a user-specified number of injection sites (molecules, adatoms or both). This

information is then passed back to LabView, which moves the tip to the injection

location and takes a small image before injection. To ensure that the tip is in the

correct site, LabView performs a cross-correlation between the ‘small before’ image and

an area around the intended injection site cropped from the original ‘before’ image. The

tip then moves to the location of the maximum correlation and performs an injection or

STS at the user specified parameters. When the correct injection position is established

LabView records 3 images for further analysis (figure 3.24(A)-(C)):

� small image at the passive scanning parameters (+1 V, 100 pA) before the

injection: 3 nm ×3 nm for the local experiments and 10 nm ×10 nm for the

nonlocal;

� small intermittent image in which the tip is halted half-way to perform the

experiment;

� small image after the experiments to determine the outcome.

Injection happens in the following order:

� The tip is halted above the injection site, the feedback loop is switched off and

the tip is retracted 1 nm away from its setpoint height at +1 V and 100 pA.

� The scanning parameters are ramped up to the injection experiment values: bias

and current for constant current experiments, or bias and apparent height for

constant height experiments.

� The feedback loop is switched back on for constant current injections or kept

switched off for constant height experiments. Injection is performed for a set

time.

� The feedback loop is switched off as soon as the injection is over and the tip is

retracted by 1 nm from its height at the injection parameters.

� The tip is ramped back down to the scanning parameters and imaging is resumed.

LabView records the current, apparent tip height, voltage and lock-in output during

each experiment. After all injections are performed, LabView takes a big overview

image after injection, which is of the same size as the ‘before’ image. An example of 4

single-molecule manipulation experiments conducted in this manner is shown in figure

3.24(D) and a time-lapse video of the automated experiments can be found online at

[47]. For the purpose of the nonlocal experiments, injection is performed once and the

LabView program allows the user to either select the injection site manually, or just to

inject in the centre of the ‘before’ image.
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䐀



Figure 3.24: Automation of the manipulation experiments. (A)-(C) 3 nm ×3 nm STM
images before, during and after an injection into the site marker with a red × at 2.1
V and 750 pA for 2 s. (D) A big STM image (25 nm ×25 nm) of the area in which
experiments take place before the 4 injections. The small (3 nm ×3 nm) images ‘during’
the injections are superimposed. All injections are performed into faulted middle sites
as specified by the user.
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3.5.3 Scanning tunnelling spectroscopy

The LabView automation program also allows the acquisition of STS at atomically

resolved sites. With the Nanonis lock-in module we measure directly ∂I/∂V by

modulating the tip-sample bias voltage and recording the tunnelling current response.

The amplitude of the measured current modulation is proportional to the slope of the

local density of states (see figure 3.25(B)). Mathematically, when a harmonic sine

wave of a small amplitude is superimposed on the DC component of the bias voltage,

VB + Vmod sin(ωt), the resulting tunnelling current can be Taylor expanded to:

I (VB + Vmod sin(ωt)) ∝ I(VB) +
∂I

∂V
Vmod sin(ωt) +

∂2I

∂2V

V 2
mod sin2(ωt)

2
+ ... (3.1)

Thus, the amplitude of the first harmonic is proportional to the derivative of the

tunnelling current ∂I/∂V and thereby to the local density of states on the surface.

The amplitude of modulation is selected such that it is less than the smallest

feature that we want to measure: 20 mV in this case. The frequency of modulation is

determined as per the response of the transfer function of the machine, which is shown

in figure 3.25A. The transfer function is measured by switching the feedback loop off

and moving the tip a few nm away from the surface so there is no tunnel current. When

applying an AC voltage there can be two sources of AC current signal: (1) directly

from the tunnel current. This will be in phase with the AC voltage. And (2) from

the capacitance of the tip-sample junction. This will be 90◦ out of phase with the AC

voltage. Tunnelling current across the junction behaves like an Ohmic resistor, whereas

the wires between the tip, the sample and the control electronics act like a capacitor.

This leads to the build-up of a parasitic current, which is independent of the tunnelling

current and is 90◦ out of phase from it. If the resistance of the tunnelling junction

is high (R = VT/IT = 10 GΩ at the passive imaging parameters), the spectrometer

resolution at the modulation amplitude (Vm = 20 mV) is I = Vm/R = 2 pA. However,

if the parasitic capacitance is C = 1 pF, the impedance of the tunnel junction is

XC = 1/(2πfmC) ≈ 300 MΩ at 521 Hz modulation frequency. This results in a

parasitic current of IC = Vm/XC ≈ 70 pA - an order of magnitude higher than the

desired spectroscopic resolution. Therefore, to minimise this effect while also keeping

the Schottky noise (1/f) low we set the modulation frequency fm = ω/2π as high as

possible (521 Hz) before the response of the lock-in becomes dominated by the parasitic

capacitance.

Another crucial component is the lock-in phase. In essence, the lock-in amplifier

is a phase sensitive detector. It allows us to measure the signal of interest by setting

CHAPTER 3. EXPERIMENTAL TECHNIQUES 54



3.5. DATA ACQUISITION

up the frequency and the phase of the reference signal to be the same as those of

the input signal and discriminating all other signals that might be present. Nanonis

allows us to set the X-component of the lock-in amplifier to be in phase with the

capacitive component of the tunnelling current, minimising the output of the lock-in at

the locking frequency. In figure 3.25A this corresponds to the lock-in X signal being

close to 0 at 521 Hz. Therefore, the orthogonal Y channel of the lock-in measures the

resistive component of the tunnelling current, and thereby the desired ∂I. We subtract

90◦ from the measured phase, locking the frequency to the resistive component, and

compensating for a 180◦ flipping of the ∂I signal.

A 

B 

Figure 3.25: Principle of the lock-in amplifier. (A) STM 1 transfer function. (B)
Lock-in modulation. When the bias between the tip and the sample is modulated with
a periodic sine wave of a small amplitude, the demodulation of the tunnelling current
will depend on the slope of the I − V spectrum. This gives a map of the local density
of states (∂I/∂V ) on the surface.

To acquire STS with the LabView automation program, the tip is first brought to

the desired current setpoint at +1 V. This is defined by the user and is typically in

the range (10 − 100) pA. The feedback loop is then switched off and the voltage is

ramped in the desired range. During the ramp, the program records the tip height
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relative to the setpoint z, the tunnelling current It and the lock-in signal ∂I/∂V .

A typical spectrum will contain 200 evenly spaced datapoints. At each data point

the lock-in signal is integrated over 100 ms, with a 50 ms settling time before each

measurement. The minimum settling time is determined by the lock-in frequency as

per tsettle = 1/(2fm) = 1 ms at our parameters.

The LabView program also allows the acquisition of variable height STS (see figure

3.26). The advantage of this method is that it allows the amplification of the low-lying

energy states that are close to the band gap and have small intensities without increasing

the overall measurement time. At the same time, saturation at the intense high energy

states is prevented as the tip is pulled away from the surface. Feenstra [24] shows that

if the tip-sample displacement is changed linearly as a function of bias voltage during

STS

∆z(V ) = z0 − z1 + a|V | (3.2)

qualitatively the STS spectrum is the same as that acquired at constant height with

z0 = z(0) and z1 = z(V1) and V1 the voltage setpoint. This is because if we consider

the simple equation for the tunnelling current

I ∝ I0 exp(−2κz), (3.3)

we can transform the variable gap signal to constant gap by

Iz(V ) = Im(V ) exp(2κ∆z), (3.4)

where Iz(V ) is the corresponding tunnelling current at a constant height and Im(V ) is

that measured by varying the tip-sample separation. Differentiating with respect to the

bias voltage then gives

(
dI

dV

)

z

=

(
dI

dV

)

m

exp(2κ∆z), (3.5)

and κ is the decay constant averaged over all voltages.

The next step is to normalise the differential conductance dI/dV by the total

conductance I/V . For a metallic or a small-band-gap surface it is sufficient to use

equation 3.4 in order to write (dI/dV )z/(Iz/V ) = (dI/dV )m/(Im/V ) to show that

the measured LDOS is the same for both constant and variable gap measurements.

However, in the case of large-band-gap semiconductors LDOS (dI/dV )/(I/V ) diverges

at the band edges because the current approaches 0 faster than the conductance. To

overcome this problem we can apply a small offset or a small amount of broadening
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I/V by convoluting this quantity with an exponential function, yielding

(
Im
V

)
=

∞∫

−∞

(
Im(V ′)

V ′

)
exp

(
−|V

′ − V |
∆V

)
dV ′, (3.6)

where ∆V is the broadening width comparable with the band gap. Applying the same

broadening to the constant height data is less trivial, as the signal grows exponentially

with voltage. This requires weighting the quantity Is/V appropriately so that it is

scaled at higher voltages. After the broadening, the weighting is reversed, giving

(
Iz
V

)
= exp(a′|V |)

∞∫

−∞

(
Iz(V

′)

V ′

)
exp

(
−|V

′ − V |
∆V

)
exp(−a′|V ′|)dV ′, (3.7)

where a′ = 2κa is chosen to be roughly equal to the average slope of Iz(V ). Combining

equations 3.2, 3.4 and 3.6 we can then write

(
Iz
V

)
= e(2κa|V |)

∞∫

−∞

Im(V ′)

V ′
exp

(
−|V

′ − V |
∆V

)
exp[2κ(z0 − z1 + a|V ′| − a|V ′|)]dV

(3.8)

∴

(
Iz
V

)
=

(
Im
V

)
exp (2κ∆z) (3.9)

Therefore, the normalised conductance is the same both for constant height and

for variable height measurements. The LabView automation allows the user to set the

slope of the z-ramp, which is non-symmetric around V = 0 V and is usually in the

range a = (10− 100) pm/V. If a is too large, then any noise from parasitic capacitance

or phase sensitivity will be amplified.
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Figure 3.26: Example of variable height STS. (A) The recorded tip height measured
relative to the user-defined set point of 100 pA at +1 V. (B) The recorded tunnelling
current. (C) The recorded lock-in X channel, corresponding to the ∂I/∂V spectrum
of the surface. (D) The total conductance I/V . (E) The normalised differential
conductance (dI/dV )/(I/V ), corresponding to the LDOS of the surface at the tip
position.
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Chapter 4

LITERATURE REVIEW

Conventionally, atomic manipulation with the STM is confined exclusively to atoms

and molecules that are located within the tunnel junction. The substrate surface in

this case is regarded as a passive ‘canvas’ on which atoms and molecules are driven

to react. What is more, efforts have been made towards completely decoupling the

surface from the manipulation process by for example evaporating a thin isolating layer

on top of the conducting surface [48–50]. However, it has been recently shown that

the substrate might play a much more intrinsic role in atomic manipulation by allowing

us to harness surface states to carry ‘hot’ electrons (or holes) across its surface to the

desired reaction sites [14, 51–54]. This is done by injecting into an atomically defined

location on a surface that has been partially covered with molecules (or adatoms) and

observing the manipulation effect spread across 10 − 100 nm away from the initial

injection site. The immediate appeal of this ‘nonlocal’ technique is that it offers the

(future) possibility of parallelising atomic manipulation to enable industrial scaling of

single-molecule devices. Even more intriguing is the prospect of employing this model

to study the real-space dynamics of hot electrons on surfaces, those of energies a few

eV above the Fermi level of the surface. In this sense, nonlocal manipulation very much

resembles surface photochemistry, where hot electrons are generated on the surface

with a laser pulse and cause the excitation of adsorbate molecules. Another advantage

of the nonlocal technique is that it completely eliminates the effect of the tip in the

manipulation process. Moreover, hot electrons are the major source of leakage currents

in MOSFET transistors [17–19] and they are also integral to the effective operation

of solar cells [20–22]. However, the experimental observation of hot electrons in real

space has eluded scientists so far because of their ultrashort lifetimes - on the order of

100 fs. The aim of this part of my PhD was to use the STM to study the dynamics of

hot charge carriers on the Si(111)-7x7 surface. This chapter gives a brief review of the

growing field of nonlocal atomic manipulation.
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4.1 Mechanisms of nonlocal manipulation

Nonlocal manipulation can result in a large range of outcomes for the atomic and molec-

ular adsorbates: diffusion [55, 56], desorption [14], tautomerisation [53], dissociation

[52, 57, 58], conformational switching [51, 54], isomerisation[59], etc. However, we can

crudely split all the reports of nonlocal manipulation into two categories, depending

on the manipulation mechanism:(i) electric field induced, (ii) electron-induced with

associated lateral charge transport.

4.1.1 Electric field induced

There are only two prominent examples of nonlocal atomic manipulation of polarisable

adsorbates induced by the intense electric field between the STM tip and the sample.

Figure 4.1 shows the electric field induced diffusion of Cs atoms on GaAs(110). At

room temperature, Cs atoms diffuse thermally on the GaAs(110) forming chains whose

lengths rarely exceed 30 nm. To induce field diffusion at room temperature, the STM

tip is positioned in the centre of (A) and the surface is pulsed at + 1 V for 0.35 s.

During the pulse, the feedback loop is switched off and the tip is retracted ≈ 1 nm away

from the surface to ensure that there are no tunnelling electrons. This causes Cs atoms

to diffuse towards the tip, leading to the formation of new chains or the extention of

the pre-existing ones. This is evident in the difference image (C). After the pulse, the

chains are predominantly 30− 80 nm long. This effect is strongly voltage dependent

and is also reported for Cs atoms on the InSb(110) surface. A simple model based on a

spherically symmetrical STM tip exposes the radial decay of the electric field in the

plane of the sample surface for different tip voltages and allowed the authors to link

their results to field induced diffusion [55].

Figure 4.2 shows the reversible isomerisation of 3, 3′, 5, 5′-tetra-tert-butylazobenzene

(TBA). TBA molecules are deposited on Au(111) at room temperature and allowed to

diffuse, forming large (≈ 40× 40 nm2) islands. Injection experiments are performed

at low temperature (5 K) with the feedback loop switched off and the tip retracted a

few nm away from the surface, precluding electron tunnelling. After a few pulses in the

centre of A, some molecules have isomerised to the cis-configuration on the surface.

The process is reversible and is observed for both tip polarities. Isomerisation occurs at

distances of up to 50 nm away from the injection site for tip injections both into the

molecular island and into the bare Au(111) surface. The authors demonstrate a linear

dependence of the threshold voltage of nonlocal isomerisation as a function of tip height.

This allows them to extrapolate threshold values for the electric field required to induce a

trans→cis isomerisation of −1 V/nm and 7 V/nm and for the cis→trans isomerisation
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Figure 4.1: Gray scale STM images, 140 nm by 140 nm, of Cs on p-GaAs(11) recorded
(A) before and (B) after pulsing the sample bias to + 1 V for 0.35 s with the tip over
the approximate center of the imaged area. (C) An image composed of the difference
(B) - (A), highlighting the Cs that has been induced to diffuse into the area during the
positive voltage pulse. Figure and caption from [55].

of −3 V/nm and 2 V/nm. Electric field induced isomerisation is possible since the

field modifies the potential energy surface related to the manipulation process thereby

lowering the barrier to isomerisation [59]. However, the report lacks any estimation

of the range and the yield of this effect as a function of electric field strength. For a

field induced mechanism, we expect a constant range and a linear yield as a function of

electric field strength.

A B

Figure 4.2: (A) Island of trans-TBA. (B) Subsequent voltage pulses in the centre of
the island lead to the switching of some of the molecules to a cis-configuration. Figure
from [59].
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4.1.2 Hot electrons

4.1.2.1 Transport through a molecular chain

Dimethyldisulfide (CH3SSCH3) forms linear molecular chains upon adsorption to the

Au(111) and Au(100) surfaces at temperatures between 70 and 200 K. Figure 4.3

shows that it is possible to induce a reaction along CH3SSCH3 dimers and chains by

injecting electrons into the terminal molecule at 5 K. When electrons are injected into

a single CH3SSCH3 molecule, this causes bond-breaking and results in the formation of

two CH3S molecules. When electrons are injected into a molecular chain, the reaction

proceeds in the following order: the injected electrons first break the S-S bond of

the CH3SSCH3 molecule directly underneath the tip. One CH3 molecule migrates

2.5 Å away from the injection site, whereas the other reacts with the neighbouring

CH3SSCH3 molecule in the same chain breaking one S-S bond and creating another:

CH3S + CH3SSCH3 → CH3SSCH3+ CH3. This continues until the reaction is quenched

by the surface. The longest documented reaction involved 10 out of 15 CH3SSCH3

molecules on the Au(100) surface (see figure 4.3(D)).

The current dependence of the single-molecule injections in figure 4.4(A) reveals

that CH3SSCH3 dissociation is a 1-electron process. Its high yield (∼ 1× 10−7 events

per electron) also supports a mechanism of electron capture into the LUMO of the

molecule. The energy threshold for single-molecule dissociation is found to be at

∼ 1.4 eV which is in remarkable agreement with the DFT calculated LUMO of the

molecule at ∼ 1.8 eV. Both single-molecule and chain reactions are not restricted to

the tunnelling junction. They are also found to occur far from the injection site via

electron transport through a surface resonance of the Au(111) surface. This mechanism

of electron transport is further discussed in Section 4.1.2.4. However, it is worth noting

at this point that in this regime chain reactions are found to have a lower activation

threshold (by > 0.2 eV) than single-molecule reactions (see figure 4.4(B)). Also, in

the nonlocal regime, chain reactions occur via a 1-electron process. By contrast, when

the injection is performed at energies lower than the nonlocal threshold directly into a

CH3SSCH3, only the chain containing the manipulated molecule reacts and the process

requires 2 electrons (figure 4.4(B)). The proposed mechanism is one involving an anionic

intermediate. In the case of the nonlocally induced chain reactions, the injected hot

electron is captured by a delocalised orbital, followed by a rapid localisation of the

anionic state on a single CH3SSCH3 molecule via vibronic coupling. In the case of

the 2-electron process, the CH3SSCH3 molecule under the tip is decoupled from the

chain via a direct vibrational excitation by the first electron. The second electron is

captured by a vibrationally hot CH3SSCH3 molecule leading to the formation of the

anionic state. Despite the extremely short lifetimes of anionic states on metal surfaces -
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on the sub-fs scale - some of the CH3SSCH3 anions are expected to dissociate before

electron detachment. The authors further calculate that the barrier for the first S-S

bond breaking event is ∼ 0.4 eV and that further S-S bond shifting continues without

an energy barrier until the process is quenched by the bulk [58].

Figure 4.3: STM images before and after electron-induced dissociation of a single
CH3SSCH3 molecule and the self-aseembled chains on the Au(111) surface. Schematic
ball models of the selected structures are shown aside their STM images. (A) Dissociation
of CH3SSCH3 producing two CH3S fragments by a pulse of tunnelling current at 1.4 V.
(B) and (C) Chain reactions in CH3SSCH3 dimer and tetramer assemblies on Au(111)
induced by a voltage pulse on top of the terminal molecule (blue dot, pulse voltage 0.9
V), leading to the synthesis of CH3SSCH3 molecules of opposite conformation. (D) A
similar chain reaction on the Au(100) surface that involves 10 out of 15 molecules in a
row and produces 9 new CH3SSCH3 molecules. Figure and caption from [58].

4.1.2.2 Transport through a molecule-surface interface layer

Figure 4.5 shows the manipulation at 77 K of monolayers hexadecafluorophthalocyanine

(F16CuPc) deposited on Ag(111) and Au(111) surfaces. When pulsed with a current of

tunnelling electrons the molecular layer on either surface reacts nonlocally by shortening

or completely losing 1 of 4 ligands on one of the molecules. The authors find an
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Figure 4.4: (A) Kinetics of the chain reaction and single-molecule dissociation of
CH3SSCH3 molecules on Au(111) and Au(100) surfaces obtained from statistical analysis
of 100 to 200 single-molecule (chain) excitations. n is a slope of the least-squares fit
of the reaction rate as a function of tunneling current in the log-log coordinates. (B)
Yield of the long-range reaction as a function of the excitation energy for self-assembled
chains (red) and single molecules (black) on Au(111). The excitation pulse (I = 20
pA, 1-s duration for both data sets) was applied at an uncovered point near the center
of the field of view, and the reaction events were counted in the surrounding area of
2500 nm2. Each point represents an average of 1 to 3 excitation pulses. (Right) STM
images showing the same area before and after several pulses with voltages up to 1.5 V.
Many chains are observed to react (e.g. yellow circle with 3 trimers), whereas single
molecules remain intact throughout the image. Figure and caption from [58].
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activation energy threshold at 1.9 eV on Ag(111) and 2.4 eV on Au(111), too high for a

vibrational excitation mechanism. The current dependence reveals a 4-electron process

on Ag(111) and a 2-electron process on Au(111), which rules out electric-field induced

reactions. This, combined with a very high quantum yield - 10−10 and 10−12 events per

electron on Ag(111) and Au(111), respectively - suggests that the nonlocal reaction

of the molecular monolayers is an electron-induced process. The authors propose a

mechanism based on hot electron transport across π∗ orbitals in the molecule-surface

interface. Through a simple radial decay model (see Section 5.2.2) they estimate

a length scale of the nonlocal reaction of 6 (1.2) nm on Ag(111) (Au(111)). The

evidently different reaction length scales are further proof against hot electron transport

across the molecular monolayer. DFT calculations suggest the presence of a state

at 1.8 eV above the Fermi level consisting of a π∗ orbital of benzene and p and d

orbitals of Ag metal atoms. A similar state is found at 2.3 eV above the Fermi level

for F16CuPc molecules on Au in good agreement with the experimentally determined

nonlocal reaction thresholds [60].

4.1.2.3 Transport through an organic thin film

Another notable report of hot-electron induced nonlocal manipulation is shown in figure

4.6. When electrons (or holes) from the STM tip are injected into C60 close-packed

layers on Si(111)-7x7, they cause the reversible formation of polymerised rings of C60

molecules centered at the injection site. Consecutive injections into the same point on

the surface cause the widening of the polymerised annulus at the same electron (or hole)

energy or an increase in the diameter of the ring at higher injection bias voltages. The

proposed model to explain the long-range reversible polymerisation of C60 molecules

on the Si(111)-7x7 surface involves the spreading of the injected charge carriers across

the surface accompanied with inter- or intra-molecular electron-phonon coupling. As

they spread, the charge carriers gradually dissipate their energies supplying the C60

molecules with the energies required for polymerisation, EP , and depolymerisation, Ed.

In order for the ring formation to occur, the condition EP < Ed must hold (as illustrated

schematically in figure 4.6(a)). Thus, close to the injection site, where the charge carrier

energy is high, only depolymerisation can occur. When the electron (hole) energy drops

below Ed, polymerisation takes over. Further reductions in the electron (hole) energy

to below EP leads to quenching of the long-range manipulation. The authors report

that the effect is unperturbed by surface defects, like grain boundaries, and that the

ring diameter is noticeably larger for electron injections than it is for hole injections

at the same absolute charge carrier energy. The latter is explained by considering the

higher degeneracy of the HOMO compared to the LUMO of the C60 molecules which

may lead to a larger electron-phonon coupling constant for holes. Consequently, holes
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Figure 4.5: (a,b) STM images of F16CuPc molecules adsorbed on Ag(111) surface and
Au(111) surface before pulsing, respectively. (c,d) STM images of F16CuPc molecules
adsorbed on Ag(111) and Au(111) after a pulse at −3.0 and −3.2 V on top of a
molecule, respectively. The blue dot, rectangles, and circles represent pulsing position,
reacted molecules, and bright molecules not induced by pulsing, respectively. (e,f)
Proposed structure models of F16CuPc on Ag(111) surface and Au(111), respectively.
Figure and caption from [60].
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dissipate their energy faster than electrons [61]. However, the report lacks bias and

current dependent statistics and does not provide a clear indication as to what the

charge carrier transport state might be. Our inflation-diffusion model that we introduce

in Chapter 5.4.3 could match these results, provided that we set the correct conditions

(i.e. a very small diffusion lifetime).

Figure 4.6: Schematic picture of the model for the ring formation of C60 polymers.
Bright and dim spots in the image represent C60 monomers and polymerized C60

molecules, respectively. (a) Energy dissipation of injected carriers. The difference in
energies necessary for polymerisation, EP , and depolymerisation, Ed, forms the ring
structure. (b) Potential curve for ionic polymerisation and depolymerisation reactions.
Figure and caption from [61].

4.1.2.4 Transport through a metal surface

There has been a recent surge in the number of publications reporting hot-carrier induced

nonlocal manipulation effects on metal surfaces [52–54, 57, 62, 63]. Figure 4.7 shows

the nonlocal dissociation of CH3SSCH3 molecules into 2 CH3S fragments on the Au(111)

surface induced with a pulse of tunnelling electrons at 5 K. Each injection causes the

nonlocal dissociation of more than 1000 molecules. The same long range dissociation

is also reported for the Cu(111), Cu(110) and Au(100) surfaces for injections both into

the bare metal surface and into a metal cluster adsorbed onto the surface. This allows

to rule out an electric-field induced mechanism. Fits to a simple radial decay model

(see Section 5.2.2) expose nonlocal length-scales λ ∼ 5− 6 nm on all surfaces and a

study of the nonlocal quantum yield as a function of tip-sample bias voltage reveals

onset thresholds in the range 1.0− 1.4 eV for all surfaces. Despite the proposed mecha-

nism of nonlocal manipulation being that of electron transport via a surface resonance,

the activation thresholds were not unambiguously assigned to specific surface states [57].

A similar long-range dissociation effect on a noble metal surface has been re-

ported for O2 molecules on the Ag(110) surface at 13 K. Nonlocal dissociation was
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observed for both electrons and holes with threshold energies of 0.8 eV and −0.7

eV, respectively. A current-dependent investigation of the reaction yield revealed a

1-electron/1-hole process, compared to a 2-electron/3-hole process for single-molecule

dissociation. Fits to the radial decay model exposed a 7.7 (5.4) nm length scale for

electron-(hole-)induced nonlocal dissociation of O2 on Ag(110). It was also demon-

strated that the effect saturates at higher molecular coverage for both electron- and

hole-injections. The higher dissociation efficiency of electrons was attributed to their

lower effective mass, and thereby higher mobility, as well as their lower electron-phonon

coupling constant, which would result in electrons dissipating their energies slower

than holes. The electric field was ruled out as a possible manipulation mechanism

since the reaction rate and diameter were unaltered at higher tip-sample separations [52].

Long-range manipulation effects have also been observed for the Ag(111) termina-

tion in the case of adsorbed ice nanoclusters at 5 K, formed of 9-12 D2O molecules. In

this case, local manipulation of the nanoclusters had 2 possible outcomes: (i) translation

of the entire water heptamers across the surface or (ii) transfer of a peripheral water

between adjacent sites of the heptamer. In the case of nonlocal manipulation, however,

only (ii) was observed. DFT simulations allowed the authors to explore the reaction

barriers for both processes as a function of electric field and revealed that an electric

field mechanism was responsible for the direct manipulation. A study of the reaction

probability, p, as a function of radial distance from the injection site showed strongly

anisotropic behaviour. Based on this, it was proposed that nonlocal manipulation of

water molecules on Ag(111) is mediated via surface state bands instead of ballistic

electron transport [63]. However, the oscillatory behaviour of p with radial distance

could also be a consequence of standing wave patterns of surface state electrons which

are inherent to metal surfaces close to static scatterers such as impurities or steps

[64–66]. There is also no mention of the statistical significance of the data used to

produce the radial distribution of p and therefore it could also be subject to problems

with bin-sizes.

Nonlocal manipulation has also been observed on the Cu(111) surface. Figure 4.8

shows the nonlocal dehydrogenation of Co nanoislands on Cu(111) at 5 K. When Co

is deposited on the Cu(111) surface at room temperature it diffuses to spontaneously

form triangular nanoislands of a bilayer height. The surface is then exposed to a flow

of H2 at 10 K which adsorbs directly to the Co nanosilands. The H2 molecules perform

dissociative attachment to the Co nanoislands and saturate the Co density of states peak

at −0.3 eV. The dI/dU map of the hydrogenated Co nanoislands in figure 4.8(a) is rel-

atively flat at U = −0.3 V with a low differential conductance on top of the nanoislands.

The tip is then placed at the centre of the bottom island (figure 4.8(b)) and the voltage
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Figure 4.7: STM images and structural models of (a) undissociated CH3SSCH3 molecule
on the Au(111) surface and (b) products of its electron-induced dissociation (CH3S). (c)
STM image of nonlocal CH3SSCH3 dissociation induced by a single 2.5 V/1.0 nA/200
ms pulse at (blue) point. The inset is a surface area (yellow square) located ∼ 46
nm away from the pulse position. u marks unreacted and r marks reacted CH3SSCH3

molecules. (d) Total number of dissociation events per pulse obtained from 18 pulses of
the same magnitude (1.8 V/0.350 nA/150 ms). The solid line is the average number of
events. (e) Total number of dissociation events per pulse (1.0 nA/200 ms) as a function
of pulse voltage. The points are connected to guide the eye. Figure and caption from
[57].
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is ramped from −1.0 V to +1.0 V with the feedback loop switched off. This is repeated

until the Co state at −0.3 eV reappears. A differential conductance map obtained

after the carrier injection experiments shows the complete nonlocal dehydrogenation

of the bottom island, whereas the other 2 islands are unaltered. The manipulation

experiment is then repeated for the remaining 2 islands (figure 4.8(c),(d)), which show

identical behaviour: complete nonlocal dehydrogenation of the Co nanoislands, confined

within the island walls. Performing current ramps at different voltages leads to the

observation of an activation threshold for the nonlocal desorption of H atoms from Co

nanoislands at 0.4 − 0.5 eV and currents above 18 nA. This threshold is lower than

the calculated barrier for direct electron-induced excitation (at ∼ 2.6 eV). At the same

time, it is higher than the typical vibrational energies of the transition metal-H mode.

The authors thus propose 2 mechanisms to explain this effect: (i) electrons from the

tunnelling current initiate H hopping in the plane of the surface, or (ii) H is indirectly

excited by mobile hot electrons in the metal surface. The current threshold of 18 nA

was linked to a characteristic relaxation time (∼ 10 ps) between vibrational levels of

the H atoms [62].

Nonlocal switching behaviour has also been observed for porphycene [53] and an-

thradithioophene (ADT) [54] deposited on the clean Cu(111) surface at 5 K. In the

case of the nonlocal tautomerisation (trans → cis) of porphycene molecules, the

experiment was performed by electron (hole) injection into the Cu surface at a constant

tip-sample separation z and bias voltage V . This was done by switching off the STM

feedback loop. Voltage thresholds at ∼ −0.4 eV and ∼ 0.25 eV were established. The

nonlocal activation threshold for holes was found to be higher than the measured local

threshold at −0.25 eV and was linked to a Cu surface state at -0.4 eV. Statistics of the

reaction rate of 10 000 (3 000) molecules pulsed at -1.5 (1.5) V as a function of radial

distance from the injection site were performed. The radial decay model from Section

5.2.2 was employed and the nonlocal length scale was measured to be λ = 13.5(6.4)

nm for holes (electrons). It was shown that the nonlocal effect was the same for

experiments performed with different tips. Injecting into the bottom terrace close to

a step-edge led to an increase in the reaction probability on the lower terrace. Both

of these observations rule out an electric-field mechanism. No long-range reactions

were observed for molecular coverage larger than 0.1 nm−2, which corresponded to a

measured quenching of the surface state at −0.4 eV. The authors therefore propose

that the nonlocal tautomerisation occurs via hot electron transport across the surface

[53]. A similar study by Schendel et al. showed that ADT molecules can be induced to

switch between two conformational orientations on the surface. A negative bias pulse

would cause all cis molecules to swith ‘on’, whereas a positive pulse would switch ‘off’

all molecules (both cis and trans), with corresponding threshold voltages at −0.2 eV
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Figure 4.8: Nonlocal dehydrogenation of Co nanoislands on Cu(111). Illustration of
the selective desorption process induced by tunnelling current. 46× 46 nm2 (dI/dU)
maps obtained at U = −0.3 V and I = 2.0 nA at 5 K after adsorption of hydrogen
at 10 K (a) before the cleaning procedure. The cleaning procedure was applied to (b)
the bottom island, (c) the top left island, and (d) the top right island. Bright colours
correspond to high differential conductance. Figure and caption from [62].
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and +0.35 eV, respectively. The manipulation was observed to spread across steps,

with a higher manipulation probability for the molecules belonging to the same terrace

as the STM tip. The radial decay curves presented are associated with a saturation

region (∼ 20 nm) close to the injection site indicating that the number of injected

electrons (holes) was too high. By applying the transport model from Section 5.2.2 to

the rest of the region, they estimated a nonlocal length-scale of λ ≈ 20 nm and linked

it to the coherence length of surface electrons (holes) in Cu(111) [54].

4.1.2.5 Transport through a semiconductor surface

Figure 4.9 shows the nonlocal charge-induced hopping of a bistable H atom (BA) on the

Si(100)-2x1 surface at 5 K. The STM tip is positioned close to the BA and holes are

injected at 12 atomically resolved locations on the surface (shown in figure 4.9(a)) for

a duration T = 0.8 s with the feedback loop switched off. The probability of hopping

is extracted from a comparison with images taken after ∼ 2500 injection experiments

as phop = 1− exp (−T/τ), with τ the mean excitation time to activate the hopping.

The quantum yield is then given by Y = e/Iτ and shows significant anisotropy for

injections close (< 1.5 nm) to the BA. Both along and across the silicon dimer row,

the quantum yield is higher when the tip is closer to the H atom than to the silicon

dangling bond (DB). At larger distances from the injection site, the quantum yield is

the same regardless of whether the injection is performed along or across the dimer

row, on the H or on the DB side of the BA atom. It is also important to note that

the voltage threshold for H-atom hopping induced both locally and nonlocally was

estimated at −2.4 eV, which corresponds to occupied Si-Si bond surface states. A

vibrational ladder climbing mechanism was ruled out as it was shown that adatom

hopping is a 1-electron process. Attenuation of the hopping yield by a factor of ∼ 40

was observed for injections at a lateral distance of ∼ 0.3 nm from the BA. This suggests

that the electric field, which would extend over a few nm from the injection site, is not

responsible for the manipulation. Therefore, the authors suggest a surface mediated

manipulation mechanism for H hopping on Si(100)-2x1 [51].

Nonlocal reactions have also been reported for the bare Si(111)-7x7 surface [67] at

low temperature, as well as for aromatic molecules [14, 15] and chlorine atoms [56] on

Si(111)-7x7 at room temperature. When electrons (holes) are injected into the bare

Si(111)-7x7 surface they can cause Si adatoms to ‘hop’ both locally and nonlocally -

more than 20 nm away from the injection site (see figure 4.10). This effect is observed

for both tunnelling and field-emitted electrons. The activation energy for the thermal

return rate is estimated through an Arrhenius-type relationship to be (0.49± 0.03) eV
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Figure 4.9: (a) Top view of the first layer of silicon dimers of the Si(100):H surface
indicating the 12 positions of hole injection to activate the bistable atom (BA) remotely
when the tip is either on the H side (red dots, left) or on the dangling bond (DB) side
(blue dots, right) of the BA. The light grey circles correspond to H atoms and the white
circle is the DB. (b), (c) Measured hopping yields for hole injection sites distributed
along (2H||, 4H||, 6H||) or across (2H⊥, 4H⊥, 6H⊥) the silicon dimer row, respectively.
The surface pulse voltage is −2.5 V. The red bars and the blue bars correspond to
measurements realised when the tip is placed near the H atom or near the DB of the
BA, respectively. (d) Variations of the hopping yields of the BA as a function of the
surface voltage at the 6H⊥ and 6H|| hole injection sites. Figure and caption from [51].
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with a pre-exponential of 1012.2±0.9 s−1. A study of the current dependence of the Si

adatom hopping yield reveals that it is a 1-electron process. The proposed mechanism

to explain the nonlocal hopping of Si adatoms is that of electron propagation along

the surface through a surface resonance. Since the top of the bulk phonon band lies at

63 meV [68], the authors estimate a vibrational lifetime for the Si adatoms of ~/63

meV ∼ 10 fs, which is much smaller than the time between injected electrons. This

is consistent with the measured 1-electron process [67]. The nonlocal desorption of

aromatic molecules from the Si(111)-7x7 surface is discussed in detail in Section 4.2.4.

Figure 4.10: (a) Current recorded at 2.25 and 3 V sample bias over a center adatom in
the faulted half of a unit cell at 121 K. (b) STM image of the surface at 91 K after
a very large electron dose at 3 V (10 nA, 100 s). (c) STM image of the saturated
surface at 52 K after a previous scan at 10 V showing an outline of the unit cell, a
large number of transferred adatoms in the faulted halves, a double hop (labeled D),
and two hops in the unfaulted half of the unit cell (labeled U). (d) STM image of a
saturated surface at 91 K after a very large electron dose at 2.25 V (40 nA, 300 s) near
the middle of the imaged area. Figure and caption from [67].

4.1.2.6 Transport through graphene

Nonlocal modifications of the carbon buffer layer close to a sheet of epitaxial graphene

have also been reported recently to be induced by the STM tunnelling current [69].

When injections of low-energy (-4 V) holes were performed directly into the carbon

buffer layer, modifications were observed to be caused directly underneath the STM
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tip and no spreading was observed. Injections into the epitaxial graphene layer did not

cause any modification of the graphene for carrier energies below 35 eV (and tunnelling

current of 100 nA). However, it was observed that low energy electrons (3 to 6 eV)

could cause modifications of the carbon buffer layer so long as the injection was perform

≤ 10 nm away from the edge of the graphene sheet (see figure 4.11). This nonlocal

length-scale is in remarkable agreement with calculations that show that the mean free

path of electrons in graphene is ∼ 10 nm [70]. Therefore the authors propose that

electrons are transported across the graphene sheet ballistically (similar to the inflation

region that we measure in Chapter 5.4.3). Energetically, this would be possible because

the Van Hove Singularity (VHS) in graphene is located at 2.5 eV and its position can

be modified by doping. The carbon buffer layer also has energy bands that lie between

±3 and ±5 eV which would allow resonant electron (hole) trapping to occur [69].

Figure 4.11: (a) A clear continuous boundary between the graphene layer and a carbon
buffer region. The voltage pulse (-4 V, 0.1 nA, 50 ms) was applied at a distance of ∼ 10
nm from the boundary (×). (b) Considerable changes occur only along the boundary
edge of the carbon buffer region while the graphene does not change at all. Image
conditions for (a) and (b): 20× 20 nm2, -1.6 V, 0.1 nA. (c) Two positive voltage pulses
(X1, X2: +6 V, 0.2 nA, 50 ms) and a negative pulse (X3: -6 V, 0.2 nA, 50 ms) modify
the carbon buffer region at the boundary (dotted ovals). Image conditions: 31× 31
nm2, -2 V, 0.2 nA. (d) Schematic showing the possible electron path (blue) through the
graphene resulting in the modification (red) at a distance of the carbon buffer region
(positive voltage pulse). Figure and caption from [69].
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4.2 Si(111)-7x7

All nonlocal manipulation experiments that I performed during my PhD were on the

Si(111)-7x7 surface. The initial motivation was to follow up the work done by my

supervisor Dr Peter Sloan [14] and to collaborate with my fellow PhD student Dr Duncan

Lock [15] in order to completely unravel the nonlocal electron transport process on this

surface. This section gives a detailed description of the Si(111)-7x7 reconstruction and

the published work on nonlocal manipulation on that surface.

4.2.1 Surface reconstruction

When the Si surface is cleaved along a crystallographic orientation it has a tendency

to reconstruct. This is because upon cleaving the atoms from the bulk 1x1 layer are

no longer fourfold symmetric as some of their neighbours are missing. This results in

the presence of highly energetic dangling bonds. The Si(111)-7x7 surface is the most

stable reconstruction of the Si(111) termination [71] and is well described by the dimer

adatom stacking-fault (DAS) model [72]. The 7x7 reconstruction spans over seven

1x1 unit cells along both crystallographic directions (see figure 4.12(A)) containing

a total of 49 energetically expensive dangling bonds on the unreconstructed surface.

To reduce the energy of the surface upon slow annealing from 960◦ C, the (111) Si

termination attains the 7x7 reconstruction. It is composed of 2 reconstructed 1x1 layers

with 12 Si atoms adsorbed on top and a hole at each corner. The first reconstructed

layer contains 42 atoms and is called the restatom layer. Each Si adatom saturates 3

restatom dangling bonds, thereby reducing the total number of dangling bonds from 49

down to 19, located on the 12 adatoms, 6 restatoms and the corner-hole. The second

reconstructed layer is called the dimer layer. It contains 9 dimers and a stacking fault

in one of the triangular sub-cells (see figures 4.12(B), (C) and (D)).

4.2.2 Surface electronic structure

This complicated arrangement leads to differences in the energy landscape for adatoms

of different crystallographic locations. At positive bias voltage (electrons tunnelling,

+1 V) all adatoms appear identical (see figure 4.13(A)). However, when imaged with

negative bias (holes, −1 V), the faulted side of the unit cell looks slightly brighter than

the unfaulted side. This asymmetry cannot be explained with the geometric structure of

the surface (from figure 4.12) and is instead associated with differences in the electronic

structure of each half of the unit cell with more charge on the faulted half [71, 73]. It is

possible to further split the Si adatoms into corners and middles, with corners appearing

CHAPTER 4. LITERATURE REVIEW 77



4.2. SI(111)-7X7

Figure 4.12: Dimer adatom stacking-fault model. (A) The 1x1 and 7x7 unit cells.
(B) Top view of the DAS model. Adatoms, dimers, restatoms and Si atoms from the
unreconstructed layer on the faulted side of the unit cell are outlined. The faulted
half is shaded in blue. (C) Side view of the DAS model, outlining the dimer row and
corner-holes. The faulted half is shaded in blue (D) 10 × 10 nm2 STM image (+1
V, 100 pA) of the Si(111)-7x7 surface showing the positions of the 12 adatoms (red
circles) and 6 restatoms (blue crosses).
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Figure 4.13: (A) STM image (+1 V, 100 pA) of the Si(111)-7x7 surface, outlining the
positions of corner (C, blue circles) and middle (M, red circles) adatoms. (B) Negative
bias STM image (−1 V, 100 pA) showing the faulted (F, red triangle) and unfautled
(U, blue triangle) halves of the unit cell.

brighter than middles (see figure 4.13(B)) [71, 74, 75]. This is because the surface

dangling bond states are less localised than the bulk states and there is a significant

amount of charge transfer occurring between the adatom and restatom dangling bond

states. The adatoms donate 1 e− to the restatoms and the corner hole dangling bonds,

leaving only 5 e− for charge transport across the surface [75, 76]. It has been calculated

that these electrons can either be localised in hexagonal ring structures formed by 3

e− that are shared between the corner adatoms or they can be extended in metal-

lic states across the surface by the other 2 e− that belong to the middle adatoms [74, 75].

Bulk Si is a semiconductor with a 1.1 eV band-gap separating the top of the valence

band from the bottom of the conduction band. However, the 7x7 reconstruction has

surface states that extend into the band gap and ‘pin’ the Fermi level ∼ 0.65 eV

above the valence band maximum regardless of doping level [79] or temperature [76,

80]. Figure 4.14 shows a schematic of the process of pinning of the Fermi level in the

general case of a clean semiconductor. For an undoped sample, the Fermi level lies

approximately in the middle of the bulk band gap to ensure charge neutrality. When

the sample is n-type doped the Fermi level of the bulk rises towards the conduction

band minimum, causing a disequilibrium with the surface (figure 4.14(B)). To minimise

the total energy of the system, electrons vacate the high-lying donor levels in the

bulk and start populating the lower-lying surface levels until the surface and the bulk

work functions are matched. This causes the bulk bands to bend and the Fermi level

to drop and be pinned within a narrow energy window where a LDOS exists on the

surface. This process is independent of the bulk doping level and is well described by

CHAPTER 4. LITERATURE REVIEW 79



4.2. SI(111)-7X7

Figure 4.14: Electron energy levels near the surface of a clean semiconductor: (A)
undoped sample; (B) disequilibrium between n-type bulk and its surface; (C) Band
bending and Fermi level pinning at equilibrium. χ is the electron affinity, φ the work
function, Evac the vacuum level, Eg the band gap, EF the Fermi level and Eb the
Schottky barrier height. Figure adapted from [77]. Surface-state-induced and tip-
induced band bending on the Si(111)-7x7 surface for (D) negative and (E) positive
sample bias respectively. Figure from [78].
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the Schottky-Mott model, with the Schottky barrier, Eb = Eg/2 [77]. Figure 4.14(D

and E) shows a schematic representation of surface-state-induced band bending on

the Si(111)-7x7 surface. Band-bending also occurs at extreme tunnelling conditions,

when the sample donor electrons (holes) are frozen off at low temperature and the

tunnelling current is high causing a voltage drop of up to 0.3 eV for electrons (holes)

tunnelling into the weakly localised Si surface states [67, 81]. This effect is known as

tip-induced band bending. At room temperature, there is no tip-induced band bending

on the Si(111)-7x7 surface [78, 81]. This situation is shown schematically for both

tip polarities in figure 4.14(D and E). Thus it is beyond the scope of this thesis to go

into a detailed derivation of band-bending. Such derivations and models exist in the

literature [78, 81–86], especially in the case of the Si(100) surface, where band bending

is crucial to the interpretation of STM and STS results.

Figure 4.15: Filled surface states on the Si(111)-7x7 surface. (A) Adatom state at
-0.35 V. (B) Dangling bond state at -0.8 V. (C) Back bond state at -1.7 V. Figure and
caption from [73].

By matching the energy of the tunnelling holes (or electrons) to that of the differ-

ent sites on the Si surface it is possible to resolve the dangling bond sites (adatoms

and restatoms) and Si adatom backbonds to the underlying restatom layer [73, 87].

This technique is known as current-imaging tunnelling spectroscopy (CITS) and is
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demonstrated in figure 4.15. The spacial resolution of these surface states indicates

that they are localised and have been extensively studied in (angle-resolved) ultraviolet

photoemission spectroscopy ((AR)UPS)[80, 88], angle-resolved photoelectron spec-

troscopy (ARPES)[89], time-resolved 2-photon photoemission (2PPE) [90, 91] and STM

experiments [73, 74, 81, 87, 92], backed up with numerous calculations [75, 93–96].

There are 4 known surface states/resonances in the vicinity of the bulk band-gap which

are summarised in figure 4.16(A). The ‘metallic’ band U1/S1 is localised on the adatom

dangling bonds and comprises 3 sub-bands [93] that span across 100− 500 meV [76].

A highly localised half-filled sp3 hybridised state (∼ 2− 10 meV wide [76, 80]) located

within this energy window is responsible for the Fermi level pinning. The filled S1

band was measured and confirmed with calculations at ∼ −150 meV [73, 74, 81, 88,

89, 96, 97] relative to EF , whereas the unfilled U1 was measured and calculated at

∼ +500 meV [73, 74, 81, 87, 95] relative to EF , respectively. Another unfilled surface

state/resonance, U2, localised on the adatom anti-backbonds has been reported at

∼ (+1.3 to +1.9) eV above EF [73, 81, 87, 90, 91, 95]. The filled state S2 at ∼ −0.8

eV below EF originates from the restatom and corner-hole dangling bonds [73, 80, 81,

87–90, 92–97], whereas the state S3 at ∼ −1.7 eV below EF is associated with the

adatom backbonds [73, 80, 89, 90, 92–95, 97].

For the purpose of the discussion in this thesis, we define 7 crystallographic locations

of interest within the Si unit cell, with the respective nomencaltures: faulted-middle

adatoms (FM), faulted-corner adatoms (FC), faulted restatoms (FR), unfualted-middle

adatoms (UM), unfaulted-corner adatoms (UC), unfaulted restatoms (UR) and corner-

holes (CH). Figure 4.16(B) shows STS measurements performed on top of each location

and highlights the positions of the surface states identified in figure 4.16(A).

4.2.3 Adsorption of aromatic molecules

At the beginning of the 20th century the wide-spread belief was that molecules were

attracted to the surfaces of solids by some long-range attractive force, in a similar

fashion as atmosphere is retained close to the surface of the Earth by gravity. The adsor-

bate build-up on surfaces was referred to as ‘compressed vapour’. Now, we distinguish

between 2 qualitatively different adsorption configurations: weak physical adsorption

(‘physisorption’), where molecules are retained close to the surface by van der Waals

attraction, and stronger chemical adsorption (‘chemisorption’), where molecules form

a chemical bond with the surface (see figure 4.17(A), Eα >> Eβ). Due to the large

number of dangling bonds available on the Si(111)-7x7 surface, aromatic molecules

(e.g. benzene, toluene, chlorobenzene) get trapped in the chemisorbed state on the
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Figure 4.16: (A) Schematic diagram of the electronic structure of the Si(111)-7x7
surface. The Brillouin zone refers to the unreconstructed Si(111) surface; shaded areas
mark the projected bulk bands. S1, S2 and S3 denote occupied, U1 and U2 unoccupied
surface states. Only one representative band of the adatom-induced surface states
U1/S1 is sketched. It was obtained by inverse photoemission from Si(111)

√
3x
√

3−B
with a similar but completely unoccupied adatom band. Vertical arrows indicate the
excitation (thick line) and the probe process by 2PPE (left) and SHG (right). Inset:
side view of the surface geometry. The dangling bonds of the rest atoms (R) are
completely filled while the average occupancy of the adatoms dangling bonds (A) is
slightly less than 1/4. Figure and caption from [98]. (B) STS measurements performed
on 7 different crystalographic locations on the Si(111)-7x7 surface. The positions of
the surface states from (A) are highlighted.

CHAPTER 4. LITERATURE REVIEW 83



4.2. SI(111)-7X7

surface for long enough for us to probe, manipulate and probe again in order to study

the physics behind the underlying mechanisms of molecular manipulation induced in

the tunnelling juction.

The long residence lifetime (∼ 2000 s) [99, 100] of aromatics on Si(111)-7x7 at

room temperature was an unexpected result, since on metal surfaces their mobility

precludes imaging. Chemisorption happens molecularly (without dissociation) through

a precursor state, which was identified as the physisorbed state (see figure 4.17(A),

(B)) [101, 102]. At room temperature the molecules remain in the physisorbed state

for no longer than 100 ps [100]. With decreasing temperature, the kinetic energy

available for bond-formation is significantly reduced and the molecules are captured in

the physisorbed state for long enough to be imaged with STM (> 2 hours [101]). Below

100 K, physisorbed molecules have been observed to preferentially reside over middle

adatom sites, before eventually decaying down to the chemisorbed state [101, 103].

Bond-breaking also proceeds through the physisorbed state with almost equal probabili-

ties of desorption and diffusion [99, 102]. The physisorbed state is very mobile allowing

the molecules to explore the potential landscape of the surface before chemisorbing to

a preferred site. This results in a large average diffusion length of (2.3± 0.1) nm - half

a 7x7 unit cell [99]. It has been observed that both chemisorption and bond-breaking

follow the same hierarchy of preferred atomic sites: FM > FC > UM > UC [99–102,

104]. Experimental and theoretical data suggest an energy barrier to chemisorption of

chlorobenzene and benzene of Eα + ∆E ≈ (+1.0 to +1.6) eV [104–106] and (+1.0 to

+1.3) eV [99, 107, 108], respectively, and to physisorption Eα + ∆E ≈ 0.6 eV [106]

and 0.4 eV [101], respectively, with ∆E ≈ (0.1− 0.2) eV [101, 104].

On the Si(111)-7x7 surface chemisorbed aromatic molecules look like dark adatom

vacancies when imaged with STM (see figure 4.18(A) and (B)), as the molecule satu-

rates a Si adatom dangling bond. Since there are no available molecular states in the

vicinity of EF for electrons to tunnel into, the molecule-adatom complex appears dark in

STM images. Conversely, benzene chemisorbed on the Si(100)-2x1 surface looks ‘bright’

in STM images, because there are no surface states available on the Si(100) surface

close to EF and the tunnelling current is dominated by electrons channelling into the

molecular states [109]. High-resolution electron energy loss spectroscopy (HREELS)

and thermal desorption spectroscopy (TDS) experiments show that aromatic molecules

bind in a 2,5-di-σ-bond configuration to a pair of neighbouring adatom and restatom

of the Si(111)-7x7 surface [110–112]. Upon chemisorption the molecules lose their

aromaticity as they attain a strained ‘butterfly’ configuration, tilted at 13◦ from the

surface plane (see figure 4.18C). The restatom involvement was initially deduced from

geometrical considerations - the opposing C-C distance in benzene is 2.78 Å and the
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Figure 4.17: Decay of the precursor state at 95 K. (A) Immediately after preparing the
precursor state. Chemisorbed molecules appear as dark adatom vacancies. Physisorbed
molecules are brighter than the Si adatoms and form circular patterns above the middle
adatoms. (B) After 7 min, a reduction in the number of precursor molecules is observed.
The triangular region marks one area where precursor decay to the chemisorbed state
has occurred. Careful inspection reveals numerous other examples. Vsample = +1.5
V, current = 0.1 nA, 140× 140 Å2. Figures (A) and (B) from [101]. (C) Schematic
diagram of the potential energy landscape of an aromatic molecule. Figure (C) from
[104].
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Si-C bond-length is ≈ 2 Å, matching well with the distance between an adatom and a

nearest-neighbour restatom of the surface reconstruction (4.5 Å) [111]. Such a bonding

configuration also explains the measured saturation of the Si(111)-7x7 surface by 0.13

monolayers [100]: the number of restatom dangling bonds in the 7x7 unit cell is 6

out of 49 dangling bonds on the unreconstructed 1x1 surface (6/49 ≈ 0.12). The

restatom involvement in aromatic bonding has been exposed directly in recent qPlus

experiments, which demonstrate that the repulsive force between the molecule and the

qPlus tip is peaked half-way between the adatom and the restatom dangling bonds

that are involved in the chemisorption of benzene [113]. It has also been observed

that chemisorption of benzene [109] and of chlorobenzene [7] lead to considerable

charge transfer within the Si unit cell that contains the chemisorbed molecule. In

both cases electrons are transferred from the fully occupied restatom dangling bond

to neighbouring adatoms. Calculations have also confirmed that the di-σ bonded

configuration is the most energetically favourable binding configuration for benzene,

toluene and chlorobenzene [106, 107]. Moreover, the lowest energies were calculated

when the Cl and the CH3 groups were positioned on the same side as the binding adatom.

Figure 4.18: (A) STM image (+1 V, 100 pA) of the Si(111)-7x7 unit cell. The
chemisorbed molecule looks like a dark adatom vacancy. All dangling bond sites are
annotated. (B) Schematic of (A) in the context of the DAS model. (C) Side view of
the 2,5-di-σ bonding configuration of an aromatic molecule to the Si(111)-7x7 surface.
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4.2.4 Tunnel current induced nonlocal manipulation of

aromatic molecules

Figure 4.19 shows the nonlocal manipulation (desorption and diffusion) of chlorobenzene

molecules on the Si(111)-7x7 surface. When a pulse of electrons is applied to a pre-

determined position (marked with ‘×’) inside the scanning region, an area > 15 nm

in diameter surrounding the injection site is depopulated of molecules. This effect is

observed for injections with both electrons and holes and is unperturbed by the presence

of grain boundaries or even steps. The experiment is repeated a few times for each set of

injection parameters (charge carrier energy eV , tunnelling current I and pulse duration

t). To quantify the manipulation process, the fraction of reacted molecules within an

annulus of radius r and width d (here d = 10 Å) is counted for each experiment.

Assuming that electrons flow ballistically outwards across the surface, f(r) =

exp (−r/λ), yields a decent fit which is shown in figure 4.20(a)). This expression for

f(r) corresponds to a single decay channel for the electrons into the surface. At injection

energy of +2.7 eV, the best fitting parameters give a yield of ke = (3.80± 0.05)× 10−9

per electron and length-scale of λ = (7.5± 0.3) Å. The same model was used in refer-

ences [53, 54, 57, 60] to describe nonlocal manipulation on metal surfaces. In all of these

cases the functional form of f(r) = exp (−r/λ) was adopted as an assumption based

on the shape of the measured radial decay curves. In this sense, there is no physical

justification as to why this mathematical representation should signify ballistic transport.

One of the main topics of this thesis is the introduction of a diffusive transport model to

describe the nonlocal effect on the Si surface based on a temperature dependent study

of the nonlocal length-scale (see Chapter 5.4.3). Figure 4.20(b)) shows a study of the

radial probability of nonlocal manipulation as a function of tunnelling current. The elec-

tron energy is the same at all currents (3.6 eV) and the amount of injected charge is kept

constant by varying the injection duration at each current. The obtained radial distribu-

tions are invariant of the tunnelling current, which is consistent with a 1-electron process.

Driven by the idea that nonlocal manipulation should be tunable by the LDOS

at the injection site through the parameter ‘s’, allowing the different surface sites

(e.g. adatoms of different chemical potential, or adsorbed clusters) to discriminate

between electrons of different energies, figure 4.21 shows a study of the injection

site dependence of nonlocal manipulation. I-V spectra were acquired at 128 equally

spaced points along the long diagonal of the 7x7 unit cell. The STS map shown in

4.21b) is the average of 4096 such spectra numerically differentiated and normalised

to give (dI/dV )/(I/V ). It is easy to see that the manipulation prefactors ke follow

the density of states at each site. The most important result, however, is the ob-

servation of the state at +2.1 eV, which is located predominantly on restatoms and
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Figure 4.19: STM images (+1 V, 250 pA, 512 Å×512 Å) of a Si(111)-7x7 surface (a)
with a large dose of chlorobenzene molecules, which image as missing adatoms, and
(b) after charge injection (+3.6 V, 250 pA, 4.46 s) at the site marked with an × in
the image. Nonlocal desorption of chlorobenzene molecules remote from the charge
injection site is evident. Figure and caption from [14]. (c) 50 nm ×50 nm STM image
(+1.5 V, 100 pA) of the clean Si(111)-7x7 reconstruction before a dose of molecules.

corner holes. The dangling bond state U1 at +0.5 eV and the Si backbond state

U2 at +1.7 eV (see figure 4.16) are also clearly resolved in the STS map. The new

surface resonance at +2.1 eV matches well with the previously reported manipulation

threshold at 2.5 eV measured by the (more crude) frame-by-frame scanning technique

[36]. Based on this, the +2.1 eV state was identified as the electron transport state [14].

Nonlocal manipulation of aromatic molecules chemisorbed on the Si(111)-7x7 surface

is discussed in more detail in the next section. The new results show that nonlocal

manipulation is indeed specific to the surface transport state and is the signature of 2D

electron transport.
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Figure 4.20: (a) Nonlocal desorption probability as a function of radial distance from
site of injection (at +2.7 V). Error bars reflect the 10 Å width of the annulus used in the
analysis and the standard deviation on the mean assuming a Poisson distribution for the
number of molecules before and after injection. The (best) fit is a single exponential
decay, ke exp (−r/λ) with ke = (3.80± 0.05)× 10−9 and λ = (74.7± 3.4) Å. Points
closer than 50 Å from the injection site are omitted from the fit. (b) As for (a) but
for six different tunneling currents and injection voltage of +3.6 V. The total charge
dose was kept approximately constant by varying the duration of the injection pulse: 50
pA/37.8 s, 100 pA/18.9 s, 150 pA/12.8 s, 200 pA/10s, 250 pA/7.5 s, 300 pA/6.3 s.
Figure and caption from [14].
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Figure 4.21: Site-specific nonlocal atomic manipulation. (a) Probability per electron
(injected at +2.7 V, 800 pA, with pulse duration of 8 s) of nonlocal desorption of
chlorobenzene molecules for seven distinct atomic injection sites on the Si(111)-7x7
surface: CH, corner-hole; FC, faulted corner adatom; FR, faulted restatom; FM, faulted
middle adatom; DR, dimer row; UM, unfaulted middle adatom; UR, unfaulted restatom;
UC, unfaulted corner adatom, as labelled in the +1 V STM image, (b). (c) STS map
of the Si(111)-7x7 surface along the line indicated in (b). A section through the data
in (c) integrated with appropriate weighting from +2.0 to +2.7 V is also plotted in (a)
for comparison with the desorption results. Figure and caption from [14].
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Chapter 5

RESULTS

This chapter presents the work that I carried out during my PhD degree on the nonlocal

manipulation of aromatic molecules on the Si(111)-7x7 surface. Nonlocal manipulation

can be viewed as a three-step process: (i) charge is injection into the surface, (ii) charge

is transported across the surface, and (iii) a molecule is manipulated. Step (i) was

the subject of the paper reviewed in Section 4.2.4. Here, I will concentrate on charge

transport (ii) with short discussions on steps (i) and (iii).

5.1 Experimental methods

Figure 5.1(A-C) shows three images recorded during a typical nonlocal manipulation

experiment. Before scanning, the Si surface is almost saturated (see Section 4.2.3) with

a high coverage of toluene molecules (typically ∼ 4 L, corresponding to 1000 - 1500

molecules in a 50 × 50 nm2 image). An STM image of an area 50 nm × 50 nm acquired

before injection (figure 5.1(A)) allows us to assign each crystallographic location on the

reconstructed Si surface to a molecule or an adatom with the aid of the automation

software described in Section 3.5.2. During a small intermittent image (10× 10 nm2,

figure 5.1(B)), a pulse of electrons (or holes) is injected into a pre-selected location from

the first image. There are 4 parameters that we control during each experiment: (1) the

energy of the tunnelling electrons (eV ), (2) the average number of injected electrons

per unit time (ne = It/e), (3) the average time between tunnelling electrons (δt = e/I)

and (4) the injection site. An image taken immediately after the injection (figure 5.1(C))

allows us to trace the outcome of the experiment for each molecule/adatom from the

before image (A). Typically, 100-500 molecules are manipulated in each experiment. We

tune each experiment so that we manipulate half the molecules on the surface within

a range of half the size of the big ‘before’ and ‘after’ images. For good statistics, we

repeat the experiment at each set of injection parameters 4-5 times. In order to make

sure that each site on the Si surface is assigned a matching index on the ‘before’ and the

‘after’ images we perform image cross-correlation between the ‘before’ and the ‘after’

images to match the injection location from the intermittent image. This allows us to

extrapolate the number of molecules that have left the surface within an anulus of width
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∆r some distance r away from the injection site (marked schematically in figure 5.1(C)).

However, since we perform all our experiments at room temperature, the adsorbed

molecules always have some amount of thermal energy kBT available to them which

gives them a finite chance of escaping from the chemisorption potential well. From the

physisorbed state, they will then either diffuse to a new site or completely leave the

surface. We carefully account for these effects in our data. If we consider that the rate

of change of the number of molecules on the surface is described by a first order rate

equation
dN

dt
= −αN, (5.1)

then the number of molecules that remain on the surface after some time t is

N = N0 exp (−αt), (5.2)

with the probability of thermal displacement α = A exp (−Edes/kBT ). α can be

estimated from an Arrhenius type relationship [104, 114]. α was measured for all three

molecular species relevant to this thesis (benzene, toluene and chlorobenzene) through

a series of time-lapse experiments performed at different temperatures. Using the same

molecule-counting Matlab GUI, Lock and Sakulsermsuk were able to count the number

of molecules that have desorbed or diffused within the same scan frame after a time

lapse step and thus measure the displacement rate for each molecular species. Figure

5.1(D) illustrates schematically the reduction in the number of molecules during a

nonlocal experiment due to both thermal and electron-induced excitation. If the time

between the ‘before’ image and the electron injection is ∆t, the number of molecules

remaining in the same place on the surface after this time has elapsed would be

N1 = N0 exp (−α∆t). During the pulse of electrons, there is some probability Pe that

the molecules will be displaced due to an electron interaction, leaving N2 = (1−Pe)N1

molecules in their initial positions. Finally, a time ∆t′ will elapse between injecting the

pulse of electrons and acquiring the final ‘after’ image, giving a final population of

Nf = N2 exp (−α∆t′) = (1− Pe)N0 exp (−α∆τ), (5.3)

with ∆τ = ∆t+ ∆t′. Therefore, the probability of an electron to cause a displacement

after applying thermal corrections is

Pe = 1− Nf

N0

eα∆τ . (5.4)

In our analysis, we look at the radial distribution of the molecules that have been
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manipulated (diffused or desorbed) after the injection

P (r) = 1− 1

N0(r)

∑

r

N(r)eα∆τ . (5.5)

Figures 5.1(E) and (F) show examples of radial distributions of the number of

manipulated toluene molecules for injections at -1.0 V and -1.6 V, respectively. In both

cases, the thermal corrections bring the fraction of reacted molecules down, ensuring

that in our model we do not fit to the thermal background. In some cases, the thermal

corrections may overcorrect the data, leading to slightly negative values of (1−N/N0).

This usually happens at large radial distances where the fraction of reacted molecules

is small ((1−N/N0)→ 0). Since a negative number of molecules is unphysical, we

replace all negative values with 0 in our analysis. Toluene is the least thermally reactive

out of the aromatic molecules [104]. Thus, the thermal corrections shown in figure

5.1(E) and (F) are not as stark as they would be for benzene or chlorobenzene.

5.2 Electron diffusion

The radial distribution curves introduced in the previous section expose the footprint of

the injected charge carriers as they spread across the surface in quasi-equilibrium with

the state identified in reference [14]. Therefore, by fitting to an appropriate model, we

can extract information about the underlying mechanism of electron (or hole) transport.

This was the main subject of the published paper [15] (see Appendix A). Subsection

5.2.1 introduces our proposed model for surface transport, together with the motivation

behind it. The nonlocal experiments discussed here were performed by Dr Tianluo Pan

and analysed by Dr Duncan Lock. My contribution to that paper was in collecting and

analysing the local data and in helping with developing the transport model. The rest

of this section presents further experimental work carried out by myself on (mostly)

hole injections, offering further support and understanding of the proposed model for

surface charge transport.

5.2.1 Model

The rate of change of the probability of a molecule of retaining its position after

interacting with an electron is described by the rate equation

dp(r, t)

dt
= −C(r, t) · σ · κ · p(r, t), (5.6)
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Figure 5.1: (A) A big 50 × 50 nm2 STM image of the Si(111)-7x7 surface partially
covered with toluene molecules before an injection experiment. The output of the
molecule finding routine assigns each molecule location with a blue circle and each
adatom position with a yellow circle. The injection location is marked with a white ×.
(B) A small 10× 10 nm2 image during an injection. The tip scans from the bottom up
and halts half-way up the image. After injecting a pulse of holes, it resumes imaging.
(C) A big image (50× 50 nm2) after the injection experiment. White circles show an
anulus of width ∆r, at a distance r from the injection site. All images were acquired at
+1 V, 100 pA. (D) Schematic diagram illustrating the number of molecules that have
been displaced due to thermal or electron excitation as a function of time. (E) & (F)
Radial distributions of the number of molecule that have been manipulated after a 20 s
pulse of holes at 250 pA and −1.0 V and −1.6 V, respectively. Green diamonds/blue
circles show the data before/after thermal corrections.
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where σ is the molecular cross-section, κ is the probability of an electron to cause a

displacement per unit area, C(r, t) is the probability of finding an electron per unit

area at a distance r from the injection site. C(r, t) depends on the transport model.

The solution of equation 5.6 gives the probability per electron of causing molecular

displacement at a distance r

1− p(r, t) = 1− exp

(
−σ · κ ·

∫ ∞

0

C(r, t) · dt
)
, (5.7)

with the boundary condition p(r, t) = 1 at t = 0. In a typical experiment, there will be

one electron arriving at the surface every ∼ 1 ns (at 100 pA). Since the lifetime of hot

electrons is of the order of hundreds of fs [115], we only have one hot electron in the

surface at a time. This allows us to write the overall probability of causing nonlocal

desorption induced by all the electrons injected by the tunnelling current as the product

of the retention probabilities for each electron

1− P(r, t) = 1− (p(r, t))ni = exp

(
−σ · κ · ni ·

∫ ∞

0

C(r, t) · dt
)
, (5.8)

where ni = Ittp/e is the number of electrons injected during a pulse of duration tp at a

tunnelling current It. Experimentally, we measure the fraction of molecules originally

on the surface that have retained their original position after the electron injection

N(r)

N0(r)
= P(r, t) = (p(r, t))ni = exp

(
−σ · κ · ni · s ·

∫ ∞

0

C(r, t) · dt
)
, (5.9)

where s is a constant describing the fraction of electrons that go into the 2D surface

state. The functional form of C(r, t) describes the exact nature of the electron transport

mechanism.

5.2.2 Ballistic Transport

In the case of 2D ballistic transport

∫ ∞

0

C(r, t) · dt =
1

2πr
exp (−r/λ), (5.10)

where the term 1/2πr was introduced to account for the fact that the electron density

will decrease due to geometrical considerations as the electrons flow radially away from

the injection point [14, 57]. Hence the probability of causing a desorption in the 2D

ballistic regime is given by

P(r, t) =
N(r)

N0(r)
= exp

(
−σ · κ · ni · s

2πr
· exp

(
− r
λ

))
(5.11)
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5.2.3 2D Diffusive Transport

The solution of the 2D diffusion equation results in the time-dependent charge per unit

area [116]

C(r, t) =
1

2πDt
exp

(
− r2

4Dt

)
, (5.12)

where D is the diffusion constant. We add a single decay channel corresponding to the

hot electron lifetime τ

C(r, t) =
1

2πDt
exp

(
− r2

4Dt

)
· exp (−t/τ). (5.13)

For an initial single electron at r = 0, the time integrated charge per unit area is then

∫ ∞

0

C(r, t) · dt =
1

2πD
K0

(
r√
Dτ

)
, (5.14)

where K0 is a modified Bessel function of the second kind and
√
Dτ = λ, the diffusion

length-scale. This results in the final expression for the probability of causing a desorption

P(r, t) =
N(r)

N0(r)
= exp

(
−σ · κ · ni · s

2πD
·K0

( r
λ

))
(5.15)

In the equations 5.11 and 5.15 the prefactor is linked to the absolute manipulation

cross-section k · σ (step (iii)) and the tunnelling process ni · s (step (i)). Disentangling

the two parameters is hard and will be the subject of a short discussion in Section 5.3.

On the other hand, the Bessel function and the exponential decay unambiguously reveal

the length-scale of the charge transport λ and allow us to explore its dependence on

energy, temperature, current, molecular coverage, etc. Figure 5.2 shows a comparison

between the 2D ballistic and 2D diffusive fits to the radial distribution of the number

of manipulated molecules 1−N(r)/N0(r). Both models exhibit good agreement to

the experimental data at distances r > 5 nm from the injection site, with the diffusive

model following the data even closer to the injection site. This is because across a

broad range of the radial decay curve, the Bessel function behaves like an exponential.

Hence, both methods result in similar magnitude of the nonlocal length scale. The

reason for the failure of both models at small distances from the injection site is the

subject of [16] (see Appendix A) and will be discussed in more detail in Section 5.4.

The following subsections will explain our motivation for proposing 2D diffusion as the

mechanism of electron (and hole) transport across the Si(111)-7x7 surface over the 2D

ballistic model.
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Figure 5.2: Radial distribution of the probability of manipulating a toluene molecule
1−N(r)/N0(r) after pulsing the Si(111)-7x7 surface with holes at −1.4 V and 250 pA
for 20 s. Yellow (green) line shows a weighted fit to the 2D ballistic (diffusive) model.
Inset: Absolute difference between fitted curve and experimental data at each data
point from the main figure.

5.2.3.1 Voltage and temperature dependence

Figure 5.3a) shows the voltage dependence of the range of the nonlocal effect for the

Si(111)-7x7 surface covered with 3 different molecular species: benzene, chlorobenzene

and toluene. In all cases, the length-scale follows the same pattern: a manipulation

onset at ∼ 2.0 eV, followed by a plateau in λ between 2.0 eV and 2.7 eV, followed

by an increase in λ. The temperature dependence of λ in figure 5.3b) is strikingly

counter-intuitive. The range of the nonlocal manipulation process decreases as the

sample is cooled down and dies off completely at 4 K. A ballistic process would give the

opposite result, with the mean free path of electrons increasing at lower temperatures.

This provides strong support for a diffusive transport model. All length-scales shown

here were extracted using the 2D diffusive model [15].

5.2.3.2 Discussion

In laser two-photon photoemission (2PPE) experiments, a pump pulse excites electrons

in the substrate surface and a second (probe) pulse generates photoelectrons from the

excited state, so that they can be detected with an analyser. The energy invariance

of the length-scale λ for electrons is in good agreement with 2PPE experiments that

detect the emission of photoelectrons from the same intermediate surface state at

(1.94 ± 0.15) eV above the Fermi level for a range of pump energies [90, 91]. This

provides good support for a transport mechanism where the measured nonlocal effect
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Figure 5.3: (a) Voltage dependence of the nonlocal manipulation range λ at room
temperature (random injection site) for: benzene, blue circles; toluene, green squares;
chlorobenzene, purple diamonds. Grey region highlights a region of (near) constant
range. (b) Temperature dependence of the range λ for injection into corner-hole sites
at +2.7 V for chlorobenzene molecules on Si(111)-7x7. Solid blue line is a fit to data
with Te ∝ T 1.5±0.2. Figure and caption from [15].
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occurs via electrons that first quasi-thermalise with the surface (almost) immediately

after injection and then diffuse in the surface state with a lifetime τ . Based on the

measured nonlocal threshold at ∼ 2 eV we identify the transport state with the state

at ∼ 2.1 eV reported in reference [14] and assign it to a new U3 surface resonance

state, as per reference [90] (see figure 4.16). Such a mechanism explains the common

transport dynamics shared by electrons injected at tip-sample bias voltages between

2.0 eV and ∼ 2.7 eV. The increase in the length-scale above 2.7 eV was linked to

the onset of a bulk band at 3.4 eV above the Fermi level of the surface [104]. In the

following sections of this chapter I will show that the surface transport properties for

both electrons and holes are quantised into energy windows, which are closely linked to

the LDOS profile of both the injection site (which filters the fraction of the injected

electrons that go into the transport state) and the projection of the transport state at

each molecule binding site.

Based on a diffusive transport model with a single decay channel, the authors of

the time-resolved 2PPE work [91] extract a lifetime τ = 180 fs for the decay time of

hot electron scattering into the bulk. From the measured length-scale λ =
√
Dτ ≈ 7

nm, we obtain a diffusion constant D = 3 cm2s−1, which is close to the reported value

D = 18 cm2s−1, based on simulations for conduction band electrons on a Si surface

[117]. After 180 fs the hot electron drops down to the bottom of the conduction band

(at 0.5 eV above the Fermi level) where it does not have sufficient energy to cause any

further molecular displacement, since the local manipulation threshold was found at

∼ 1.4 eV [104].

The temperature dependence of the range of the nonlocal manipulation process is

also telling. If the decay mechanism out of the transport state is via electron-phonon

scattering, then the hot electron lifetime τ will be related to the time between electron-

phonon scattering events τe−p by τ ∝ Aτe−p, where A is a constant describing the

probability of an electron to decay out of the transport state upon scattering with a

phonon. Considering electron diffusion in the context of a 2D random walk, the RMS

distance that an electron will traverse after N steps is given by dRMS = l
√
N =

√
2Dτ

[116], where l is the length of each step. Therefore, the range of the nonlocal effect

is λ = l
√
N/2. If the time between scattering events is τs, then λ = vτs

√
τ/(2τs).

Since scattering is equivalent to falling out of the transport state τs ∼ τe−p and

λ ∝ vτe−p
√
A/2. Electrons in the transport state form a quasi-equilibrated distribution

with the lattice with an effective temperature Te, thus resulting in

λ ∝
√

2kTe/m · τe−p ·
√
A/2. (5.16)
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Quasiparticles in a semiconductor can be described with a Bose-Einstein distribution.

The time between electron-phonon scattering events for a particular phonon mode

is given by τe−p ∝ [2nBE(T ) + 1]−1 [118]. Therefore, the temperature dependent

terms in equation 5.16 are τe−p ·
√
Te. The blue line in figure 5.3b) shows a fit of√

T n/(2nBE(T ) + 1) to the range of the nonlocal effect at different temperatures. For

n/2 = 0.75± 0.10 there is good agreement with the experimental data. This is close

to the Einstein-Smoluchowski electron mobility relation, whereby D ∝ T and hence

λ ∝
√
T . Thus, this result provides strong support for the proposed diffusion model.

5.2.4 Voltage dependence

The published work discussed so far considered only experiments performed with tun-

nelling electrons. The rest of this chapter will discuss experiments performed mostly

with holes. Repeating the electron experiments with injections only into corner holes

was also insightful. Figure 5.4 shows the dependence of the nonlocal length-scale λ

on the injection energy across the range from −2.5 V up to +3.4 V. Above those

energies, states derived from the bulk bands dominate charge tunnelling and transport

[104]. In the case of electron injections, the injection site was selected based on the

fact that corner holes exhibit the highest amount of coupling with tunnelling electrons

[14]. In comparison to the result from figure 5.3 for injections into random sites,

the data presented here shows a very clear step-like behaviour of λ within the two

transport regions. The hole injection experiments were performed by injecting into

clean unfaulted middle adatoms. This was motivated by the spectroscopy results in

Appendix B, which show that the surface states/resonances on UM adatoms are the

most energetically separated from one another and therefore would give the cleanest

signal across the range of injection energies. In addition, Section 5.2.8 shows that

holes injected from the tip of the STM couple most efficiently to the unfaulted side

of the Si(111)-7x7 unit cell. Both results shown here are for molecule desorptions

from unfaulted middle adatoms. This choice was motivated based on the fact that

middle atoms are both preferred for adsorption and more reactive to bond-breaking

than corner adatoms [99–102, 104]. In addition, the unfaulted side of the unit cell

produced the clearest results. The voltage dependence for the other sites can be found

in Appendix C and it shows a similar trend. Half the molecules were desorbed within

half the size of the ‘after’ image at each injection bias. This was achieved by varying the

number of injected electrons by changing the duration of each injection, but keeping the

tunnelling current the same: 750 pA for electron injections and 900 pA for hole injections.

We establish a nonlocal threshold for hole injections at ∼ −1.2 eV. For both

polarities of the injected charge carriers, the range of the nonlocal effect exhibits a
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step-like dependence on the tip-sample bias voltage. We can define two regions for

each polarity where the characteristic nonlocal length-scale is invariant with charge

carrier energy:

� Region 1 for holes: from -1.2 eV to -1.5 eV, with a characteristic length-scale

λ = (11± 1) nm;

� Region 2 for holes: above -1.6 eV, with a characteristic length-scale λ = (17± 1)

nm;

� Region 1 for electrons: from 2 eV to 2.6 eV, with a characteristic length-scale

λ = (15± 1) nm;

� Region 2 for electrons: above 2.8 eV, with a characteristic length-scale λ = (33±4)

nm;

Figure 5.4: Voltage dependence of the range of nonlocal manipulation λ. Negative
(positive) bias denotes hole (electron) injections. Hole (electron) injections were
performed into clean UM adatoms (CH) at 900 (750) pA.

This step-like behaviour provides another strong argument against an electric-field-

induced mechanism. We can also rule out mechanical manipulation with the apex

of the tip as the driving mechanism for nonlocal manipulation. Figure 5.5 shows the

behaviour of the size of the tunnelling gap and the electric field between the tip and

the sample for the injection experiments in figure 5.4. The reference height at the

passive imaging parameters, +1 V, 100 pA, was set to z = 700 pm [119]. The absolute

tip-sample separation was estimated as z + ∆z, where ∆z is the tip height change

between the relative tip height during scanning and the relative tip height during an

injection experiment. The electric field strength is then |E| = |V |/(z + ∆z). At higher
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bias voltages, the tip is pulled away from the surface, and therefore we can rule out a

mechanical manipulation mechanism. The electric field strength increases linearly with

the energy of the tunnelling charge, which is in contrast with the step-like nature of

the nonlocal length-scale λ.

Figure 5.5: Absolute tip-height change and electric field strength during the nonlocal
injection experiments from figure 5.4. A) During passive scanning at +1 V, 100 pA the
tip is it a distance z from the surface. We crudely set z = 700 pm as per reference
[119]. B) During the charge injection experiments, the tip pulls away or towards the
surface by an amount ∆z. The absolute tip height is then z + ∆z. C) Absolute tip
height as a function of injection bias for hole injections at 900 pA. D) Corresponding
electric field strength |E| = |V |/(z + ∆z). E) Absolute tip height as a function of
injection bias for electron injections at 750 pA. F) Corresponding electric field strength
|E|.
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5.2.5 Current dependence

For a multi-electron process ni =
(
I
e

)g
t, where g is the number of electrons involved

in the manipulation. Substituting into equation 5.15 yields

ln

(
N(r)

N0(r)

)
= −σ · κ · s · t

2πD
·
(
I

e

)g
·K0

( r
λ

)
. (5.17)

Rearranging and summing over all annuli gives the total reaction rate

R = −1

t

∑

r

ln

(
N(r)

N0(r)

)
∝ Ig (5.18)

Therefore, for a 1-electron process the expression to the left varies linearly with current.

Previously, it has been shown that nonlocal manipulation of aromatic molecules on

the Si(111)-7x7 surface is a one-electron process [14]. This result is hardly surprising

since we get one tunnelling electron arriving at the surface every ∼ 1.6 ns for injections

at 100 pA. The hot-electron lifetime in the U2 state for Si(111)-7x7 is 4 orders of

magnitude smaller: 180 fs. Figure 5.6 demonstrates that nonlocal manipulation of the

same system, is also a one-hole process. Evaluating the reaction rate from equation

5.18 at different currents at injection bias of −1.6 V and fitting a power-law function

results in g = (1.0± 0.2). The number of injected electrons during each experiment

was kept constant by varying the duration of each injection pulse. Figure 5.6(B) and

(C) demonstrates that the nonlocal length-scale is indeed invariant of the injection

current. For consistency with other nonlocal work discussed in the literature section and

our own recent published work [14, 16, 57, 104] the y-axis is labeled with an equation.

5.2.6 Angular dependence

The results presented so far considered molecule displacement events from all directions

underneath the STM tip. In the case of an electric-field-induced effect there could be

some angular dependence of the nonlocal length-scale, reflecting the shape of the tip

[120]. There will also be some directional dependence if the effect is ballistic in nature.

Since the dispersion of electrons and holes in each surface state is strongly anisotropic

[89], there will be directions that are preferred by the electrons (and holes) if transport

happened ballistically. It has been previously shown that the nonlocal length-scale λ is

invariant of angle in the case of electron injections [121]. Figure 5.7 shows the same

behaviour for hole injections. All injections were performed into corner-holes (which

correspond to the high-symmetry point Γ in reciprocal space) at -1.6 V, 250 pA for 20

s. The experiment was repeated 5 times and the radial distributions were binned into

20◦ bins. The relative invariance of length-scale with injection angle for both electron-
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Figure 5.6: Current dependence of nonlocal manipulation with holes. 5 experiments
were performed at each current for injections at −1.6 V. The total injected charge was
kept constant between the different injection currents by varying the injection time: 100
pA, 50 s; 250 pA, 20 s; 400 pA, 12.5 s; 550 pA, 9.1 s; and 700 pA, 7.1 s. (A) Linear
scaling of nonlocal manipulation with current, yielding g = (1.0 ± 0.2). (B) Radial
distribution of the fraction of manipulated molecules at each current. Red line shows
a fit of equation 5.15, with average length-scale λ = (12.5± 1.0) nm. Injections for
this experiment were performed at varying locations and the manipulation events were
averaged over all adsorption sites, leading to the slightly longer length-scale. (C) The
length-scales obtained by fitting equation 5.15 at each current. The data presented in
this figure was obtained by Nicola Bannister and Patrick Harrison during their MPhys
project under my supervision.
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and hole-injections is in good agreement with the proposed diffusive transport model.

Figure 5.7: Angular dependence of the nonlocal length-scale for injections with holes.
(A) STM image of the clean Si(111)-7x7 surface (+1 V, 100 pA). The angle θ = 0◦

corresponds to the dimer row direction. (B) Angular dependence of the nonlocal
length-scale λ. λ was determined from fits to the average radial distributions of the
fraction of reacted molecules in 5 experiments binned into 20◦ bins. θ = 0◦is the
same as in (A). All injection experiments were performed by injecting for 20 s into
corner-holes at -1.6 V, 100 pA.

5.2.7 Total charge dose dependence

So far we have assumed that the charge transport characteristics are invariant of the

total charge dosed, based on a 1-electron/1-hole process. To test this, we inject into

the same position on the surface 5 times in a row, increasing the number of injected

holes each time by changing the duration of the injection experiment at the same hole

energy (1.6 V) and tunnelling current (900 pA). This is illustrated in figure 5.8(A-E).

This setup also allows us to test the dependence of the nonlocal transport properties on

adsorbate coverage. With more molecules being adsorbed on the surface, it is expected

that the electronic structure of Si will be modified, which would affect the nonlocal

prefactor and range. The experiments clearly demonstrate that the length-scale λ is

invariant of the amount of charge dosed, consistent with a 1-hole process (see figure

5.8(F)). However, there is a significant decrease in the prefactor β = σ ·κ · s (see figure

5.8(G)), where σ is the molecular cross-section, k is the probability of an electron in

the transport state to cause a desorption event per unit time, and s is the fraction of

injected charge carriers that fall into the transport state. Since k and σ are expected

to be constant within the same transport state, the high value of β at larger molecular

coverage close to the injection site indicates that holes couple more efficiently to the

surface in the presence of contamination (i.e. the adsorbed molecules). The intuitive

decrease in coverage is also obvious from the evolution of the fit startpoint R with each
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consecutive experiment (see figure 5.8(H)). As the surface is depopulated of reactive

molecules close to the injection site, there is an artificial saturation of the fraction of

reacted molecules close to the injection site. This is probably due to a fitting problem

as not much happens except in the inflation zone. If the injections were performed into

different UM sites, the magnitude of R would be constant.

5.2.8 Injection site dependence

As discussed in Section 4.2.2 the energy landscape of the Si(111)-7x7 reconstruction

is dominated by surface states. How does this complex energy landscape affect the

nonlocal transport properties when injecting into different atomically defined sites? For

electrons, it has been shown that charge carriers couple more efficiently to corner-holes

and the faulted side of the unit cell [14]. In the case of hole-injections, figure 5.9 clearly

demonstrates that the range of the nonlocal effect is invariant of injection site, with

only slight variations. This result is consistent with the proposed diffusive transport

model. On the other hand, the prefactor β shows the opposite behaviour to that of

electrons: higher coupling to the unfaulted half of the unit cell, than to the faulted half.

5.2.9 Injections at step edges

Close to steps, there is a significant difference between the strength of the electric field

between the tip and the sample experienced on the upper and the lower terrace, as

per E = −V/z, with the step-height ∆z ∼ 3.1 Å [122]. To test whether the electric

field has any bearing on the observed nonlocal manipulation effect, injections were

previously performed ∼ 1 nm away from a step-edge and the nonlocal range measured

for molecules on either terrace. For injections into the upper terrace, it was found that

the length-scales measured for molecules on both the upper and the lower terrace were

the same. This was also true for injections into the lower terrace. Moreover, the same

invariance in the nonlocal range was observed for injections near steps that span over 5

terraces in height [123].

Here we test what happens when we inject directly into the step edge at -1.9 V and

900 pA for 5 s (see figure 5.10). In the first instance, injections were performed into a

clean unfaulted middle adatom directly underneath the step edge. The length-scale λ

and prefactor β were measured to be the same on both the lower and the upper terrace.

Injections were then performed into a clean unfaulted middle adatom located right on

the edge of the step. Again, the length-scale λ and prefactor β were measured to be

the same (within error) on both the lower and the upper terrace. However, overall

the prefactors β were much larger for injections into the upper terrace. We speculate
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Figure 5.8: Dependence of the nonlocal fitting parameters for hole injections as a function
of total charge dosed. (A)-(E) STM images taken after 5 consecutive injections into
the same site (a clean UM adatom) at −1.6 V and 900 pA. Injections were performed
for ever increasing injection times. (F)-(H) The nonlocal length-scale λ, prefactor β
and fit start point R as a function of total charge dosed, respectively.
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Figure 5.9: Injection site dependence of nonlocal manipulation with holes. (A) STM
image (+1 V, 100 pA) indicating all the injection locations. 5 experiments were
performed into each injection site at −1.6 V, 250 pA for 20 s. (B) & (C) the nonlocal
range λ and prefactor β as a function of injection site, respectively.
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that this might be because a new channel opens up into the step edge and therefore

the fraction of injected current that goes into the surface transport state drops. Thus,

this new state is predominantly populated when injecting into the lower terrace and

its associated length-scale λ is also lower than the length-scale of the backbond state.

This result will require more experimental and computational work to take it further.

Figure 5.10: Nonlocal manipulation at steps. All injections are performed at -1.9 V
and 900 pA for 5s. Data points to the left (right) of the dashed line correspond to
injections into a UM adatom directly underneath (on) the step edge. (A) The nonlocal
length-scale λ and (B) prefactor β as a function of injection site and manipulation
outcome measured on the higher (H) or the lower (L) terrace.

5.3 Surface coupling: Discussion

So far I have discussed how charge carriers that have been injected from an STM tip

into the sample travel across the surface to the manipulation event location. However,

one big question remains unanswered: what is the physical significance of the prefactor

β? We have shown that β contains information both about the tunnelling process (the

fraction of tunnelling electrons that fall into the surface state s) and about the yield

of the manipulation events (the manipulation cross-section σ · κ). Since all injected

charge carriers drop down to the bottom of the respective transport state, the surface

acts as a high-pass filter and all electrons attain the same energy (bottom of transport

band) before manipulation takes place. Therefore, the reaction cross-section σ · κ will

be constant for electrons within each transport regime. The linear voltage dependence
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Figure 5.11: (A) Calculated tunnelling probability amplitude
∑
k||

c2
k||

as a function of

injection bias voltage based on the model proposed in Section 5.4.1. Linear fits have
gradients of (10± 1) in TUM

S3
and (5± 1) in TUM

S4
. (B) Measured prefactor β for UM

molecules and injections into UM sites. Linear fits have gradients of (7± 1) in TUM
S3

and (19± 5) in TUM
S4

.

of β shown in figure 5.11(B) must then be a property of the fraction of electrons that

tunnel into the surface state s(V ) = s0 + m · V ∝ ρstate/ρbulk, where ρstate is the

DOS of the surface state and ρbulk is the DOS of the bulk. Since the total tunnelling

current is composed of electrons that tunnel into the bulk and electrons that go into

the surface state we can crudely approximate IT ∝ ρstate + ρbulk. In Section 5.4.1

we introduced the probability amplitude of tunnelling into a particular k|| state c2
k||

.

The total tunnelling probability is a reflection of the local density of states at the

particular injection bias voltage
∑
k||

c2
k||

= A · ρstate, where A is an unknown constant.

The calculated probabilities exhibit linear voltage dependence which is shown in figure

5.11(A). The total reaction cross-section can be expressed as

σ · κ =
β

s(V )
∝ β · ρbulk

ρstate
= β ·



C − 1

A

∑
k||

c2
k||

1
A

∑
k||

c2
k||


 , (5.19)

where C is a constant relating the tunnelling current IT to the density of states. There-

fore, we can get an estimation of the total manipulation cross-section as long as we

know the relationship between the tunnelling probability amplitude and the DOS of the

surface state ρstate measured with STS. However, this is beyond the scope of this thesis

and will be subject to future work on this project.
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5.4 Suppression region

At distances larger than ∼ 10 nm (on average), the introduced diffusion model with a

single decay channel describes the radial distribution results very accurately. However,

it is evident in figure 5.2 that directly next to the STM tip, there is a region where both

the diffusive and the ballistic model fail to match the data. This region of ‘suppressed’

manipulation R can be quantified in the way shown in figure 5.12. If we start the fit at

some distance away from the injection site, instead of immediately underneath the tip,

there is a point at which the goodness of fit parameter R2 peaks while the values of

the nonlocal range λ begin to plateau. We use this procedure to extract the extent R

of the suppression region.

Figure 5.12: Radial distribution of the probability of manipulating a molecule. Close to
the injection site (gray shaded region) the probability of displacement is reduced. We
refer to this region as the ‘suppression’ region and start the diffusive fit at a distance R
from the injection site. Inset: Goodness of fit parameter R2 and length-scale λ as a
function of the fit start point R. We select the magnitude of the suppression region as
the point at which R2 peaks and λ plateaus.

If we look at all the fitting parameters (β, R, λ) as a function of injection bias

voltage (see figure 5.13) we can see that there are regions within each charge carrier

polarity, where the prefactor β increases monotonically with increasing tip-sample bias

voltage, whereas the magnitude of the suppression region R exhibits a saw-tooth be-

haviour. At the bias voltage where R drops down to its minimum value, the length-scale

λ enters into a second (higher) plateau region. This behaviour is observed for molecules

attached to all atomic sites (see Appendix D). Previously, we assigned each plateau

region of λ to a specific surface state [14, 15]. Here, we support this with scanning

tunnelling spectroscopy measurements. Figure 5.13 shows STS spectra obtained on
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clean UM adatoms (D and H) and restatoms (I). The transport region thresholds match

well with the onsets of different surface states (and not their peak positions). The

threshold at (−1.2± 0.1) V corresponds to the state S3, which peaks at −1.6 V and

is localised on the adatom backbonds (see Section 4.2.2 for ARUPS and DFT result).

For consistency, we define a new state S4, with onset at (−1.6 ± 0.1) V and peak

at −2.3 V, responsible for the second transport region for holes. A similar situation

is observed with electrons. The threshold at (2.0 ± 0.1) V corresponds to the onset

of a surface resonance with a peak at 2.4 V. This state was previously reported in

reference [14] and lies higher than the anti-backbond state U2 at ∼ 1.6 V. A new

state, which peaks at 3.5 V and is located mostly on restatoms, is responsible for

the threshold at (2.6± 0.1) V. We label those two states as U3 and U4, respectively.

For brevity, we also introduce the notation Tmolecular site
transport state for each transport region.

Thus, the first region for hole transport and molecules attached to UM sites would

be TUM
S3

. States S4 and U3 are not present in the band-diagram introduced in Sec-

tion 4.2.2. However, they have been previously calculated and reported in reference [124].

5.4.1 Model

The question is: what is the physical mechanism that causes the region of suppressed

desorption close to the injection site? The saw-tooth behaviour of R as a function of

injection bias voltage immediately rules out the electric-field as a possibility (see figure

5.5). As the injection bias is increased, the tip is pulled away from the surface. Thus,

we can also rule out any short-range mechanical interaction between the tip and the

molecules as the possible mechanism of suppression.

Instead, we suggest that the suppression region is caused by a reduction in the

number of charge carriers close to the injection site due to a rapid expansion (‘inflation’)

of the electron wave packet immediately after injection. After the expansion takes place,

the charge carriers undergo (slower) diffusion during which molecules are displaced from

their original positions. Thereby, the 2D diffusion starts at some distance away from

the injection site, determined by the size of the suppression region. Figure 5.14 shows

the excellent agreement of this two-step model to the experimental data. A comparison

to the 2D diffusive model without any radial offset highlights the magnitude of the

suppression region R.

We propose that the measured nonlocal manipulation effect is a manifestation of the

dynamics of charge carriers after injection from the STM tip, leading to the eventual

thermalisation with the lattice. The injected charge carriers undergo a hierarchy of
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Figure 5.13: Injection bias dependence for hole injections into UM adatoms sites and
electron injections into CH sites. Nonlocal manipulation of UM toluene molecules.
(A) & (E) The probability β of manipulation per injected hole. (B) & (F) diffusion
length-scale λ with the average length-scale for each transport region indicated with
green bar with uncertainty given by the width of the bar. (C) & (G) The range of
the suppression region R. (D) & (H) Red line shows variable gap STS of clean UM
adatoms. The standard error of 38/10 individual spectra (for holes/electrons) has been
shaded. Two Gaussian functions have been fitted as indicated. Peak position and
FWHM (−1.6± 0.4) eV and (−2.3± 0.9) eV, (2.4± 0.7) eV and (4.0± 1.6) eV. (I)
Blue line shows variable gap STS of clean UR site. The standard error of 7 individual
spectra has been shaded. Two Gaussian functions have been fitted as indicated. Peak
position and FWHM (2.5± 0.4) eV and (3.5± 1.1) eV. The voltage domains of the
transport regimes TUM

S3
, TUM

S4
, TUM

U3
and TUM

U4
. Gaussians shaded in purple highlight the

projection of states TUM
S4

and TUM
U3

and those shaded in blue - of states TUM
S3

and TUM
U4

on each surface site.
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Figure 5.14: Radial distribution for hole injection experiments at -1.5 V, 900 pA for
45 s. Comparison of the 2-step inflation-diffusion model and 2D diffusion starting at
the injection site. The shaded region highlights the suppression region. Points in this
region are excluded from the 2D diffusive fit. Inset: Residuals for each fit, calculated as
the absolute difference between the experimental data points and the fitted curve for
each data point from the main figure.

scattering events with characteristic lifetimes: (i) elastic intra-band directional (mo-

mentum) scattering within the electronic state, during the first few femtoseconds after

injection; (ii) inelastic inter-band scattering with a surface state, during which diffusion

takes place and leads to a quasi-equilibrated distribution (hundreds of fs); (iii) inelastic

scattering out of the state into lower lying states towards the Fermi level (where the

charge does not have sufficient energy to cause manipulation) of an even longer lifetime

[91, 98]. Since the two-step inflation-diffusion model fits the data so well, we propose

that the inflation model describes the first ultrafast elastic scattering event that the

charge carriers undergo prior to quasi-equilibration with the lattice. Therefore, the

suppression region is a measure of how far the charge carriers have travelled during their

coherent (ballistic) quantum expansion before any scattering takes place. In our model

we assume that no desorption takes place during this first ballistic process. Instead, all

molecular desorptions are the result of scattering events that ensue once the holes are

in the diffusive transport regime. This is because the only chance that the holes have to

cause a desorption is upon losing their energy, which only happens when they scatter.

Based on this idea, we develop a model relating the magnitude of the suppression

region R to the surface band-structure, which allows us to extract the characteristic

inflation lifetime for each transport state. For each site, we have site-specific transport
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Figure 5.15: Model of two step coherent expansion and diffusive transport of injected
charge for an injection bias of −1.6 eV. (A) Energy band diagram of the S3 state.
Black line indicates the injection voltage. Intensity is proportional to the DOS as a
function of energy E and momentum k||. (B) Tunnelling probability of populating k||
states. (C) Radial probability distribution (RPD) of the wavepacket (probability per
unit area) at t = 0 s. Inset: 2D real-space image of the RPD. (D) Time evolution of
the RPD during the first 10 fs after injection. (For ease of viewing the colour map
is on a log scale.) (E) Linear plot after 10 fs. Inset: 2D plot of the RPD after 10
fs. (F) Diffusive time evolution of the RPD. (G) Time evolution of the total charge
demonstrating exponential decay.
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properties (λ, β, R) and spectroscopy measurements. This allows us to determine

the site-specific transport region energy thresholds and band-widths. Using the s-band

tight-binding model, the energy dispersion of the transport state is described by

E = E0 +
∆E

2
(cos(ka)− 1) , (5.20)

where E0 is the energy threshold, ∆E is the state band-width and a is the 7x7 unit

cell size a = 2.69 nm. From the site-specific plateau regions in λ, we determine energy

onsets of the 2 transport states measured on UM’s at (−1.15 ± 0.1) eV for the S3

state and (−1.55± 0.1) eV for the S4 state. The first threshold matches well with the

position of the S3 state measured by ARUPS [89, 93]. The S3 state lies well within the

bulk band-gap consistent with its surface-state character. It has downward dispersion

as it couples to the adatom px and py orbitals [88, 89, 93].

The S3 state has been measured to have a width of ∼ 0.35 eV between the M̄ point

and half-way to the Γ̄ point [88, 89], giving a full dispersion width of ∼ 0.7 eV. The

average FWHM of the S3 state from our STS measurements is 0.49 eV (and 0.76 eV

for S4; 0.54 eV for U3; 1.08 eV for U4). Based on the ARUPS results, we calculate a

conversion factor for the FWHM of the S3 state, giving a band-width of 0.7 eV for S3

(and 1.1 eV for S4, 0.8 eV for U3; 1.5 eV for U4). We allow for Lorentz broadening of

the surface states describing the interaction between the initial and final states, with a

FWHM given by the Heisenberg uncertainty principle σ ∼ ~/τi, where τi is the inflation

lifetime. This results in the density of states

n
(
E, k||

)
∝ σ2

σ2 +
(
E − E0 −∆E/2

(
cos(ak||)− 1

))2 . (5.21)

Figure 5.15(A) shows the dispersion for the S3 state.

The state occupancy is then described with the standard equation for the tunnelling

probability

T
(
E, k||

)
∝ exp

(
−2z

√
2me

~2
(Eb − E) + k2

||

)
, (5.22)

where z is the tip-sample separation (∼ 0.7 nm [119]) and Eb the effective barrier

height. Here, we assume a symmetric barrier of average height Eb = Ev +Ei/2, where

Ev = 4.6 V is the vacuum level on both sides of the barrier and Ei the injection energy.
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Therefore, the probability of tunnelling into a particular k|| state is given by

c2
k||

=

EF∫

Ei

T (E, k||) · n(E, k||) · dE, (5.23)

where EF is the Fermi level of the sample. This is illustrated in figure 5.15(B) for an

injection at -1.6 eV into the S3 state.

Since we inject on a 2D surface and let the holes (or electrons) spread radially

outwards across the surface with no boundaries after injection, we start by solving the

reduced version of the infinite circular Schrödinger equation

(
d2

dr2
+

1

r

d

dr

)
Ψ(r) = −k2Ψ(r), (5.24)

with k =
√

2meE/hbar2 and Ψ(r) has no angular dependence. This is known as

Bessel’s (cylindrical) equation. It has two linearly independent solutions: Jm(k · r)
which is well behaved near the origin, and Ym(k|| ·r) which diverges near the origin [125].

Here we use only the well-behaved Bessel function of the first kind J0(k|| · r). The

energy eigenvalues will then be determined by the circular boundary conditions imposed

on the holes. Since we impose no boundary conditions on our particle, all values for the

wavevector k are mathematically allowed and we construct the time-dependent charge

carrier wavepacket by integrating over all k-space

Ψ(r) = A

π/a∫

k||=0

ck|| ·
√
k||
2π
· J0

(
k|| · r

)
· e−iE||t/~ · dk||, (5.25)

where A is a normalisation constant and
√
k||/2π is the normalisation constant for

each k|| state
∞∫

0

2πrJ0

(
k|| · r

)
J0

(
k′|| · r

)
dr =

2π

k||
δ
(
k|| − k′||

)
. (5.26)

We use the calculated values of ck|| (from figure 5.15(B)) to construct the wavepacket

Ψ(r). The radial distribution of the initial wavepacket Ψ2(r) (probability per unit area)

upon injection from the STM tip (t = 0 s) is shown in figure 5.15(C). Figure 5.15(D)

demonstrates the time-evolution of the wavepacket until a final inflation time of t = 10

fs after injection. The probability distribution at the end of the inflation period is shown

in figure 5.15(D). It is easy to see that the wavepacket has propagated away from the

injection site at the end of the inflation period.

CHAPTER 5. RESULTS 117



5.4. SUPPRESSION REGION

Here, we used a Bessel function to describe the behaviour of a quasi-particle in

a cylindrical potential well. However, the Bessel function solution is only applicable

to the case of a free particle with parabolic dispersion. This is only the case close to

the band-edge of the surface state. Since we do not have access to the exact analytic

solution for a quasi-particle in a cosine energy band, we also consider the opposite limit

for a particle on a hexagonal lattice. Dr Simon Crampin performed calculation based

on this model (see [16]). A comparison to the approximate Bessel function solution

is shown in figure 5.16. The time-evolution of the wave-packet in both cases shows

the migration of the wavefronts away from the injection site at similar rates, leaving

finite probability amplitudes of similar magnitudes behind the wave fronts. We therefore

conclude that the inflation process is relatively insensitive to the exact nature of the

assumed wave functions.

Figure 5.16: Comparison of wavepacket dynamics for (A) free electron like Bessel
function eigenstates (as presented in figure 5.15) and (B) solving the time-dependent
Schrödinger equation assuming the tight binding Hamiltonian on a hexagonal lattice.
See main text for detail. Each shows the radial dependence |Ψ(r)|2 (probability per
unit area) from the injection time at t = 0 s up to an inflation time of 18 fs. Each
curve is normalised by its maximum value and shifted for clarity.

We use the propagated probability distribution from figure 5.15(E) as the starting

point for 2D radial diffusion (figure 5.15(F)) with a single decay channel (figure 5.15(G)).

To numerically calculate the probability distribution of the diffusing charge P (ri, tj) we

use an evenly spaced grid of radii up to 300 nm with a step ∆r = 1 nm and 400 time

steps to a time 2τn. We use a standard iterative scheme to compute the probability
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distribution

P (ri, tj+1) =

{
P (ri, tj) +

λ2∆t

∆r2τn

[(
1 +

∆r

2ri

)
P (ri+1, tj)− 2P (ri, tj)

+

(
1− ∆r

2ri

)
P (ri−1, tj)

]}
e−∆t/τn . (5.27)

The simulation of the probability amplitude was written by my supervisor, Dr Peter

Sloan. To fit to the experimental data, we use the time integral of the probability

distribution, as per the derivation in Section 5.2.1 and reference [15]

N(r)

N0(r)
= exp


−β · ni ·

∞∫

0

P (r, t)dt


, (5.28)

where β is the probability per charge carrier of inducing a molecular displacement and

N(r)/N0(r) is the fraction of molecules that have retained their original positions after

the injection experiment. The choice of diffusion time τn will not change the overall

shape of the probability distribution P (r, t), but only the magnitude of β. Here, we

choose a sensible value for τn = 200 fs in line with the measured diffusion time for

electrons in the U3 state [15, 91]. Thus, the only fitting parameters in this model are

the reaction probability β and the inflation time τi.

5.4.2 Injection bias voltage dependence and discussion

Figure 5.17 shows a comparison of the voltage dependence of the proposed 2-step

inflation-diffusion model to the Si surface states measured with STS. We can directly

link each surface state to the onset of a new transport region described with the inflation-

diffusion model. The fits to the radial distribution data shown in figure 5.17(B) have the

same inflation time τi, the same state band edge in each region (Vs = −1.15 eV in TUM
S3

(blue) and Vs = −1.55 eV in TUM
S4

(purple)), the same length-scale (λ = (9.0± 0.2)

nm in TUM
S3

and λ = (18.0± 0.3) nm in TUM
S4

) and a voltage-dependent prefactor. We

perform global fits within each region, giving common inflation times of τi = (11± 1)

fs in TUM
S3

and τi = (9 ± 1) fs in TUM
S4

. The choice of a single inflation time in each

region is consistent with the measured relaxation time of hot electrons, which is nearly

constant for electrons of energies 0.1− 0.3 eV above the band-edge [98]. We observe

similar behaviour for the other sites and for both injection polarities (see Appendix E).

5.4.3 Conclusions

The remarkably good fits to the experimental data allow us to conclude that the

extracted inflation times are an indirect measurement of the ultrafast coherent inflation
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Figure 5.17: Comparison of STS with nonlocal manipulation and the inflation-diffusion
model. (A) Red curves, normalized STS spectrum taken on a clean UM site. Shaded
areas show Gaussian fits to the two peaks: peak position and FWHM (−1.6± 0.4) eV
and (−2.3 ± 0.9) eV. (B) Injection voltage dependence of nonlocal manipulation of
UM toluene molecules with a UM injection site. Radial distribution curves have been
vertically offset to aid clarity and match STS energy axis. Solid red lines show the
inflation-diffusion model fitted to each dataset (light grey data points were omitted
from the fits). Black markers indicate the range of the inflation region determined from
the experimental data.
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of a quantum wavepacket immediately after injection. The extracted inflation times of

∼ 10 fs are in good agreement with the measured relaxation time of electrons in the

dangling bond U1 (∼ 40 fs) [98] and with calculations for holes in bulk silicon (∼ 10 fs)

[126]. No temperature dependence of the suppression region was observed in the data

reported in reference [15]. Combined with the excellent agreement of the transport

region thresholds with the collected STS data, this allows us to tentatively conclude

that the inflation region is an intrinsic property of the surface states. Therefore, in the

case of systems like C60 on Si(111)-7x7 [61], where the molecular overlayer is completely

decoupled from the bulk, the finite lifetime and range of electrons in the quantum

coherent state may allow for the fabrication of quantum devices that work even at room

temperature.
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Chapter 6

LITERATURE REVIEW

At energies below the nonlocal thresholds (at −1.2 V and +2.0 V) discussed in the

previous part of this thesis, the electrons injected from the STM tip can still cause

manipulation to occur. However, these manipulation events are confined strictly to

within the STM tunnel junction. The aim of this part of my thesis is to investigate the

mechanisms behind this more localised mode of atomic manipulation, starting with a

literature review in this chapter and presenting my own experimental results in the next

chapter.

Depending on the mechanism of manipulation, single-molecule manipulation with

the STM can be categorised into 3 groups: (i) mechanical, (ii) electric-field induced, and

(iii) electron induced. Some examples of single molecule manipulation were discussed

in Section 2.4. This part of my thesis aims to give a systematic outline of the different

types of local manipulation with relevant examples in order to set the scene for the

experimental work conducted on the Si(111)-7x7 surface. However, this review is not

exhaustive since the field of single-molecule manipulation has been expanding for the

last 25 years and it would be beyond the scope of this thesis to conduct a detailed

review. Such reports exist in the literature, e.g. see references [127–130].

6.1 Mechanical manipulation

Mechanical manipulation with the STM tip involves the controlled use of the forces

(either repulsive or attractive) between the tip and the adsorbate. Molecules can be

precisely positioned on the surface by moving them with the STM tip across the surface

without losing contact with the surface (lateral manipulation) or by deliberately picking

them up with the STM tip and releasing them to a different place on the sample surface

(vertical manipulation). This section draws attention to some classical examples of

lateral and vertical manipulation.
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6.1.1 Lateral

The first example of lateral manipulation of atoms on a surface was performed by D.

Eigler and E. Schweitzer, who used the STM tip to arrange 35 Xe atoms on Ni(110)

at 4 K to spell out ‘IBM’ [3] (see figure 2.6). The quantum corral [28] and other

2D quantum systems [13, 131, 132] followed shortly after (see Section 2.4 for more

detail). The mechanism of manipulation in these cases involved bringing the tip from

the imaging height (∼ 0.8− 1.0 nm) to a closer distance (∼ 0.3− 0.5 nm) above the

adsorbate in order to induce a strong enough force between the tip and the adsorbate

to overcome the surface diffusion barrier. The tip was then moved across the sample to

the desired final destination and retracted back to the passive imaging height, leaving

the adsorbate in the desired location. This process is illustrated schematically in figure

2.6(B).

The necessary height change of the STM tip in order to induce manipulation in this

way depends on the diffusion barrier height. Since there is no way of measuring the

diffusion barrier height directly with the STM, the tunnelling resistance is typically used

as a reference. In the case of Xe atoms on Ni(110) the diffusion barrier is very low as the

atoms are weakly physisorbed on the surface and the tunnel junction resistance during

manipulation is relatively high Rt ∼ 4.8 MΩ [27], (i.e. the STM is in tunnelling mode).

Generally, the higher the resistance is, the lower the barrier to adsorbate diffusion on the

surface. The precise value of the threshold resistance Rt for lateral manipulation can

be determined experimentally. First, the STM tip is placed above an adsorbate on the

surface and the probability of manipulating the adsorbate is evaluated for a range of dif-

ferent tunnelling currents It and a set tip-sample bias voltage VB. The procedure is then

repeated for a range of tip-sample biases. Finally, the threshold resistance is estimated

from the gradient of a plot of the threshold current against tip-sample bias voltage

[131]. The magnitude of the diffusion barrier determines the character of the manipula-

tion process - via van der Waals attraction [27, 31, 131, 132] or repulsion [133–135],

or by the formation of a chemical bond between the adsorbate and the tip [27, 136, 137].

The first examples of atomic manipulation were limited to low temperature (< 10 K)

and noble (Xe [3, 27]) or metal atoms (e.g. Ag [131], Pt [27], Fe [28], Co [13], etc.) or

small molecules (e.g. CO [27], O2 [4, 134], etc.). Figure 6.1(A) shows the first example

of CO molecules manipulated in this way to form a ‘molecular man’ at 4 K on the Pt(111)

surface [27]. The next necessary step towards making device fabrication on the atomic

scale applicable to industry was to push the temperature limit up. This was done by using

bigger molecules, e.g. 1, 4−diodobenzene [31], that diffuse less readily on the surface, or

by trapping small molecules [30, 138] and metal atoms [29, 139] on stepped surfaces like
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Cu(211). Controllable lateral manipulation was achieved in this way at temperatures up

to 30 K. On the other hand, lateral manipulation at room temperature was possible only

with large macromolecules like C60, Cu-TBP-porphyrin [133], C22H24 [140], etc. that

chemisorb on the surface and as a result have high barriers to thermal diffusion [135–137,

141, 142]. To gain more control over the manipulation of such molecules Cuberes and

colleagues showed that it was possible to utilise surface steps on Cu(111) and push

individual C60 molecules along them to construct a molecular abacus (see figure 6.1(B)).

A B

Figure 6.1: (A) ‘Molecular Man’ built from 28 CO molecules on the Pt(111) surface,
measuring 45 Åfrom head to foot; imaged at −0.1 V, 0.1 nA. Figure and caption from
[27]. (B) Sequence of STM images of 10 C60 molecules adsorbed on the lower terrace
of a Cu(111) surface. Using the tip as a nanoactuator, the numbers 0-10 indicated
in the figure have been sequentially computed and read using single C60 molecules as
counters. Figure and caption from [137]

The precise mechanism of lateral manipulation can be determined from the tip

height trace recorded during a manipulation experiment [29–31, 131, 136, 141]. Rather

than following the established procedure of (i) recording a passive ‘before’ image, (ii)

performing a manipulation and then (iii) recording a passive ‘after’ image to deter-

mine the outcome of manipulation, Bartels and colleagues pioneered a new way of

conducting lateral manipulation: imaging while manipulating. This allowed them to

distinguish between 3 different manipulation mechanisms that yielded qualitatively

different manipulation traces: pushing, pulling and sliding (see figure 6.2(A)-(G)). In

the pushing mode, the repulsive part of the tip-adsorbate reaction potential is used

to repel the molecule away from the tip. Every time the molecule jumps away from

the tip attaining a new adsorption site, the tip height trace exhibits a dip. In the case
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of pulling, the opposite holds true and the attracted adsorbate stays behind the tip,

following closely its motion. This corresponds to a jump in the tip height trace every

time the molecule moves to a new location closer to the tip. The sliding mechanism

involves positioning the tip directly on top of the molecule. The molecule is then

trapped underneath the tip until the end of the manipulation procedure. Thus, the

tip height trace follows the surface corrugation. Some control over the desired mode

of manipulation can be achieved by regulating the tip height above the adsorbed

species. In order to achieve sliding, the tip needs to be pushed much closer to the

adsorbate than it does for pulling. Pushing requires even smaller tip-sample separa-

tions in order to access the repulsive part of the van der Walls potential energy curve [29].

Figure 6.2(H) and (I) shows the application of this manipulation technique for the

formation of a quantum corral from 36 Ag atoms on the Ag(111) surface. The tip

height traces during manipulation are superimposed on the STM image of the surface

along different directions with respect to the close-packed row. They expose different

behaviour of the adsorbates along the different manipulation paths on the surface. This

emphasises the strong influence of the potential energy landscape of the surface on the

manipulation mode. A transition from a strongly discontinuous manipulation trace at

20◦ to a smooth trace at 30◦ is observed [131].

Lateral manipulation of macromolecules on surfaces is another interesting topic.

Apart from the fact that it extends the capability for atomic manipulation to room

temperature, it also reveals that the molecular dynamics during lateral manipulation with

the STM tip can be more complex than expected. One striking example is the motion

of a Cu-TBP-porphyrin molecule on Cu(100). Theoretical calculations have shown that

this 4-legged molecule exhibits motion which resembles walking on the surface [133].

Another example is the rolling of C60 on Si(100)-2x1 [141] and of a C44H24 wheel-dimer

molecule on Cu(110) [140]. What makes the rolling motion particularly intriguing is

the fact that it offers the possibility of designing nanoscale functional structures like a

nano-car for example [143]. Figure 6.3 shows the different outcomes possible during

the manipulation of a single wheel-dimer molecule. In the pushing mode, the molecule

hops from one adsorption site to the next and follows the trajectory of the tip. This

results in a 4 nm displacement from its original position (figure 6.3(D)). By contrast,

in the rolling mode only one molecular wheel rotates, whereas the other one remains

fixed in its initial position (figure 6.3(C)). This is hardly surprising since a single 120◦

rotation of the wheel requires the tip to pass over to the other side of the molecule

[140] (see figure 6.3(G)).

Lateral manipulation with the STM tip can also induce changes inside the macro-
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A

F
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B

G

H

I

Figure 6.2: The left part shows tip height curves during manipulation of a Cu atom (A),
a Pb atom (B), a CO molecule (D), and a Pb dimer (E)-(G) along the [11̄0] direction on
Cu(211) at 30 K. The tip movement is from left to right, and the tunnelling resistances
are indicated. The vertical dotted lines correspond to fcc sites next to teh step edge.
The initial sites of the manipulated species are indicated by small sphere models. STM
images of the different adparticles are shown. The arrows indicate the direction of tip
movement. Figures (A)-(G) and caption from [29]. (H) Quantum corral constructed
from 36 Ag atoms on Ag(111) at C K. (I) Detailed atom movement mechanisms. The
atom movements along various tip paths are demonstrated by super exposing a 3D
image of the Ag(111) with the manipulation signals. The atom briefly rests at the
square locations in the 20◦ path. When lateral force component Fx exceeds the hopping
barrier, the atom jumps to the adjacent close-packed row (red arrows) to follow the tip.
Figures (H) and (I) and caption adapted from [131].
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Figure 6.3: Comparison of lateral manipulations of a single wheel-dimer molecule
(C44H24) at large (left panel) and small heights (right panel) of the STM tip. (a), (b)
STM images before the manipulation. (c), (d) STM images after the manipulation.
Arrows mark the pathway of the tip apex during the manipulation and dashed lines
indicate the initial position of the wheel-dimer molecules (all images 9× 9 nm2). (e),
(f) Corresponding plots of current signals during the manipulation were used for the
assignment of the molecular motion. (g) Scheme of the rolling mechanism. Step (1) is
the tip approach towards the molecule, step (2) is a 120◦ rotation of a wheel around its
molecular axle and in step (3) the tip reaches the other side of the molecule. It shows
that, in principle, only one rotation of a wheel can be induced. Figure and caption from
[140].
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molecule itself. One such example was discussed in Section 2.4, where a single HB-HPB

molecule was used to collect 5 individual Cu adatoms on the Cu(111) surface and create

a cluster in a remote location [35]. Another example is shown in figure 6.4. In this

case, the STM tip causes one pair of legs of a reactive Lander (RL) molecule to rotate

towards it. Three different modes of manipulation are distinguished as a function of

tip height. At large tip-sample separations, the driving force is purely electrostatic. As

the tip is approached closer to the molecule, chemical attraction takes over. Finally,

at extremely small tip-molecule separations, the molecular legs are repelled by the tip

[144]. Intramolecular manipulation of macromolecules on surfaces is discussed in more

detail in reference [130].

6.1.2 Vertical

Vertical manipulation with the STM involves the deliberate pick-up of an ad-particle

from a surface with the tip. In some cases the process is reversible and can be used to

re-position individual adsorbates with atomic precision, overcoming otherwise energeti-

cally expensive obstacles like surface steps for example [145–147]. Vertical manipulation

is harder to control than lateral manipulation, as the energy barriers that need to be

surmounted in order to extract individual atoms from the surface are much higher than

the barrier to diffusion. Moreover, for a reversible process once an atom has been

extracted with the STM tip it needs to be redeposited on the surface without causing

further deposition of tip atoms.

The first deposition of an individual Ge atom from a W tip onto the Ge(111) surface

was achieved through field emission [148]. The process was irreversible and difficult to

control. Shortly after, Eigler and colleagues showed that it was possible to use the STM

to pick up an individual Xe atom from the Ni(100) surface and to controllably position it

in a pre-defined location. The manipulation was found to result from a combination of

multiple vibrational excitations of the Xe atom caused by inelastic tunnelling electrons

and a chemical reaction between the tip and the adatom [149]. Figure 6.5(A) shows a

current trace recorded during the reversible manipulation of a Xe atom. First, the tip is

positioned 5 Å to the side of the selected Xe atom and the feedback loop is switched

off. The tunnelling resistance is then adjusted to 1.5 MΩ by bringing the tip closer to

the surface and maintaining a tip-sample bias voltage of −0.02 V. The current trace

exhibits low values while the Xe atom is still adsorbed on the surface (figure 6.5(B)). In

order to pick up the Xe atom with the STM tip, a short (64 ms) pulse is applied at

+0.8 V. This results in high values of the tunnelling current and the disappearance of

the Xe atom from the area underneath the tip (figure 6.5(C)). A pulse of the reverse
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Figure 6.4: (A-C) Series of STM images (all 35× 35 Å2; I = 0.2 nA and V = 1 V).
Switching one and the same reactive Lander molecule from the parallel legs to the
crossed legs conformation and back (white lines connect the position of the four legs of
the initial image (A) to emphasise the conformational changes). (D-F) Schematics of the
corresponding conformations. The lateral tip position of the subsequent manipulation
is marked in the STM images by a white dot and the achieved conformational changes
are indicated in the schematics by arrows. One pair of molecular legs rotates towards
the STM tip upon approaching it. Figure and caption adapted from [144].
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polarity is applied for 64 ms in order to redeposit the Xe atom to the surface (figure

6.5(D)). The process is reversible and the Xe atom could be controllably deposited to a

pre-determined remote location. The rate of manipulation was found to have a ∝ I5

dependence on the tunnelling current and the Xe atom was always displaced in the

direction of the tunnelling electrons [145].

A
B

C

D
(i)

(ii)

(iii) (iv)

Figure 6.5: (A) The time dependence of the current through the switch during operation.
Manipulation begins (i) in the low-conductance state with the tip biased at −0.02
V and the Xe atom bound to the surface. The transient current spike (ii) is due to
the application of a +0.8 V pulse to the tip for 64 ms, after which the −0.02 V bias
to the tip is re-established. This results in the transfer of the Xe to the tip and the
establishment of the high-conductance state (iii). Applying a −0.8 V pulse for 64 ms
yields the transient current spike in (iv) and re-establishes the low-conductance state by
transferring the Xe atom back to the surface. The remainder of the diagram shows the
switch repeatedly toggling between the two conductance states. (B-D) A sequence of
three 25× 25 Å2 STM images demonstrating that the operation of the switch is due to
the reversible transfer of the Xe atom between the surface and the tip. (B) An image
of the surface taken after operation of the switch was interrupted when the switch was
in its low-conductance state, showing the Xe atom on the surface. (C) After toggling
the switch to its high-conductance state, in which the Xe atom is on the tip. (D) After
returning the switch to its initial state. Figure and caption from [145].

The work by Eigler et al. is a beautiful example of the complex nature of the
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mechanisms of vertical manipulation with the STM that can be encountered in different

systems. In very few cases the interaction between the tip and the sample was identified

to be purely mechanical in character [119, 150]. More often than not, the mechanism

behind vertical manipulation was found to be through the electric field between tip

and sample [148, 151] or due to inelastic scattering of tunnelling electrons; or the

combination of one or both of these effects and the formation of a chemical bond

between tip and adsorbate [145–147].

One example of mechanical manipulation is the controllable extraction of Ge atoms

from the Ge(111)-c(2× 8) surface at room temperature [119, 150]. In order to pick

up a Ge atom from the surface, Dujardin and colleagues used the set height approach.

With the STM feedback loop switched off, the tip was approached to the surface by

a set amount ∆z and the tip-sample bias voltage was set to some desired value Vs.

Their results showed that the probability of extracting a Ge atom was invariant of the

tip-sample bias voltage at a set height (z + ∆z). Moreover, this was true even when

no bias was applied between the tip and the sample (Vs = 0 V). The process was

explained and confirmed with calculations in terms of the potential energy landscape for

adsorption of a Ge atom between the tip and the sample. There are two stable binding

sites available to the Ge atom in the STM tunnel junction: on the sample surface, and

on the tip. However, at very large tip-sample separations (i.e. during normal imaging)

the Ge atom has to overcome a large potential barrier (> 1 eV) in order to switch

between the two binding sites. As the tip is approached to the surface, this barrier is

lowered until eventually the tip and sample adsorption potential wells overlap at small

separations (< 4 Å). Thus, the Ge atom may jump from the sample to the tip [119]. A

useful by-product of this type of study was the estimation of the tip-sample separation

during normal imaging conditions: between 6 and 8 Å for Ge(111)-c(2× 8) scanned at

+1 V and 1 nA [119], and 6 Å for Si(111)-7x7 scanned at +2 V and 200 pA [146].

The last example of vertical manipulation that I will discuss here is the controllable

(and reversible) transfer of CO molecules from the Cu(111) surface to the STM tip.

Interestingly, this was also the first example of chemical contrast achieved with the

STM. To test this, the Cu(111) surface was dosed with two species: oxygen and CO.

When imaged with a metal tip, both adsorbates looked identical (i.e. dark) in the STM

images. By deliberately picking up a CO molecule with the STM tip and rescanning the

surface, the authors were able to distinguish between an oxygen atom, which did not

change its appearance, and CO molecules, which now looked bright instead of dark. In

this instance, the vertical pick-up of the CO molecule was achieved by simultaneously

ramping the bias voltage and decreasing the tunnelling gap. The motion of the molecule

was always in the direction of the tunnelling current. The mechanism of manipulation
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was a combination between inelastic scattering of the tunnelling electrons and the

mechanical proximity of the tip above the molecule [147].

6.2 Electric field induced manipulation

Electric field induced manipulation with the STM can also be lateral or vertical. Field-

induced emission from the tip or the sample has been identified as the underlying

mechanism for vertical manipulation in a number of cases: the extraction of individual

Ge atoms from Ge(111) [148], the controlled deposition of Au atoms on Au(111) [152],

the formation of nanoscale grooves in the Si(111)-7x7 surface [153] are only a few of the

vast number of examples in literature. Due to the proximity of the tip and the sample,

the electric field experienced on the surface is typically very high in these cases - of the

order of 10 V/nm - and the electric field-induced desorption from the surface affects

large regions or clusters underneath the tip. However, it has also been shown that it is

possible to confine this effect to individual adsorbates within the tunnel junction. For

example, in the case of NO desorption from Si(111)-7x7 [154]. In this case, the electric

field necessary to induce desorption was much lower ∼ 1 V/nm.

In the case of lateral manipulation, the electric field between the sample and the

tip modifies the potential energy landscape on the surface as shown in figure 6.6. The

gradient in the potential energy induces a force on the adsorbate

dU(r)

dr
= − (µ+ αE(r))

dE(r)

dr
, (6.1)

where µ is the static dipole moment and αE is the induced dipole moment of the

adsorbate. This force acts on adsorbates which are in their neutral ground state

encouraging them to migrate towards the region beneath the tip. This manipulation

technique was applied to move In atoms on the Si(111) surface [155] and Cs chains

on GaAs(110) and InSb [55] (see section 4.1.1 for more detail). Notably, in the latter

example field-induced diffusion was only observed for positive bias injections. The lack

of Cs diffusion for reverse bias injections was explained as a result of the competition

between the static and the induced dipole moments. In the case of In, diffusion was

observed for both tip polarities, due to the fact that the In atoms get charged upon

adsorption, resulting in a Coulombic interaction with the tip. However, field-induced

diffusion in both cases was not confined locally to the adsorbate directly beneath the

STM tip. The typical field strength during these experiments was very high: ∼ 1 V/nm.

In the most simplistic model, the tip is approximated to a sphere of radius 10 nm.

Therefore, it was calculated that the intense electric field was experienced over an area

∼ 10 nm in diameter. In this respect, it comes as no surprise that field induced diffusion
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Figure 6.6: Schematic of the potential energy of an adsorbate as a function of its lateral
position on a surface above which the STM tip is located (shown in red). Interaction
with the atoms of the underlying surface gives rise to the weak periodic corrugation of
the energy. (A) The interaction of the electric field with the adsorbate dipole moment
gives rise to a broad potential well where an atom, shown in green, would feel a force
to move it to the bottom of the well under the apex of the tip. (B) An attraction of
an atom to the tip by a chemical binding force gives rise to a potential well located
directly below the tip. If the side walls of this well can be made steep enough, then the
adsorbate (shown in green) will remain trapped in the well as the tip is moved laterally.
Figure and caption from [127].
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is not restricted to a single adsorbate on the surface. Figure 6.6 accentuates this point

by directly comparing the potential due to the electric field and the much deeper and

narrower (∼ 1 nm in diameter) potential due to a chemical reaction between the tip

and the sample.

Figure 6.7: Top views of the relative positions between the hopping directions and
the STM tip in (a) random, (b) repulsive, and (c) attractive hopping motions. The
molecule hops towards the hollow sites, marked by yellow lines, when the tunnelling
electrons are injected (or extracted) at the positions indicated by ⊗. Schematics for
(d) random, (e) repulsive, and (f) attractive hopping. Each electric field contour is
depicted with a point charge at the STM tip apex. Figure and caption from [156].

An example of a localised field induced reaction is the reversible rotation of antimony

dimers (Sb4) on Si(001) [157]. When the tip was approached to an Sb cluster on the

surface, it would exert a torque on the Sb. If the torque is large enough to overcome

the potential barrier imposed by the surface corrugations, the Sb will switch controllably

between the two orthogonal directions on the surface by performing a 90◦ rotation.

The mechanism was identified as being due to the electric-field induced polarizability

of the Sb dimers, which would induce a dipole moment. This dipole moment in turn

lowers the energy barrier on the surface, facilitating the Sb rotation. In this case, the

rotation occurs while the molecule is in its neutral ground state. The electric field can

also be applied to manipulate molecules that are in a vibrationally excited state. In

the case of methylthilate (CH3S) molecules on Cu(111) the molecule is fist excited by

inelastic tunnelling electrons [156]. Negative charge is then transferred from the surface

to the molecule. The ensuing lateral motion of the CH3S was found to be driven by a

Coulombic interaction between the charged molecule and the electric field between the

tip and the sample. When the tip was positioned directly on top of the molecule, the

CH3S would escape in a random direction away from the tip. However, in the case of

CHAPTER 6. LITERATURE REVIEW 135



6.3. INELASTIC TUNNELLING CURRENT INDUCED MANIPULATION

an off-centre injection, the molecule would be repelled by the tip in positive bias and

attracted in negative bias (see figure 6.7). To demonstrate the controllability of the

field-induced lateral hopping of CH3S, this technique was used to spell out the letters

‘S’, ‘T’ and ‘M’ on the Cu(111) surface.

6.3 Inelastic tunnelling current induced

manipulation

Tunnel current induced manipulation has a number of important advantages in compar-

ison to mechanical and electric field induced manipulation. It offers easier control of

dynamic molecular processes, more rapid energy transfer and the route to functionalising

individual molecules. For example, by changing their electronic transport properties,

altering their configuration or even inducing fluorescence. Most excitingly, electron-

induced excitations offer a route towards quantum control of artificial structures on

surfaces, so long as the coherence time between the excited and the final state is long

enough [41, 129, 158].

Electron-induced manipulation with the STM relies on energy transfer between the

tunnelling electrons and the adsorbate. The majority of the electrons in the tunnelling

junction travel elastically through the vacuum and conserve their energy. However, a

small fraction of the electrons undergo inelastic interactions with adsorbates on the

surface. Thereby they transfer some or all of their energy to the adsorbates, causing

some sort of excitation (usually vibrational). This is illustrated schematically in figure

6.8(A). Inelastic electron tunnelling experiments can be conducted in 2 modes: constant

height and constant current. Figure 6.8(B) illustrates the constant current mode used

for the experiments described in this thesis. The constant height mode offers quicker

response to the adsorbate’s movement, whereas the constant current mode provides

better control over the number of injected electrons. Therefore, the former is more

suitable for investigating bistable systems, where a single experiment can yield robust

statistics of the switching rate between the 2 states. In our experiments, we aim to

get an accurate measurement of the desorption yield of aromatic molecules from the

Si(111)-7x7 surface. Therefore, we pick the slower, more precise and more controllable

constant current method.

Inelastic electron tunnelling (IET) can cause vibrational excitations, electronic exci-

tations or a combination of both (see figure 6.8(C)). At higher injection bias voltages

(above the adsorption potential well, Eα), the electrons may transiently occupy the
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excited state of the molecule or adatom. At lower energies, vibrational modes of the

adsorbate are activated, which may result in ‘vibrational ladder climbing’ leading to

desorption. Electronic excitations are typical for semiconductors, whereas vibrational

ladder climbing is more common on metal surfaces. Above a certain energy threshold

determined by the work function of the tip (∼ 4.5 eV) field emission takes place.

Field-emission is beyond the scope of our experiments and will not be discussed here.

The desorption process that may ensue as a consequence of IET is traditionally

described in the context of dynamics induced by (multiple) electronic transitions (DIET

or DIMET). There are two prominent models used to explain DIET: the Menzel-Gomer-

Redhead (MGR) and Antoniewicz models. Both models consider two electronic states

and the evolution of the adsorbate along the reaction coordinate. In the former, the

adsorbate initially moves away from the ground state along a repulsive excited state

potential. It evolves in the excited state over a short time before quenching and

relaxing back down to a (now) vibrationally excited ground state. Quenching is typically

accompanied by the release of surface phonons or the formation of an electron-hole pair.

The Antoniewicz model, on the other hand, considers the evolution of the adsorbate

to a strongly bound excited state. In that sense, the adsorbate initially moves towards

the surface, decreasing the equilibrium bond-length. Upon quenching, it again relaxes

to a vibrationally excited ground state. In both cases, once the adsorbate has relaxed

down to the ground state, it may have enough energy to overcome the chemisorption

potential well and escape from the surface [159].

In order for DIET to take place, the tunnelling electrons must have energies higher

than the activation energy for desorption Eα. By contrast, electrons of energies < Eα

can cause molecular dynamics via DIMET. The wavefunction overlap between the initial

and the final states dictates that upon relaxing to the ground state, there is some

finite probability that the electron will populate any one of the ground state vibrational

modes. However, the transition with the highest likelihood is the one down to the

ground vibrational level (n = 0) of the neutral ground state, followed by n = 1, n = 2,

etc. Provided that the lifetime of the vibrational excitation is longer than the time

between consecutive electrons (t = e/I ∼ 100 ps), a second electron will arrive while

the molecule is still vibrationally excited. Upon relaxing back down to the neutral

ground state, the vibrational level with the highest probability of being populated will

now be n = 1. In this way the molecule will climb up the vibrational ladder to the

highest vibrational level (n = N), where it will have enough energy to desorb. Thus,

DIMET will involve N energy transitions of the molecule. In this context, DIET is due

to the (relatively small) contribution from electrons that relax directly to the top of

the vibrational band after the initial excitation. This is schematically depicted in figure
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Figure 6.8: (A) Tunnelling through an adsorbed molecule. Most electrons injected
from the STM tip will tunnel elastically (blue arrow) through the adsorbate without
losing any energy. Some of the electrons will undergo inelastic scattering (green arrow)
with the molecule. An energy quantum ~ω will be given to the molecule, causing a
vibrational excitation. (B) Schematic of the manipulation process. The tip is placed
above the adsorbed molecule and electrons of energy eVB are injected into the molecule
under a closed feedback loop (I = const). A desorption event corresponds to a step in
the apparent tip height trace. (C) There are three types of inelastic tunnelling current
induced manipulation: (i) vibrational, (ii) electronic, and (iii) vibronic. Schematics of a
(D) DIET and a (E) DIMET process. See text for more detail.
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6.8(D-E).

Apart from the very clear activation energy threshold, the branching ratio between

DIET and DIMET is governed by the competition between the rates of excitation

and relaxation. A higher relaxation rate will preclude DIMET from happening and

the governing desorption mechanism will be through DIET. If the opposite holds

true, then both DIET and DIMET will occur, with DIMET being the predominant

desorption mechanism [160]. Experimentally, it is easy to determine the number of

electrons involved in the desorption process by considering the number of transitions

that the molecule undergoes. The rate of excitation between two vibrational states is

RN−1→N = I/e. Therefore the probability of climbing the vibrational ladder will be

P0→N = P0→1 × P1→2 × ...× PN−1→N ∝ IN . (6.2)

A power law fit to log(R) against log(I) will then allow us to extract the number

of electrons involved in the manipulation process. DIET and DIMET can also be

understood in the context of coherent and incoherent excitations. As long as a second

electron arrives at the adsorbate before it has had time to relax back down to the

ground state, the excitation is coherent. If the opposite holds true and the adsorbate

has relaxed back to the ground state before a second excitation takes place, then the

process is referred to as incoherent ladder climbing [40].

The first example of a DIMET ladder climbing mechanism was Eigler’s Xe switch

[145] (see Section 6.1.2). Calculations based on 5 vibrational levels of the Xe atom - in

perfect agreement with the R ∝ I5 dependence measured by Eigler et al. - provided

strong evidence in support of an incoherent ladder climbing process [149]. A textbook

example of a study of the branching ratio between DIET and DIMET was the disso-

ciation of O2 molecules on Pt(111) [6]. Figure 6.9(A) shows an STM image of two

adjacent O2 molecules. To induce dissociation, the STM tip was placed on top of a

single molecule and the feedback loop was switched off. The voltage was ramped to

the desired value and the tunnelling current was monitored as a function of time. A

drop in the tunnelling current (see figure 6.9(B)) would correspond to a dissociation

event. Repeating the experiment at different voltages and currents revealed a clear

branching ratio between the DIET and the DIMET processes. At 0.4 V DIET was

the predominant process with R ∝ I(0.8±0.2). However, as the manipulation voltage

was lowered, dissociation required 2 and 3 electrons respectively for 0.3 V and 0.2 V

(see figure 6.9(C)). This was concordant with an incoherent vibrational ladder climbing

mechanism. Therefore, the same system was observed to exhibit both coherent and

incoherent behaviours.
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A B

C

Figure 6.9: (A) STM image of two adjacent pear-shaped O2 molecules on fcc sites. (B)
Current during a 0.3 V pulse over the molecule on the right showing the moment of
dissociation (step at t ∼ 30 ms). (C) Dissociation rate, Rd, as a function of tunneling
current, I, for various applied biases. The solid lines are least squares fits to the data
and correspond to power laws, Rd ∝ IN , where N = 0.8± 0.2, 1.8± 0.2, and 2.9± 0.3
for sample biases of 0.4, 0.3, and 0.2 V with respect to the tip, respectively. Figure
and caption from [6].

More recent examples of IET-induced DIET and DIMET include the tautomerisation

of macromolecules [53, 161], Si adatom hopping [67, 162], dissociation [6, 7], desorption

[36, 39, 163] and rotation [8] of small molecules, controllable switching of adsorbates

[9, 10] and even of quantum dots [164]. The experimental chapter following this

discussion aims to shed light over the precise mechanisms involved in the desorption

of aromatic molecules (benzene and toluene) from Si(111)-7x7 with a major focus on

the role of the substrate and the process of quenching the excited state. What brings

this type of manipulation back into the spotlight many years since the initial boom of

publications in the mid-1990’s, is that it provides good insight into the final step of

nonlocal manipulation and the processes that the quasi-equilibrated surface electrons

initiate leading to desorption.
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Chapter 7

RESULTS

This chapter concentrates on the experimental work that I carried out on local manipu-

lation of aromatic molecules (benzene and toluene) from the Si(111)-7x7 surface. It

will present the results in three main sections: (i) voltage dependence, which underlines

the role of the substrate (under revision in Nanotechnology), (ii) 0 V constant height

results, which emphasise the role of the tunnelling electrons in the manipulation process,

and (iii) current dependence, which reveals intriguing details of how the excited state

of the molecule can be modulated by the mechanical presence of the tip above the

molecule (in preparation for Physical Review Letters).

7.1 Method

The automated manipulation procedure is described in detail in Section 3.5.2. Figure

7.1 shows an example of a typical manipulation experiment. Ten toluene molecules,

each attached to a FM adatom and belonging to different unit cells, are randomly

selected from the big overview image in (A) (red circles) using the Matlab automation

routine. FM sites were chosen based on the empirical knowledge that FM adatoms are

most reactive [104] and would therefore yield better statistics. The overview image (B)

taken after all 10 individual manipulation experiments were performed reveals 7 molecule

desorption events and 3 unreacted molecules. Figure 7.1 (C, D) shows close-up images

of the molecule marked with the blue square before and after manipulation at +1.9

V and 750 pA. Since toluene molecules bond in a di-σ configuration to neighbouring

adatom-restatom pairs (see Section 4.2.3), it follows that there are two crystallographi-

cally equivalent bonding configurations that are possible, both yielding an STM image

like the one in figure 7.1(C). These are outlined schematically in figure 7.1(E, F).

Figure 7.2 (A) shows the trace recorded during a 1.5 s injection into the molecule

from figure 7.1 (C). The desorption event, which occurs 0.58 s after the start of the

trace, is clearly marked with a step in the (blue) height trace and an instantaneous spike

in the tunnelling current (red trace). All experiments are performed with the feedback

loop engaged. Thus, when the bright Si adatom is revealed upon desorption, the tip
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A B

C D

E F

Figure 7.1: STM images of single molecule manipulation. (A, B) Large scale 25 nm ×
25 nm STM images showing the injection locations. All target molecules are indicated
with red circles. The locations of the reacted molecules are indicated with yellow circles
on the after image. (C, D) 3 nm × 3 nm STM images of the location marked with a
blue square in (A and B) before and after an injection (+1.9 V, 750 pA) into the site
marked with × at room temperature. Both images obtained at +1 V, 100 pA. (E, F)
Schematic diagrams showing the two possible adsorption configurations of the toluene
molecule in (C).
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pulls away from the surface in order to maintain a constant tunnelling current. The

spike in the tunnelling current is due to the response time of the feedback loop. The

automated experiments allow us to manipulate 150-200 individual toluene molecules for

each set of injection parameters. Figure 7.2 (B) shows a distribution of the measured

times-to-manipulation for a complete set of data (140 manipulated molecules) taken at

+1.9 V and 750 pA. Instead of using the usual method of binning the measured survival

times [6, 9, 39, 51, 67, 162, 165], here we plot the time-dependence of the entire popu-

lation of molecules with each data point corresponding to a molecule desorbing from

the surface. Since the mean and the standard deviation of an exponential distribution

exp (−t/τ) can be approximated to the decay constant τ , a fit to 200 desorption events

would have a standard error of ∼ 7%.

The data presented in figure 7.2 (B) is in fact the time evolution of the fraction of

molecules that have retained their original positions N(t)/N0 during the first 1.5 s of

injection at +1.9 V, 750 pA (with the initial population N0 = 140 toluene molecules

in this case). Given a first order rate equation, the time dependent probability of a

molecule retaining its original position is

dp(t)

dt
= −αI

e
p(t), (7.1)

where α is the probability per electron of causing a manipulation event, I is the injection

current and e is the charge of an electron. Solving with the initial condition p(0) = 1

gives

p(t) = exp

(
−αI

e
t

)
. (7.2)

The experimentally measured time-dependence of the fraction of molecules that retain

their original positions N(t)/N0 is in fact equivalent to measuring the probability of

remaining p(t). Interestingly, the population in figure 7.2 (B) does not fit a single

exponential decay (dashed green line), which was reported to be the case with other

single molecule experiments [9, 39, 162, 165]. Instead, a double-exponential decay

(solid yellow line) provides an excellent fit to the data, rendering two decay constants:

one associated with a fast process, and the other with a slower process. Thus, the time

evolution of the population of molecules is described by

N(t)

N0

=
NA

0

N0

exp

(
−αA

It

e

)
+
NB

0

N0

exp

(
−αB

It

e

)
, (7.3)

where the initial population of molecules N0 is the sum total of NA
0 and NB

0 molecules

with manipulation probabilities per electron αA and αB. There are two intuitive expla-

nations behind this result: either there are two distinct mechanisms leading to toluene
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desorption from Si(111)-7x7, or there are two different species on the surface. In the

case of the former, the total probability of survival will be the sum of two identical

equations like equation 7.1. However, this would result in a single decay time evolution

for p(t), with an amplitude which is the sum of the two routes. Therefore, there must be

two different populations on the surface. The robust checks with the mass spectrometer

(see Section 3.2.2) allow us to rule out the presence of another molecular species

during dosing. The other possible explanation is that the CH3 group adds another

degree of freedom to the molecule. Thus the two crystallographically equivalent binding

configurations available to the molecule (see figure 7.1 (E, F)) would be electronically

different. However, the fact that we observe the double-exponential behaviour even

for injections into benzene (as discussed in the following section) allows us to rule this

theory out. Instead, we propose that the two populations arise because our injections are

precise, i.e. we always inject in the same position relative to the adatom, but they are

not accurate as we do not inject exactly atop the dark feature. This off-centre injection

location is apparent in figures 7.1 (C) and 7.5 (A). This is what differentiates between

the two crystallographically equivalent binding sites and leads to the two populations.

Figure 7.1(E,F) depicts schematically the two possible injection geometries for the

molecule in figure 7.1 (C). For the same injection location (red star), if the molecule is

attached to the lower restatom (marked with ×), then the electrons will be injected

directly into the molecule. However, if the molecule is bonded to the upper restatom,

then the tunnelling current will ‘miss’ the molecule and flow into the darkened adatom.

7.2 Voltage dependence

The voltage dependence of single-molecule manipulation described in this section

presents novel results that suggest that a common process mediates atomic and molec-

ular manipulation with the STM on the Si(111)-7x7 surface.

7.2.1 Room temperature

Figure 7.3 shows a comparison of the goodness of fit of the single- and double-decay

models for room-temperature data collected during injections at 750 pA and a range

of sample bias voltages. For the experiments performed with toluene molecules, a

single decay channel was observed at the two lowest voltages +1.2 V and +1.4 V. At

+1.6 V and above there was a transition to the double-decay model. In the case of

benzene, the double-decay model was again the better fit for a range of experiments

performed with electrons of energies above +1.6 eV. Figure 7.4 presents the complete
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Figure 7.2: Measurement of the time to manipulation. (A) Tunnelling current (blue)
and tip height (red) traces recorded during injection into the molecule of fig. 7.1(C).
The manipulation event corresponds to the step in the tip height trace and the spike
in the tunnelling current at 0.58 s. (B) Aggregation of the times to manipulation
(+1.9 V, 750 pA) over, in this example, 140 single molecule injection experiments.
N0 is the total number of molecules (here 140) and N(t) is the number of molecules
that remain unmanipulated after a time t. The fit (solid yellow line) is the sum of
two exponential functions, see text for details. The fast exponential has a probability
per electron of (24.6± 0.5)× 10−10, and the slower exponential has a probability per
electron of (1.4± 0.1)× 10−10. The single exponential fit (dashed green line) is shown
for comparison.
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set of voltage-dependent data collected for electron injections into toluene molecules.

Below +1.2 V we observe no measurable electron-induced manipulation within the 8 s

time-frame of our experiments. Figure 7.4 (B) shows the probability of manipulation

per injected electron extracted from the fits to the curves shown in figure 7.4 (A). The

single-exponential data (open red circles) and the ‘slow’ process (filled red circles) have

been scaled up by a factor of 5 for clarity. The behaviour of the fast and the slow

process is very similar with increasing voltage. Above +2 V nonlocal manipulation takes

over [14–16] and the probability per electron of both processes shoots up consistent with

the change in manipulation mechanism. The current dependence of local manipulation

is the subject of Section 7.4, but we note here that local manipulation is a 1-electron

process.

Our setup also allows us to measure two manipulation outcomes. We define ‘desorp-

tion’ as any process where the toluene molecule has broken both bonds with the surface

and, as a result, has either completely escaped from the surface, or has diffused to a re-

mote location outside of the small scanning area. Here we limit any measured ‘diffusion’

to a process where the molecule has broken its bond with the adatom, but has retained

its bond with the restatom, resulting in an apparent ‘flicking’ to a neighbouring adatom

site. The inset of figure 7.4 (B) shows the voltage dependence of the branching ratio

between the above-defined diffusion and desorption processes. The strong preference

for desorption is evident. It is also clear that the branching ratio is within experimental

error constant across all voltages probed. This suggests that the final manipulation

step must be common for both the fast and the slow process, i.e. neither manipulation

outcome can be exclusively linked to the fast or to the slow population. This implies

that the precise identity of the excited state leading to manipulation is the same. The

lack of voltage dependence of the outcome branching ratio strongly suggests that the

injected electrons might undergo ultrafast relaxation within an energy state (in the same

fashion as nonlocal manipulation) before inducing molecular manipulation through DIET.

Figure 7.4 (C, D) shows a comparison between the measured local density of states

on top of a toluene molecule adsorbed to an FM adatom and a clean FM adatom,

respectively. In both cases there are two prominent STS peaks: one at +1.2 V and a

higher-lying one at +2 V. We assign the peak at +2 V to the Si adatom backbond

as before [14, 15]. A comparison with the voltage dependence of manipulation (figure

7.4 (B)) reveals a striking similarity between the broad shape of the + 2 V state on

adatoms and the wide energy range of the slow manipulation channel. In the case of

the toluene molecule, both peaks are pronounced much more strongly. The LUMO of

chlorobenzene molecules adsorbed to Si(111)-7x7 has been previously measured at +0.9

V [123]. Since the only peak that we observe on toluene below +1 V is the remnant of
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Figure 7.3: Goodness of fit comparison for single- and double-exponential decay models.
The adjusted R2 value is calculated for each injection bias voltage for injections at 750
pA. (A) Voltage dependence of the goodness of fit for injections into toluene molecules.
The single exponential model is chosen for injections below +1.6 V, where the adjusted
R2 value for this model is above the selected threshold of 0.98. The double exponential
model is picked for injections above +1.6 V. (B) Voltage dependence of the goodness
of fit for injections into benzene molecules. At all voltages, the single-exponential model
is below threshold and thus the double-exponential model is preferred.

CHAPTER 7. RESULTS 147



7.2. VOLTAGE DEPENDENCE

Figure 7.4: Voltage dependence of manipulation. (A) Aggregation of the times-to-
manipulation for 8 bias voltages (as marked) for 750 pA injections. Each voltage
has been offset to aid clarity. (B) The voltage dependence of the probabilities for
manipulation α as determined from equation 7.3 for the fast (filled blue circles) and
the slow processes (filled red circles). Note, at +1.2 V and +1.4 V (open red circles)
a single exponential decay function is used, and note that all red data points (open
and filled) have been scaled by a factor 5 to aid clarity. Inset to (B): ratio of diffusion
to desorption as a function of injection voltage. (C) STS of an adsorbate toluene
molecule (dashed blue line, average of 7 spectra). Shaded area shows the individual
Gaussian fits to the STS curve giving (peak position ± HWHM) peaks at (+1.2± 0.4)
V and (+1.7± 0.5) V. (D) STS of a clean FM adatom (solid red line, average of 14
spectra). Shaded area shows the individual Gaussian fits to the STS curve with peaks
at (+1.2± 0.2) V and (+2.0± 0.9) V.
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the Si dangling bond at +0.5 V, it is possible that the +1.2 V peak is in fact associated

with the LUMO of toluene. In the next section we provide strong evidence to suggest

that the fast process is derived from injections directly into the molecule, whereas the

slower process is associated with electron injections into the underlying Si adatom.

The lack of activity of the fast process below +1.4 V suggests that the LUMO of the

molecule is manipulation inactive.

7.2.2 Low temperature

It is well known that Si adatoms can react to electron injections by ‘hopping’ on top

of a neighbouring Si adatom and leaving a vacancy behind [67, 162] (see reference

[166] for a time-lapse video). Hopping is a metastable state and its lifetime at room

temperature ∼ 600 ps (derived from an activation energy of 0.18 eV [162]) precludes its

experimental observation at room temperature due to the limited time resolution of the

STM. However, as the sample is cooled down, thereby lowering the thermal energy of

the Si adatoms, it is possible to controllably induce and image adatom hopping. Figure

7.5 (A, B) shows high resolution STM images of electron-induced adatom hopping at

77 K. Electrons of energy +2.5 eV were injected into the FM adatom marked with a

× symbol following the same procedure as for room temperature molecular injections.

We conducted the same experiment as before but this time alternating injections into

adatoms and into chemisorbed toluene molecules.

Figure 7.5 (C) shows the decay curves obtained for injections into clean FM adatoms

and into toluene molecules at +2.5 V and +2.8 V, 100 pA. The similarity in behaviour

between adatoms and molecules at +2.5 V is apparent. Both trends fit the single-

exponential decay model and the probability of manipulation (hopping or desorption

respectively) is the same within error (see figure 7.5(D)). Therefore, we can associate the

slower manipulation channel with adatom hopping. In this sense, at room temperature

where adatom hopping is too short lived to be observed, the measured desorption

probability for toluene is simply the aftermath of electron excitation of the underlying Si

surface. At the higher injection bias voltage +2.8 V, there is a transition to the double-

exponential decay model for injections into toluene molecules. However, the adatom

injections remain a single process, with the probability per electron closely matching

the slower channel for molecular manipulation. The single- to double-exponential

decay transition that we observe for toluene molecules at 77 K follows the measured

transition at room temperature, but shifted by ∼ 1 V. This is most likely due to the

high amount of band-bending and Fermi level unpinning at low temperature [81]. The

measured probabilities per electron for molecular manipulation at 77 K match closely
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those measured at room temperature. It is also important to note that the probabilities

per electron for adatom hopping that we extract from our experiments are in good

agreement with those reported previously for adatom hopping at +3.0 V and 79 K

[162].

Figure 7.5: Manipulation of silicon adatoms and toluene molecules at 77 K. (A) High
resolution STM image (+1.5 V, 100 pA, 2.6 nm × 2.6 nm) taken before injection
of charge (+2.5 V, 100 pA) at location ×. (B) STM image taken after injection
showing the vacancy created at target adatom site and brighter neighbouring adatom
site indicating the presence of the manipulated adatom atop the neighbouring adatom.
(C) Time-dependent decay of initial population of adatoms (stars) and toluene molecules
(circles) for both +2.5 V and +2.8 V injections (750 pA). The adatom data is fitted
with a single exponential decay. The molecular decay is fitted with a single decay at
+2.5 and a double decay at +2.8 V. (D) Probability per electron of manipulation for
molecules and adatoms at 77 K. Note the adatoms data has been slightly offset (+0.02
V) in voltage to aid clarity.

7.2.3 Discussion

Based on the low-temperature results and the measured local density of states with

STS, we conclude that all molecular manipulation happens through the +2 V backbond

state of the Si(111)-7x7 surface. For injections directly into the molecule, we observe

no manipulation below +1.4 V since the tunnel current does not populate the +2 V
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state. At higher voltages, electrons can efficiently populate the backbond state leading

to a very high probability of manipulation. For injections directly into the adatom,

we see manipulation across the full range of energies probed since electrons readily

populate the much wider +2 V state that we observe on clean adatoms. In this context,

the molecule acts to guide the electrons into the backbond state and enhances their

efficiency by increasing the fraction of electrons that populate the backbond. Therefore

the manipulation process is the same regardless of the electron energy or the precise

location of the tip during injection. Given the probabilistic nature of DIET, it is likely

that most ‘active’ electron injections will lead to a vibrational excitation of the molecule.

Thus, if a second electron arrives at the molecule while it is still in the vibrationally

excited state, further manipulation may take place, e.g. resulting in the reported

dissociation of chlorobenzene on Si(111)-7x7 [7].

The Si(111)-7x7 surface has also been subject to several laser induced photo-

desorption studies of Si adatoms [167–169]. A desorption threshold was found at 2

eV and it was ascribed to an energy transition from the filled Si dangling bond state

at -0.2 V to the unfilled backbond state at ∼ +2 V [167] (both states are reasonably

broad). Adatom desorption was found to be a two-photon process and the kinetic

energy of the ejected Si adatoms was measured to be invariant of the energy of the

incident photons between 2.3 eV and 4.6 eV. This was interpreted as strong evidence of

a common final step for the two-photon desorption process across all probed energies.

A phonon-kick mechanism following a two-hole localisation process on the Si adatom

site was proposed [168]. The required lifetime of the intermediary two-hole localisation

was estimated to be 170 ps [169]. This lifetime is much longer than the subsequently

experimentally measured lifetime of ∼ 150 fs for electrons in the Si(111)-7x7 surface

[91]. In fact, the lifetime required for the intermediate state of the phonon-kick desorp-

tion mechanism is much closer to the lifetime of Si adatoms in the metastable ‘hop’

state (∼ 600 ps for EA = 0.18 eV [162]) at room temperature. Therefore, we propose

that the intermediate step for laser-induced Si adatom desorption is in fact the same

as what we observe here for Si adatom hopping and toluene desorption from the Si

surface: the electronic excitation of the Si adatom backbond. Thus, the laser-induced

adatom desorption could be described by a two-step process: (i) electron induced excita-

tion of the Si backbond, followed by (ii) photo-induced desorption of the excited adatom.
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7.3 Constant height experiments

Apart from electronic excitation, a molecule within the STM tunnel junction could

undergo excitation due to the mechanical presence of the tip above it or due to the

intense electric field between the tip and the sample. The aim of this section is to look

into those two effects and see if they contribute to the measured desorption rates for

toluene from the Si(111)-7x7 surface.

7.3.1 Mechanical manipulation

To determine whether there is any potential for using the STM tip to mechanically

manipulate molecules on the Si(111)-7x7 surface, we perform the experiment outlined

in figure 7.6. We approximate the size of the tunnelling junction at our passive imaging

parameters (+1 V, 100 pA) to z0 = 700 pm [119, 146]. Therefore the absolute tip

height during the experiments described here will be z0 + ∆z, where ∆z is the tip

height change during each individual experiment. Thus, a positive tip height change

(∆z > 0) corresponds to the tip retracting from the surface, whereas a negative tip

height change (∆z < 0) means that the tip moves closer to the surface. In order to en-

sure that there is no contribution to the manipulation outcome due to inelastic electron

interactions, we set the tip-sample bias voltage to 0 V and monitor the current during

each experiment, ensuring that It ∼ 0 pA (see figure 7.6(C)). With the feedback loop

disengaged, the tip is held at the desired height z0+∆z for the duration of 8 s each time.

Figure 7.7(B) shows a series of mechanical manipulation experiments performed

at ever decreasing tip-sample separations to cover the range of absolute tip heights

encountered during typical charge injection experiments shown in figure 7.7(A). Our

results show that tip proximity effects are negligible for (z + ∆z) > 500 pm. However,

as the tip is brought closer to the surface - to separations that are comparable to the

chemical bond lengths in aromatic molecules - there is a considerable increase in the

fraction of manipulated molecules even though there is no tunnel current. The observed

manipulation effect is not a binary-state (‘on’/‘off’) process as there is no clear-cut

threshold. Instead, the increase in the fraction of manipulated molecules happens

gradually and the probability peaks when the tip is at about 200 pm from the surface

(where the tip is presumably close enough to form a chemical bond with the molecule).

Interestingly, both manipulation outcomes - diffusion and desorption, as defined in

the previous section - are produced in similar proportions with a slight preference for

diffusion at higher tip-sample separations. Therefore, we propose that in this transition

region from the mechanically inactive state to the formation of a chemical bond between
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Figure 7.6: Setup for the constant height experiments. (A) During a passive scan
(+1 V, 100 pA), the tip is at a height z0 above the surface. (B) During a mechanical
manipulation experiment the feedback loop is switched off and the injection bias voltage
is set to 0 V. The tip is approached to the sample by a distance ∆z = −0.32 nm in this
case, resulting in an apparent tip height z0 + ∆z. (C) Tip height and current traces
recorded during a typical mechanical manipulation experiment. ∆z = 0 corresponds to
the tip height during the passive scan. During the manipulation experiment we make
sure that there is no tunnelling current It = 0, i.e. there is no contribution to the
manipulation outcome due to inelastic electron tunnelling. We perform each mechanical
manipulation experiment for a duration of 8 s.
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the tip and the molecule thermal manipulation of the molecule in its neutral ground

state is enhanced due to the presence of the tip above the molecule. The tip heights at

which the enhanced thermal desorption takes place are well below the typical tip-sample

separations during the electron injection experiments. This suggests that tip proximity

effects do not contribute to the measured electron-driven manipulation process discussed

in the previous section.

Figure 7.7: (A) The tip-sample separation measured during charge carrier injections
at a range of injection parameters. (B) The fraction of manipulated molecules as a
function of absolute tip height. Between 100 and 200 molecules were analysed at
each tip-sample separation. The gray shaded regions in (A) and (B) emphasise the
region where manipulation of the toluene molecules is enhanced by the proximity of
the STM tip. Inset: The fraction of molecules that have diffused/desorbed is relatively
constant across the range of tip heights probed, with a small increase in the number of
desorptions when the tip is in mechanical contact with the sample.

7.3.2 Electric-field induced manipulation

To check what fraction of the measured desorption probabilities is due to the electric

field between the tip and the sample, we perform room temperature experiments where

the tip is held at -10 V a few nm away from the surface for 8 s with the feedback loop

switched off (see figure 7.8). The choice of negative bias voltage was governed by the

fact that the direction of the electric field in this case will be from the flat sample

towards the tip, making field emission less likely and ensuring a more uniform electric

field on the surface. During each experiment we monitored the tunnelling current It in
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Figure 7.8: Setup for the electric field experiments. (A) During a passive scan (+1
V, 100 pA), the tip is at a height z0 above the surface. (B) During an electric field
experiment the feedback loop is switched off and the injection bias voltage is set to −10
V. The tip is pulled away from the sample by a distance ∆z = +2.5 nm in this case,
resulting in an apparent tip height z0 + ∆z. The magnitude of the electric field is given
by E = −V/(z0 + ∆z). (C) Tip height and current traces recorded during a typical
electric field experiment. ∆z = 0 corresponds to the tip height during the passive scan.
During the manipulation experiment we make sure that there is no tunnelling current
It = 0, i.e. there is no contribution to the manipulation outcome due to inelastic
electron tunnelling. We perform each electric field experiment for a duration of 8 s.
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order to ensure that there was no contribution from inelastic tunnelling. Figure 7.9(A)

shows the electric field strengths measured during typical charge injection experiments

(as per E = −V/(z0 + ∆z)). The electric fields during the electric field experiments in

7.9(B) were selected to match this range. The results convincingly show that there

is no contribution from the electric field to ground-state manipulation, despite the

polar character of the toluene molecules. Perhaps this is not surprising as typically for

field-induced desorption fields of greater than 3.9 V/nm are required [153].

Figure 7.9: (A) The electric field strength measured during charge carrier injections at
a range of different parameters. (B) The number of investigated molecules that have
reacted to (purple) and that remain unaffected (blue) by the high electric field between
the tip and the sample.

7.4 Current dependence

The current dependence of single molecule manipulation can help identify the precise

nature of the electronically excited manipulation mechanism. A one-electron process will

be indicative of a DIET process or of a current-independent mechanism, e.g. thermal

or electric field induced manipulation. A multi-electron process will correspond to

vibrational ladder climbing via DIMET. This section confirms that manipulation of

single toluene molecules is indeed a one-electron DIET-like process. It also brings the

attention to some slightly more unexpected results for hole injections. By observing

the quenching of the excited state of a molecule we are able to extract the size of the

tunnelling gap while the STM tip is positioned on top of a toluene molecule on the
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Si(111)-7x7 surface.

7.4.1 Electrons

Figure 7.10: Current dependence for electron injections into single molecules. (A)
Aggregation of times-to-manipulation for 4 injection currents (as marked) for +1.4 V
injections. Each current has been offset to aid clarity. (B) The current dependence of
the probabilities for manipulation α as determined from equation 7.3 for the fast (blue
circles) and the slow (red circles) process.

Figure 7.10 presents the current dependence of local manipulation at +1.4 V. The

measured distributions of times-to-desorption for a range of currents between 400 pA

and 900 pA is shown in figure 7.10(A). The identical behaviour of the decay curves

is immediately apparent. We find that the probability of desorption is constant with

current for both populations (fast and slow). This suggests that local manipulation

from either population is a 1-electron process. Note that these experiments were

performed on the Omicron qPlus/STM machine (as compared to the Omicron STM 1

for experiments reported in the previous section) and the injection bias voltage of +1.4

V was a somewhat poor choice in hindsight as it lies on the threshold of the transition

between single- and double-decay behaviour.
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7.4.2 Holes

Figure 7.11 shows the current dependence for hole injections into toluene molecules at

-1.0 V and -1.3 V. The experiments discussed in this section were performed by two

MPhys students, Ruairidh Howes and Frank Lee, who were under my supervision during

their final year project. For simplicity we will only discuss the fast population here, as

the slow population follows its behaviour almost identically, but at a reduced rate and

thus it does not provide any further information for the sake of this discussion. The

measured result is in stark contrast to the flat current dependence observed for elec-

trons. It is also completely the opposite of what other people have measured on metal

surfaces [6, 39, 67]. For both injection bias voltages probed, instead of increasing with

current, the manipulation probability per injected hole drops down drastically (4 orders

of magnitude!) as the injection current approaches 1 nA. It is worthwhile re-stating

that to the best of our knowledge this is the first report of a rate of manipulation

dropping as the current increases. Unlike the constant height experiments discussed

in the previous section, where we ensured that there were no tunnelling electrons or

holes, here a large number of the injected holes will result in an electronic excitation

of the molecule. Thus, the obvious next step is to assess whether there is any in-

teraction of the electric field or the tip proximity with the electronically-excited molecule.

Figure 7.13(A) shows the equivalent electric field experienced during each set of

injection parameters. The electric field was estimated as E = −V/(z0 + ∆z), where

we take (again) z0 = 700 pm [119, 146] and ∆z is measured as outlined in figure 7.12

and averaged over ∼ 10 experiments. Therefore, ∆z is the apparent tip height change

measured on top of a molecule between the passive parameters and the manipulation

parameters. Even though the current is ramped across 3 orders of magnitude, we only

see a relatively small change in the electric field strength, which is very unlikely to

account for such a dramatic dampening of the manipulation probabulity α. A plot of

the probability of manipulation against the electric field strength is also telling. Figure

7.14 (B) shows that α drops as the electric field strength increases. A quick comparison

of the probabilities of displacement at the same electric field strength but obtained

with the higher and the lower manipulation bias voltages (yellow lines) reveals a drastic

difference: 2 orders of magnitude. Therefore, we can conclude that the drop in α at

higher currents is not predominantly an electric field effect.

Figure 7.14 (B) shows the manipulation probability α plotted as a function of the

tip height z + ∆z during each experiment. The measured tip height change (∼ 250

pm) during which the manipulation probability shoots up is much more significant than

the change in the electric field strength, given previous estimations of the tunnelling
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Figure 7.11: Current dependence for hole injections into single molecules. (A) Aggrega-
tion of times-to-manipulation for 5 injection currents (as marked) for -1.0 V injections.
Each current has been offset to aid clarity. (B) Aggregation of times-to-manipulation
for 8 injection currents (as marked) for -1.3 V injections. Each current has been offset
to aid clarity. (C) The current dependence of the probabilities for manipulation α as
determined from equation 7.3 for the fast populations for injections at −1.0 V (red
triangles) and −1.3 V (blue circles).
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Figure 7.12: Estimation of ∆z during constant current experiments. (1) z = 0 nm
corresponds to the tip height during a passive scan at +1 V and 100 pA. (2) Feedback
loop switched off and tip pulled back by 1 nm to safely change to injection parameters
(see Section 3.5.2). (3)) Feedback loop re-engaged. The tip is above the molecule at
the new injection parameters −1.3 V, 900 pA in this case. (4) A desorption event takes
place and the tip retracts as the clean adatom is revealed. ∆z is the measured height
change between steps (1) and (3).

gap at about (600− 800) pm [119, 146]. Interestingly, both data sets (high and low

bias) lie very close together. Thus it is probable that the tip height is the predominant

effect leading to the decrease in α at small tip-sample separations. This would also

explain the lack of this effect for electron injections, since the measured tip heights at

positive bias are much larger (see figure 7.7(A)).

7.4.3 Discussion

The range in which the transition from high to low manipulation probability occurs is

also comparable to the range in which the short range attractive forces dominate the

interaction between the tip and a Si(111)-7x7 sample as measured with a qPlus AFM

[170]. Hence, it is possible that the ‘mechanical’ presence of the tip above the molecule

provides an extra decay channel for the excited state, thereby artificially shortening the

lifetime of the molecule in the excited state. This is the opposite of the tip proximity

effect found for the ground state (figure 7.7) where the potential barrier to molecular

diffusion is lowered as the tip appoaches the molecule. It has been calculated previously

that a decrease in the lifetime of the excited state (to below 1 fs) can lead to a dramatic

dampening of the probability of manipulation through a DIET process [159].

To test this hypothesis we assume a simple model based on Fermi’s golden rule.

The lifetime of the excited state of the molecule will be proportional to the inverse of

the transition rate between the initial and the final states. According to Fermi’s golden
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Figure 7.13: (A) Electric field strength during each injection experiment. (B) Probability
of manipulation α as a function of the electric field for injections at −1.0 V and −1.3
V. Yellow lines outline points from each data set corresponding to the same electric
field strength.
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Figure 7.14: (A) Tip height (z + ∆z) measured during each injection experiment. (B)
Probability of manipulation α as a function of tip height for injections at −1.0 V and
−1.3 V. Black circles outline data points obtained at the same current.

rule, this transition rate is a function of the square modulus of the transition matrix

element of the perturbation between the two states and the density of states of the

final state. Thus, the lifetime of this transition in most general terms is

τ =
1

Ri→f
=

1

A · [ρbulk(Efi) + ρtip(Efi)]
, (7.4)

where A = 2π~|Hfi|2 is an unknown constant determined by the matrix element |Hfi|,
and the density of states of the final state is given by the sum of the two decay channels:

into the bulk ρbulk(Efi) and into the tip ρtip(Efi). Since the lifetime of the excited

state is, to first approximation, proportional to the manipulation probability α [159], we

write

α ∝ τ ∝ 1

A · [ρbulk(Efi) +B · exp (−2κ(z0 + ∆z))]
, (7.5)

where the density of states in the bulk ρbulk(Efi) is a constant and the density of tip states

in the tunnel junction decays with the tunnelling current I ∝ I0 · exp (−2κ(z0 + ∆z)).
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Again, we define z0 as the tip height during a passive scan at +1 V and 100 pA,

and ∆z is the measured tip height change as per figure 7.12. At large tip-sample

separations ρtip(Efi)→ 0 and α plateaus to a constant value, as seen in figure 7.14 (B).

Figure 7.15: Manipulation probability as a function of tip height change during injection.
Red line shows a fit of equation 7.5 to the experimental data.

Figure 7.15 shows a fit of equation 7.5 to the experimental data obtained at −1.3 V.

We estimate κ = 1.02 Å−1 from an exponential fit to figure 7.14 (A), and we treat the

tip height z, the density of states in the bulk and the density of states in the tip at the

point of contact as independent fitting parameters. This allows us to extract the size of

the tunnel junction when the tip is positioned above a toluene molecule at the passive

imaging parameters as z ∼ 4 Å. This is a very crude outline of our interpretation of the

experimental results presented in this section and a more in-depth analysis will be the

subject of our next paper. However, it conveys the idea that looking at the current

dependence of manipulation can be utilised to study the physics of touching a molecule

within a quantum tunnel junction and that the STM tip can be used to modify the

lifetime of the excited state of the molecule. Indeed, it is the many orders of magnitude

of α that we measure though rigorous experiments that allow us to observe this effect.

Estimations of the size of the tunnel gap are currently very sparse in literature [119,

146] and because of the complexity of the problem there are currently no other such

reports for chemisorbed molecules.
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Chapter 8

SUMMARY

The aim of this thesis was to tackle the local and nonlocal mechanisms of molecular

manipulation with the STM on the Si(111)-7x7 surface with a view to understanding

the underlying physical processes that govern, in particular, electron-induced desorption.

In doing so, we have uncovered some fundamental aspects of surface science ranging

from hot electron transport to the modification of the lifetime of the excited state of a

single molecule with the tip.

The most novel piece of research that I conducted during my PhD degree was

undoubtedly the investigation into nonlocal atomic manipulation. This has resulted in

the identification of a two-step electron transport process on the Si(111)-7x7 surface:

(i) coherent inflation followed by (ii) incoherent diffusion. When electrons (or holes)

are injected from the tip of an STM they can cause molecules some tens of nanometres

away from the injection site to react; in this case desorb. Through rigorous statistics of

electron injection experiments at a range of injection bias voltages and temperatures,

we were able to show that the observed nonlocal effect is the aftermath of the ultrafast

dynamics of hot electrons in the surface.

By drawing a parallel between our nonlocal desorption threshold at ∼ 2.0 eV and

laser 2PPE experiments where the detected photoelectrons come from a common state

at the same energy, we proposed a model where the electrons first quasi-thermalise

with the surface and then diffuse classically for a time τ corresponding to the lifetime

of electrons in the transport state, before dropping down to the bulk. It is during this

diffusion that molecular desorption takes place. This model accounts for the common

length-scale measured for electron injections between +2.0 and +2.7 V. Taking a lifetime

of τ = 180 fs [91] for electrons in the transport state, we estimated a diffusion constant

D = 3 cm2s−1, which is close to the previously reported value of D = 18 cm2s−1 [117].

Moreover, by considering the temperature dependence of the length-scale we showed

that λ ∝ T 0.75, in close agreement with Einstein’s electrical mobility equation, whereby

λ ∝
√
T .
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On the other hand, the coherent electron transport is imprinted in the final distri-

bution of reacted molecules as a region of suppressed desorption probability close to

the injection site. The observation of a saw-tooth voltage dependence of the size of

this suppression region, together with the close agreement of the experimental data to

the simple two-step inflation-diffusion model, allowed us to conclude that the inflation

region is indeed a fingerprint of the first ultrafast hole (or electron) elastic scattering

event. This allowed us to develop a theoretical model based on the coherent expansion

of a wavepacket and relating the magnitude of the suppression region to the surface

band structure. The good fit to the experimental data allowed us to extract a coherent

lifetime for our hot holes of ∼ 10 fs - not far from the reported 40 fs lifetime of electrons

in the dangling bond state U1 [98].

The second set of experiments described here were centred around the manipula-

tion of individual aromatic molecules on the Si(111)-7x7 surface. Even though single

molecule manipulation is a field that peaked about a decade ago, here we presented some

surprising results that may lead to reanalysis of some of the earlier work on this topic. In

particular, we were able to show that the surface, which is usually treated as a complete

by-stander in this line of experiments, actually plays a major role in the manipulation

process. By direct comparison of the rate of desorption of toluene molecules and the

rate of Si adatom hopping at low temperature (77 K), we were able to show that the

two processes behave almost identically. Moreover, our STS measurements matched

closely with the voltage dependence of the rates of manipulation at room temperature.

This, together with the complete voltage invariance of the branching ratio of diffusion

(to the nearest site) and desorption allowed us to identify a common final manipulation

step associated with the Si adatom backbond state at ∼ 2.0 V. Further, we proposed

that the same process is also responsible for the laser-induced desorption of Si adatoms

[167–169]. In this sense, adatoms are ejected from the surface via a two-step process:

(i) electron-induced excitation of the Si backbond, followed by (ii) photon-induced

desorption.

Finally, we looked at the current dependence of single-molecule manipulation. The

results were in stark contrast to other single-molecule experiments, with the reaction

rate suppressed at higher injection currents. By looking at the electric field dependence

of the rates of manipulation of a molecule in its ground state (It = 0 pA) and a

molecule in its excited state (It 6= 0 pA), we were able to rule out the contribution of

any electric-field induced mechanism to the desorption process. Instead, we rationalised

this unexpected result as the tip-induced quenching of the excited state of the molecule.

We fitted a simple model to our data which allowed for a second tip-derived decay

channel of the excited state of the molecule and related the manipulation rate to the
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measured tip height change during injection. This allowed us to extract a value for the

tip-molecule separation at our passive imaging parameters (+1 V, 100 pA) of z ∼ 4 Å.

The result is slightly lower than previous estimations of the tip height on top of the

clean Ge(111) surface (z ∼ 6− 8 Å) [119] and the clean Si(111)-7x7 surface (z ∼ 6 Å)

[146]. This is not surprising since, even though the molecule appears as a depression in

the STM images, it is actually physically sat on top of the Si surface and an apparent

height of ∼ 2 Å is a reasonable estimation. However, this last piece of work will be

subject to more modelling in the near future.
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Chapter 9

FUTURE WORK

Hopefully, the work presented in this thesis sets the scene for a wide range of hot

electron experiments on surfaces and is just the beginning of a new field of research

into atomic manipulation via nonlocally induced surface excitation. There are a number

of different experiments that will follow up in this research group in order to explore

further the behaviour of hot electrons on different surfaces and the scope for engineering

a surface with enhanced quantum coherence length-scale.

9.1 Graphene

One possible avenue will involve using 2D materials like graphene to test the 2D nature

of the nonlocal transport process. In the first year of my PhD degree I was involved

in setting up this project. Choosing the right substrate is of fundamental importance

for any graphene-based project. This is because the 2D nature of graphene means

that it needs to be supported on a larger substrate, which would in turn affect the

topography and the electronic structure of the graphene sheet itself [171]. In order

to prevent any electronic interactions with the substrate material, it is common to

use an insulating layer between the graphene sheet and the substrate material (which

is usually back-gated to make an electronic connection with the sample plate). The

first graphene samples were deposited on a layer of thermally grown silicon oxide of

very precise thickness. This was instrumental because it allowed researchers to make

sure with the aid of an optical microscope and a Raman microscope that the graphene

sheets were indeed single-layer [172, 173]. However, silicon oxide has large surface

roughness and so it leads to large corrugations and the formation of charge puddles in

graphene. Therefore, we choose to use a lego-block-style substrate where the graphene

is supported by a Si substrate with a thin layer of hexagonal boron nitride (h-BN) on

top. h-BN is a good choice of substrate since it is very flat, has a comparable unit-cell

to graphene (only 1.7 % lattice mismatch) and a large band-gap ∼ 6 eV [171, 174, 175].

Another important aspect is the choice of graphene growth method. The best
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substrates are known to be produced by the scotch-tape exfoliation technique [176].

However, the size of the graphene sheets produced in this way is very small, ∼ 10 µm

at best, which makes it very difficult to land the STM tip precisely on top of a graphene

flake. Graphene can also be grown in-situ on SiC. However, this method has one major

disadvantage: the formation of a ‘buffer’ layer between the SiC and the graphene sheet,

which has strong electronic coupling to both [177]. Therefore, we choose to use slightly

dirtier graphene sheets, produced by the chemical vapour deposition (CVD) method.

This ensures that we can have big single-crystal graphene sheets that cover the entire

Si substrate [178].

The final hurdle for setting up nonlocal experiments on graphene is the choice of a

molecule that will stick to graphene at room temperature and that we can regenerate

controllably in situ. Because of its honeycomb structure graphene is very inert, with

no dangling bonds available for molecules to bind to. However, it has been shown

that oxygen atoms form a chemical bond to two of the carbon atoms in the hexagonal

mesh [179]. Therefore, we cracked some ultrapure oxygen with the aid of a home-

build electron gun inside the prepartion chamber of the STM 1 and observed that we

could deposit oxygen atoms on the graphene surface. Electron induced manipulation

experiments are currently underway in our lab and will be part of Rebecca Purkiss’s thesis.

The most exciting part of the proposed graphene experiment is by far the possibility

of utilising nonlocal manipulation in order to observe Klein tunnelling in graphene at low

temperature. Due to the high charge carrier mobility and graphene’s linear dispersion

relation electrons can be described as relativistic Dirac fermions. This means that

relativistic quantum phenomena, which would normally expend very high energies, can

now be accessed and studied on a lab bench. Relativistic effects have already been

observed on graphene, most notably with the observation of the quantum collapse of a

wavefunction around a superheavy artificial nucleus [34]. Klein tunnelling is a similar

relativistic quantum effect. It has been long known that if electrons are fired at a

potential barrier, they will tunnel through it with a finite probability: quantum tun-

nelling. If, however, the electrons are moving at relativistic speeds, it has been predicted

that regardless of the height and the width of the barrier, they will tunnel through it

unattenuated, as long as they are incident at a normal angle [180]. Recent calculations

of Klein tunnelling on graphene have suggested that depending on parameters such as

electron energy, barrier height and barrier width, the transmission probability should

exhibit a characteristic petal shape when plotted against the angle of incidence of the

electons [181].

With the aid of the STM we can construct a potential barrier of charged impurities
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via mechanically manipulating individual Ca, K or Na atoms into a precise location on

the graphene surface at 4 K [34, 182]. We can then easily cover the surface with a

carpet of oxygen atoms and induce nonlocal manipulation by injecting electrons on one

side of the artificial potential barrier. From our statistics we should be able to extract

a pattern similar to the theoretically predicted one. This is a challenging experiment

and it will be subject to a number of limitations that will become clear as the project

develops. First, we need to know what the electron transport mechanism on graphene

is: is it ballistic (what we want and expect [70]), or is it diffusive (due to the oxygen

atoms modifying the electronic structure of the substrate). Second, we need to know if

the manipulation yield will be high enough for reliable statistical analysis. And finally,

we need to explore the effect that gating the graphene sheet will have on the behaviour

of the injected surface electrons as a consequence of tuning the graphene Fermi level

and the charging of the artificial impurities.

9.2 Fundamental surface properties on the

nanoscale

Another possible future avenue for this project is the application of an electric field across

the sample with a view to performing an experiment similar to the Haynes-Shockley

experiment [183], but on the nanoscale. In some preliminary work that I conducted

with Dr Duncan Lock, we built a sample holder that allowed us to bias the sample

plate and therefore offset the energy of the tunnelling electrons by a certain amount,

i.e. if we applied -1 V to the sample plate, then we would need to tunnel at +2 V in

order to obtain the same image of the Si(111)-7x7 surface as we would normally do

at the passive imaging parameters (+1 V, 100 pA) without biasing the sample plate.

However, we have not yet been able to measure a drop in the sample bias between

the two opposite ends of the sample. This is likely due to the formation of Schottky

barriers that arise at the metal semiconductor junction between the silicon sample and

the molybdenum sample holder. Once we are able to measure and control the electric

field across the sample, it should be possible to observe that the radial dependence of

the nonlocal length scale is skewed due to the electrons being guided to one side of the

sample by the electric field. This would then allow us to extract the nanoscale mobility

of electrons on the Si(111)-7x7 surface and possibly on other surfaces that we have not

explored yet, e.g. Si(100), graphene, Ag(111).

Another interesting experiment would be to see if we can control the fraction of

electrons that fall into the transport state at ∼ +2.0 eV from the Fermi level. This
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would allow us to extract the total manipulation cross-section from a measurement of

the voltage dependence of the nonlocal prefactors for samples of varying surface state

conductance. It has been previously shown that the surface state conductance of a

silicon sample can be modified by dosing the surface with O2 at room temperature

[184, 185]. This was done by creating nanoscale point contacts directly with the STM

tip and measuring the conductance while varying the oxygen coverage [185]. It was

also observed when measuring the conductance across ErSi2 islands deposited on the

clean Si surface and varying the amount of oxygen dosed [184]. Therefore it should

be straightforward to conduct such experiments with our setup and to extract the

probability of molecular manipulation in each nonlocal transport region.
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T
he dynamics of hot electrons, those with energies perhaps
hundreds of times greater than the available thermal
energy, is central to understanding the properties of many

electronic devices. For example, they contribute to leakage
currents across CMOS transistors and may fundamentally limit
their downsizing1–3 and they are intrinsic to solar cells, where high
energy photons generate hot electrons that consequently generate
a photocurrent4–6. Hot electrons can also, for example, be induced
through plasmonics7–9 and offer a route to instigate non-thermal
chemical reactions10. Hot electron charge transport is thus the
subject of major scientific research, both experimentally and
theoretically11–14. But the experiments are constrained by the
ultra-short lifetime of hot electrons, typically 100 fs or less, and
hence their corresponding transport length-scale of a few nm
(refs 15,16). Direct pump–probe measurements with ultra-fast
lasers typically provide little or no spatial information. Recently a
scanning tunneling microscope (STM) coupled to terahertz
radiation reported 0.5 ps and 2 nm resolution17. Here we employ
the technique of STM-induced nonlocal atomic manipulation on
an atomically precise surface to show that the nonlocal effect is a
direct manifestation of hot electron dynamics. This allows us to
observe directly and control the outcome of injecting hot electrons
with atomic-scale spatial resolution.

Conventional atomic manipulation with the STM, whereby
individual atoms and molecules are excited by the STM tunnel
current, is constrained to the tip-surface tunnel junction 18–25.
However, atomic manipulation can also occur some distance,
B10 nm, from the tunnel junction. Such nonlocal manipulation
can be considered as a three step process: (1) charge injection

(electrons or holes) from the STM tip into the surface; (2) charge
transport across the surface; and (3) electron (or hole) induced
manipulation, for example, desorption or diffusion, of a remote
adsorbate or substrate atom/molecule. Such nonlocal
manipulation has now been reported across a range of systems,
including metal26–28 and semiconductor29,30 surfaces, within
chemical overlayers31 and on graphene32. In particular, several
different systems based on the Si(111)-7� 7 surface have shown
similar nonlocal manipulation, suggesting a common transport
mechanism: specifically, NO molecules33, C60 macromolecules34,
chlorine atoms35 and even the silicon surface atoms themselves36.
Our previous nonlocal study37 examined the injection step, here
we probe the resulting hot electrons transport across the surface.

We show that the behaviour of the nonlocal atomic
manipulation properties of small aromatic molecules on the
Si(111)-7� 7 surface in the STM exhibit a distinct temperature,
as well as voltage (energy) dependence. Quantitative experimental
results lead to a model of two-dimensional (2D) diffusion of hot
electrons across the surface and within the back-bond state 2 eV
above the Fermi level, consistent with ultra-fast pump–probe
experiments on the same surface. We conclude that nonlocal
STM manipulation provides real-space information on the hot
electron transport at the surface and, by implication, their
femtosecond electron dynamics.

Results
STM imaging of nonlocal manipulation. Figure 1 shows a pair
of room temperature STM images taken before (A) and after (B)
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Figure 1 | Nonlocal and local manipulation of toluene on the Si(111)-7� 7 surface at room temperature. STM images (21� 21 nm, þ 1 V, 100 pA) of

toluene on Si(111)-7� 7 taken before (a) and after (b) a charge injection (þ 2.7 V, 200 pA, 10 s) at location ‘X’. High resolution STM images (2.5� 2.5 nm,

þ 1 V, 100 pA) of toluene on Si(111)-7� 7, taken before (c) and after (e) a charge injection (þ 1.6 V, 750 pA, 7 s) directly into the toluene molecule (dark

spot) at location ‘X’. (d) Schematic diagram of a molecule binding to a restatom and adatom site. Time-trace (f) of the STM tip height above the molecule

during the injection of C and E. (g) The probability per electron (a) as a function of injection voltage for a toluene molecule subject to manipulation

(diffusion/desorption) by direct charge injection into the molecule.
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injection of 2.7 eV electrons at the indicated central site. At the
imaging bias voltage (þ 1 V) silicon adatoms image as bright
spots and chemisorbed toluene molecules appear as dark spots
and are unperturbed by the STM tunnel current 38. An area
B15 nm in radius surrounding the hot-electron injection site is
transformed, showing a marked reduction in the number of
molecular adsorbates to reveal the underlying Si(111)-7� 7
surface. We previously demonstrated this nonlocal
manipulation to be a one-electron process37.

To disentangle the contributions of molecular and surface
properties to this nonlocal manipulation, local manipulation
experiments were performed. By positioning the STM directly
over an adsorbate molecule (Fig. 1c,e) electrons were injected
directly into a target molecule and a time-trace of the STM
z-height recorded (Fig. 1f). The moment of displacement is
indicated by the 0.05 nm step away from the surface as the
molecule (dark spot) is removed to reveal the underlying silicon
adatom (bright-spot). Figure 1d shows a schematic diagram of the
bonding configuration of the lone toluene molecule. The
exponential distribution of survival times from 107 individual
time-traces gives the probability per injected electron a of
inducing a manipulation event (see Methods for details). The
voltage dependence of the probability per electron (Fig. 1g)
displays a threshold energy of (1.4±0.1) eV. We conclude that
any electron with energy below the 1.4 eV threshold that interacts
with an adsorbate molecule, whether directly injected into a
molecule from the STM tip or transported across the surface from
a remote tip, will not induce manipulation. The molecules
therefore function as a high-pass filter that discriminates against
low-energy electrons and is only sensitive, unlike conventional
surface conductivity measurements39,40, to high energy hot
electrons.

The Si(111)-7� 7 surface is known to be a conducting surface
therefore it is perhaps not surprising that we find a spreading of
the injected electrons across the surface41. However, even the best
spatially resolved four-point-probe measurements that
successfully isolate the surface conduction39 have a probe
spacing of B10mm, much larger than the o15 nm range of
our nonlocal effect. Moreover, a conventional four-point-probe
will measure low-energy transport across the surface as will a
novel three-point-probe40, our nonlocal manipulation is sensitive
to the hot electrons.

Figure 2 presents variable temperature STM images taken after
electron injection into a surface at (A) 260 K, (B) 120 K, (C) 95 K
and (D) 5 K. (The STM tip was always in thermal equilibrium
with the sample.) Injecting into a colder surface results in a
markedly reduced nonlocal effect. We quantitatively describe the
nonlocal manipulation by counting the number of adsorbed
molecules (versus radius) that move from their original position,
that is molecules that have desorbed or diffused, within a 1-nm
wide annulus at a certain radius. An automated computer
programme 38 identifies the location of every dark-spot (that is,
molecule) in images before and after injection within each
annulus. We use this information to plot the ratio of the number
of dark spots displaced (desorbed or diffused) from their original
position N(r) (that is, the number of molecules manipulated) to
the original number of dark spots N0(r). (We assume the same
nonlocal mechanism drives both desorption and diffusion as both
share the same initial bond-breaking step typical for a
chemisorbed system.) Figure 2e presents curves showing the
distance dependence of the ratio N(r)/N0(r) at five temperatures.
The probability and range of nonlocal manipulation clearly
increase as the temperature rises.

Quantifying nonlocal manipulation through diffusive transport.
The temperature dependence suggests that the injected electrons
must, to some extent, thermalize yet remain above the 1.4 eV
molecular energy threshold at all temperatures, that is, they are still
hot electrons. Furthermore, the reduction of the nonlocal range
rules out a simple ballistic transport mechanism, since this trans-
port mode would be expected to lead to a longer range at lower
temperature as the population of phonons available to scatter the
electron is reduced at low temperature. Thus, we model the
hot-electron dynamics with a diffusive transport model. We
restrict the model to two dimensions, since we are only sensitive to
the electrons at the surface. We use a single isotropic diffusion
coefficient D, as we find no azimuthal angular dependence to
the nonlocal manipulation. To account for the finite range of
nonlocal manipulation we include a single decay channel
with lifetime t (see Methods section for details). The resulting
mathematical model gives

NðrÞ
N0ðrÞ

¼ 1� exp � s � k � ni � s
2pD

K0
rffiffiffiffiffiffiffiffiffi

D � t
p
� �� �

: ð1Þ
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Figure 2 | Nonlocal manipulation as a function of temperature. STM images (12� 12 nm,þ 1 V, 100 pA) of chlorobenzene molecules on the Si(111)-7� 7

surface following charge injection [þ 2.7 V, 800 pA, 80 s (a–c),þ 2.7 V, 100 pA, 160 s (d)] at the sites indicated by X: surface and tip at (a) 260 K,

(b) 120 K, (c) 95 K and (d) 4 K. White circles indicate locations of molecules that are displaced due to the charge injection. Black circles indicate sites of

molecules that are unmoved. (e) Radial distribution of displaced molecules as a function of the distance from the injection site at temperatures indicated.

Each decay curve is the average of several (B5) experiments. Lines are fits to the 2D diffusion, single decay channel transport model given by equation 1.
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Here ni is the total number of electrons injected during the voltage
pulse, s is the (unknown) factor describing the fraction of the
injected electrons initially captured into the 2D state (we set s to
unity), s is the cross-section for an electron that interacts with a
molecule (analogous to gas-phase electron scattering) and k is the
probability per unit time of an electron inducing a manipulation
event once it reaches a molecule. Finally, K0 is a modified Bessel
function of the second kind. Figure 2e shows the good fit of this
model to the experimental data at the five temperatures shown.
The surface charge diffusion model conforms to the observed
insensitivity of the nonlocal manipulation to the type of dopant,
n-type or p-type, and the dopant level from 30 to 0.1O cm, since
the surface electronic properties of Si(111)-7� 7 are independent
of those of the bulk (except at extreme doping levels) due to the
pinning of the Fermi level by the surface dangling-bond state.
Crucially the transport properties are regulated by a single para-
meter, the diffusion length l ¼

ffiffiffiffiffiffi
Dt
p

.
Figure 3a plots the voltage dependence of the nonlocal range l

at room temperature for three similar adsorbate molecules:

benzene, toluene and chlorobenzene. For all three molecules we
find a manipulation onset at 2.0 eV, followed by a relatively
constant plateau region of l up to B2.8 eV (indicated by the
grey region) followed by a rise in l. Within the plateau region
(2.0–2.8 eV) it appears that no matter what the injection energy,
electrons are transported across the surface in almost identical
fashion. This implies that before undergoing surface transport
any electron injected within this energy window attains some
common transport dependent property. Similar energy indepen-
dent behaviour was reported for laser excitation of surface-state
electrons of the Si(111)-7� 7 surface.

Discussion
In 2-photon-photo-emission (2PPE) an initial (pump) laser pulse
excites electrons within a surface and a second (probe) pulse
creates photoelectrons that are energy analysed. Such 2PPE
experiment have reported energy42,43 and time-resolved
measurements44 of the surface electronic states of Si(111)-7� 7.
For a range of pump energies, the probe pulse was found to
generate photoelectrons from a common intermediate state with
energy of (þ 1.94±0.15) eV (refs 42,44) above EF. Between the
pump and probe (o150 fs) the initially highly excited electron
relaxes to a common energy state at þ 1.94 eV above EF before
photo-emission. By careful consideration of pump and probe
polarizations, adsorption coefficients and energetics, and the
symmetry of the initial state, the þ 1.94 eV state was identified
as the unfilled back-bond surface-state U2 (ref. 42). The U2 state
has been reported for a wide range of energies from 1.6 to 1.9 eV
(ref. 42) and has been observed in numerous STM and ultraviolet
photoelectron spectroscopy experiments37,45,46. Such a process,
the ultra-fast relaxation on a state at 1.94 eV, would explain the
voltage independence of the nonlocal range l for injections
between þ 2.0 and B2.8 V if, before the injected electron begins
its diffusive transport, it has already relaxed down to the 1.94 eV
state attaining a common energy and hence common transport
dynamics.

At higher pump energies a new intermediary bulk-state arises
in the 2PPE experiments at (3.45±0.15) eV above EF. The
increase in our transport range between 2.8 eV and our maximum
energy of 3.4 eV may be explained with the opening of a new
diffusive route with longer range transport and much higher
manipulation probability (not shown) through this new channel.
Furthermore, this bulk-like transport channel may well also
account for the insensitivity of nonlocal manipulation behaviour
to grain boundaries and atomic steps for 3.3 eV electron
injections37,47.

Time-resolved 2PPE experiments44 of the 1.94 eV derived peak
(though attributed to the bulk L-valley of silicon) show that
between pump and probe pulses there is an ultrafast, o40 fs,
convergence of the initially excited electrons onto an electronic
resonance at 1.94 eV above the Fermi level. Furthermore, the
time-dependent 2PPE signal of the electrons photoemitted from
the 1.94 eV intermediate state was well described by a diffusion
process coupled to a single decay channel; the lifetime for the hot
electrons in the intermediate state was determined as (180±20) fs
and the state to which electrons decay lay at þ 0.5 eV above the
Fermi level. In our STM experiment, electrons with energy of
þ 0.5 eV will be unable to induce a nonlocal manipulation event,
as they will lie well below the 1.4 eV manipulation energy
threshold. On the basis of our measured length-scale of (7±1)
nm and the 2PPE derived lifetime of (180±20) fs, we compute a
diffusion coefficient at room temperature of (3±2) cm2 s� 1. Our
value of D is similar to, but smaller than, simulations of
conduction band electrons at a silicon surface of 18 cm2 s� 1 (ref.
48), that used in ultrafast measurements of free carriers in bulk
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Figure 3 | Range, k, of nonlocal manipulation versus V and T. (a) Voltage

dependence of the nonlocal manipulation range l at room temperature

(random injection site) for: benzene, blue circles; toluene, green squares;

chlorobenzene, purple diamonds. Grey region highlights a region of (near)

constant range. (b) Temperature dependence of the range l for injection

into corner-hole sites at þ 2.7 V for chlorobenzene molecules on Si(111)-

7� 7. Solid blue line is a fit to data (see Discussion for details) with

TepT1.5±0.2.
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silicon 20 cm2 s� 1 (ref. 49) and for that found for carrier
diffusion in single silicon core-shell nanowires of 35 cm2 s� 1

(ref. 50).
Figure 3b presents the temperature dependence of the nonlocal

length-scale l. As the lattice temperature increases so does the
nonlocal manipulation range. This further conforms to the
diffusive transport model which, unlike ballistic transport, should
increase with increasing temperature. The relationship also
demonstrates the connection between the temperature of the
crystal lattice and the measured electron dynamics.

Hot electrons undergo several scattering processes to bring
them into eventual thermal equilibrium with a crystal lattice.
Typically carrier–carrier and carrier–phonon scattering brings a
population of hot carriers into a Fermi–Dirac distribution with
some characteristic hot electron temperature Te within 10 s of fs
(refs 43,51,52). We inject at currents of B100 pA and therefore
have, on average, one-electron injected every 1 ns. Given the
180 fs lifetime of the electrons within the 2.0 eV state, we rule out
carrier–carrier scattering. Further carrier–phonon scattering
brings the mean energy of the electron distribution down to
ultimately thermalize with the lattice. In our case, this carrier–
phonon scattering appears to occur within the high-lying 2.0 eV
state since we have a temperature dependence of the nonlocal
range. Subsequent scattering, here in a time of 180 fs, removes the
electron from this state to lower lying states. There is therefore a
competition between electron–phonon scattering thermalizing
the hot-electron within the 2.0 eV state and scattering that
electron into a lower lying state. This will result in a dynamic
quasi-equilibrated electron distribution within the 2.0 eV state.

To gain an insight into this connection we present a simple
model of the temperature dependence of the nonlocal effect in
terms of a 2D random walk. The RMS of a 2D random walk can
be equated to 2D diffusion by l

ffiffiffiffi
N
p
¼

ffiffiffiffiffiffiffiffi
2Dt
p

; where l is the
random walk step length and N the number of steps. Hence our
length-scale l ¼ l

ffiffiffiffiffiffiffiffiffi
N=2

p
. We set the time between steps

(scattering events) as ts then, l ¼ v � ts

ffiffiffiffiffiffiffiffiffiffiffi
t=2ts

p
. The decay

mechanism out of the þ 2.0 eV state is by electron–phonon
scattering44 giving t¼Atep, where A is a constant that describes
the probability of a scattering event relaxing the electron down to
the dangling-bond state53 and tep is the time between electron–
phonon scattering events.

The temperature dependence of the rate of electron–phonon
scattering varies as 2nBE(T)þ 1 where nBE(T) is the Bose–Einstein
distribution for a particular phonon mode53, hence tep p1/
[2nBE(T)þ 1]. The 2.0 eV state is identified as lying at the silicon
back-bond sites. At this back-bond site the phonon mode with
the greatest spectral power has an energy of 53 meV (ref. 54). We
assume the same scattering event that causes the electron to decay
out of the state is also responsible for the 2D random walk giving
tsptep and therefore l / v � tep

ffiffiffiffiffiffiffiffi
A=2

p
. Given the electron has

reached a quasi-equilibrated distribution with effective
temperature Te we can write, l /

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe=m

p
� tep �

ffiffiffiffiffiffiffiffi
A=2

p
. The

temperature dependence of l should vary as the temperature
dependent terms tep

ffiffiffiffiffi
Te
p

. Finally we simply set the power law
relationship TepTn. The curve fitted in Fig. 3b, lpTn/
[2nBE(T)þ 1], gives a value of n¼ 1.5±0.2 and demonstrates
the lattice temperature dependence of the hot-electron transport.
Further analysis would need a more detailed theoretical
framework.

Methods
Experimental. Room temperature STM images were obtained using an Omicron
UHV STM-1 instrument with RHK SPM1000 controller for the nonlocal manip-
ulation and with a Nanonis control system with customized software for the local
manipulation work. Low temperature nonlocal measurements were performed
using an Omicron UHV LT-STM with Nanonis electronics. All images were

obtained in ‘passive’38 constant-current mode with a tunnelling current of typically
100 pA and a sample bias voltage of þ 1 V. STM tips were electrochemically etched
from 0.25 mm tungsten wire in 2 M NaOH solution. Insulating tungsten-oxide was
removed from the tips by resistive heating in high vacuum. Reproducible and clean
Si(111)-7� 7 surfaces were prepared using an automated computer controlled
system. See ref. 37 for details of sample and gas preparation. The voltage dependent
measurement used an n-type crystal with 30–0.1O cm resistivity. The temperature
dependent measurements used a p-type crystal with resistivity 0.01 O cm to enable
STM imaging down to 4 K. A suite of in house written computer programs were
used to determine the position of all molecules in the STM images before and after
injection. A typical 65 nm� 65 nm image contained between 500 and 1,000
molecules for analysis with a molecular detection error rate of o1%. Thermally
activated displacement was accounted for in the same manner as ref. 38. For each
voltage 15 sets of before and after injection images were typically analysed, for each
temperature five sets of before and after injection images were typically analysed.
All errors quoted are one s.d.

All temperature dependent injections were performed into the corner-hole
location of the Si(111)-7� 7 surface. By contrast, the voltage dependent
measurements had random injection sites. At the crossover energy B2.7 eV
between transport through the U2 state and through the bulk-like states, we find a
slight injection site dependence of the measured range l. We attribute this to the
site-specific energy landscape of the Si(111)-7� 7 reconstruction which manifests
itself in slightly different intensities of the surface states at each site. Thus, at a
particular injection energy there is a site-dependence of the fraction of the
tunnelling current injected into the lower or the upper manipulation state. At the
crossover region, where both states are present on each site, we therefore measure
an average length-scale l weighted by the intensity of the transport state at the
injection site. At the corner-hole site there is a higher intensity (than the surface
averaged) of the higher lying state and hence the slightly longer manipulation range
(Fig. 3b) of (11±1) nm than the range averaged over sites of (7±1) nm (Fig. 3a).

Local manipulation. We work at room temperature and hence have more con-
tamination issues than at lower temperature due to higher background pressures.
Coupled to the fact that contamination on the Si(111)7� 7 surface images in a near
identical fashion to our adsorbate molecule, ‘dark-spots’ on the Si(111)7� 7 sur-
face, non-reactive contaminants could be included in our local experiments and
may skew our results. Here we present a slightly different method of extracting the
probability per electron from local injection experiments than the standard recipe.
This allows us to remove any bias in our results due to such background
contamination.

The single-molecule experiments were performed with a Nanonis SPM control
system, which was programmed to find and inject into a pre-selected molecular
adsorption position. Stability during the injection was ensured by bespoke drift-
compensation software, enhanced by a ‘feature locking’ routine prior to injection.
The time taken for the target molecule to be manipulated (desorbed or displaced)
was simply read off a time-trace of the z-height of the tip during the injection (see
Fig. 1f). Molecular manipulation was subsequently confirmed by comparison of the
passive scans taken before and after an injection. It has been previously
demonstrated that molecules adsorbed to the faulted middle adatom sites of the
Si(111)-7� 7 surface displace more readily than those adsorbed to other
positions37. Therefore, we selected to inject only into molecules located at faulted
middle positions. Given a first order rate dependence, the time-dependent
probability of a molecule remaining in its initial position is

d
dt

pðtÞ ¼ � a
I
e

pðtÞ; ð2Þ

where a is the probability per electron of inducing a displacement of the molecule, I
is the tunnelling current and e is the absolute charge on an electron. We solve with
initial conditions p(0)¼ 1 to get

pðtÞ¼ exp � a
I
e

t

� �
: ð3Þ

Experimentally we measure a population of individual molecules N0 and from
aggregating the individual time-traces can construct the time-dependent
population N(t) so that N(t)/N0¼ p(t). The value of N0 will include any ‘black-spot’
contaminants that we have inadvertently included in our experiment and analysis.
Even at low levels these can unduly skew the resulting analysis. To alleviate this
problem we recast the analysis in terms of the number of molecules that are
manipulated (rather than the number that remain in place). We define G(t) to be
the time-dependent number of molecules that have been manipulated,

GðtÞ ¼ N0 �NðtÞ ð4Þ

¼ N0 1� exp � a
I
e

t

� �� �
: ð5Þ

If we take the time for, say, the Nth molecule of an initial population of N0 to be
displaced as tN then

N ¼ N0 1� exp � atN
I
e

� �� �
: ð6Þ
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and hence,

GðtÞ
N
¼ 1� exp � at I

e

� �
1� exp � atN

I
e

� � : ð7Þ

This effectively allows us to remove the initial number of dark-spots N0 from our
analysis and leaves us with the single fitting parameter a. We compute the best fit
to all our data for a range of N values and find that there is a large range of N that
all lead to the same fitted value of a. Going beyond this range begins to add in
contaminant effects with a resulting skew of the fitted a values. Figure 4 shows, a
plot of this ratio (using N¼ 107) and the appropriate mathematical fit with single
fitting parameter a, for four bias voltages: 1.2, 1.4, 1.6 and 1.8 V (all with 50 pA
injection current). The results are presented in Fig. 1g. We note that the
displacement at 1.2 V is higher than that we would expect based on thermal
displacement38. It may be that the close proximity of the tip lowers the barrier
between the chemisorbed and physisorbed state leading to this slightly enhanced
thermally activated displacement.

Nonlocal probability of manipulation of a single molecule by a single electron.
We generically write the rate of change of the probability p(r) of a molecule
retaining its original position at a distance r from the charge injection as the first
order rate equation

d
dt

pðrÞ ¼ �Cðr; tÞ � s � k � pðrÞ ð8Þ

where C(r,t) is the time-dependent probability per unit area of finding an electron
at that radial distance, s is the cross-section of the molecule (analogous with gas-
phase electron scattering) and k is the probability per unit time of an electron
causing desorption. The factor C(r, t) is dependent on the transport model and we
will describe a 2D-diffusive model in the next section.

Solving with initial conditions (p(r)¼ 1 at t¼ 0) gives

pðrÞ¼ exp � s � k
Z1

0

Cðr; tÞdt

2
4

3
5; ð9Þ

where the integral runs over the whole lifetime of the single electron during the
manipulation. This is of the order 100 fs. During the several seconds injection we
have many injected electrons, each of which may induce desorption. Hence, we
write the probability of a molecule desorbing P(r) at a distance r after an injection
containing ni electrons as

PðrÞ ¼ pðrÞ½ �ni¼ exp �s � k � ni

Z1

0

Cðr; tÞdt

2
4

3
5 ð10Þ

Experimentally we measure the number of molecules that leave their original
location N(r) due to an injection of current I and duration ti, and the original

number of molecules N0(r) within an annulus at radius r hence

NðrÞ
N0ðrÞ

¼ 1� PðrÞ ð11Þ

¼ 1� exp � s � k � ni � s
Z1

0

Cðr; tÞdt

2
4

3
5 ð12Þ

where ni¼ Iti/e and s is a (unknown) factor describing the fraction of the injected
electrons that are initially captured into the 2D state.

We note that even with a modicum of contamination this gives a robust fit
(since we have B1000 data points per injection experiment) and purposely do not
drive all molecules to be manipulated. We aim for half the molecules to be
manipulated at half the distance between the injection site and the boundary of the
before and after STM images.

2D-diffusive transport model. The normalized analytical time and radial distance
dependent solution for 2D diffusion from an instantaneous point source at r¼ 0
and t¼ 0 in an unbounded domain assuming isotropic diffusion coefficient D is

Cðr; tÞ ¼ 1
4pDt

exp � r2

4Dt

� �
: ð13Þ

We add a single decay term to give

Cðr; tÞ ¼ 1
4pDt

exp � r2

4Dt

� �
exp � t

t

h i
ð14Þ

with a lifetime t. We typically use a tunnel current of 100 pA, so on average
electrons arrive every 1 ns. Since this is much longer than the lifetime of a hot
electron (B100 fs) we can assume there is only one electron in the surface at a time
(consistent with a one-electron process). Hence, the time integrated total charge
per unit area at a distance r for an initial single electron at r¼ 0 is

Z1

0

Cðr; tÞdt ¼
Z1

0

1
4pDt

exp � r2

4Dt

� �
exp � t

t

h i
dt ð15Þ

¼ 1
2pD

K0
rffiffiffiffiffiffi
Dt
p
� �

ð16Þ

where K0
rffiffiffiffi
Dt
p
	 


is a modified Bessel function of the second kind with argument rffiffiffiffi
Dt
p

and
ffiffiffiffiffiffi
Dt
p

is nothing more than the diffusion length which we write as l. Finally we
can write that

NðrÞ
N0ðrÞ

¼ 1� exp � s � k � ni � s
2pD

K0
r
l

	 
� �
: ð17Þ

Therefore the length-scale of the nonlocal effect, in this model, is only dependent
on the transport of the hot electrons, specifically their diffusion coefficient and
their lifetime. For a diffusion length of B10 nm, the Bessel function mimics an
exponential decay between B6 and B20 nm in agreement with our initial model
given in ref. 37.
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The tip of a scanning tunnelling microscope is an atomic-scale source of electrons and holes.

As the injected charge spreads out, it can induce adsorbed molecules to react. By comparing

large-scale ‘before’ and ‘after’ images of an adsorbate covered surface, the spatial extent of

the nonlocal manipulation is revealed. Here, we measure the nonlocal manipulation of toluene

molecules on the Si(111)-7� 7 surface at room temperature. Both the range and probability of

nonlocal manipulation have a voltage dependence. A region within 5–15 nm of the injection

site shows a marked reduction in manipulation. We propose that this region marks the

extent of the initial coherent (that is, ballistic) time-dependent evolution of the injected

charge carrier. Using scanning tunnelling spectroscopy, we develop a model of this

time-dependent expansion of the initially localized hole wavepacket within a particular

surface state and deduce a quantum coherence (ballistic) lifetime of B10 fs.
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D
uring imaging, the scanning tunnelling microscope (STM)
injects charge into a surface on average every 1
nanosecond. Less than 1 picosecond after injection a

charge carrier will have undergone a hierarchy of scattering
events leading to eventual thermalization with the surface. In this
interval, a charge carrier may transfer energy to individual atoms
and molecules on the surface and induce, for example, bond
breaking1 or atomic desorption2. Thus, atomic manipulation is
the signature of the underlying dynamics of the charge carriers.
Conventional atomic manipulation is restricted to the tunnel
junction and the time-scale of the charge dynamics has to be
inferred from the complementary calculations3. Conversely,
nonlocal manipulation, in which molecules located at some tens
of nanometres4–8 away from the tunnelling site respond to charge

injection, can expose the B200 femto-second (fs) diffusive
dynamics of injected electrons9.

Here, we employ the nonlocal manipulation technique at room
temperature to probe the ultrafast ballistic dynamics of the
injected charge carrier, that is, while it coherently evolves from its
original quantum state. We find a coherence length scale of up to
15 nm, and deduce an associated coherence lifetime of B10 fs.
Recent advances in the ability to construct atomic-scale structures
by conventional atomic manipulation have opened the way to
atomic architectures that exhibit engineered quantum effects on
metals10,11, semiconductors12,13 and even graphene14. Our results
indicate the possibility of harnessing such quantum behaviour
well above normal 4 K operating temperatures, possibly reaching
the more practical room temperature regime.
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Figure 1 | Nonlocal manipulation of toluene molecules on Si(111)-7� 7. Nonlocal manipulation of toluene molecules bonded to unfaulted-middle

adatom sites on the Si(111)-7� 7 surface at room temperature. STM images (30� 30 nm, þ 1 V, 100 pA) of toluene on Si(111)-7� 7 taken before (a–c) and

after (d–f) an injection of charge at the unfaulted-middle adatom site ‘X’: (a) injection at � 1.6 V, 900 pA and 45 s; (b) � 1.9 V, 900 pA and 10 s;

(c) � 2.2 V, 900 pA and 10 s. (g–i) Corresponding radial distributions of the fraction of manipulated molecules. Fits to the data are: blue-dashed line,

2D diffusion with single decay channel (only fitted to purple circle data points); solid-red line, two-step inflation and diffusion model fitted to all data points.

Error bars are the standard error of five injection experiments at each injection bias voltage.(j) High-resolution STM image with Si(111)-7� 7 unit cell

outlined and a single molecule bonded to an unfaulted-middle adatoms site (black-spot). (k) Schematic showing the crystal structure of (j) with the

bonding site of the toluene indicated and adatoms labelled: UM, UC, FM and FC.
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Results
Nonlocal manipulation of toluene molecules with holes.
Figure 1 shows three pairs of 30� 30 nm STM images taken
before and after the injection of holes (negative sample bias)
at the location marked ‘X’ at voltages (A,D) � 1.6 V, (B,E)
� 1.9 V and (C,F) � 2.2 V. The bright spots are silicon
adatoms of the Si(111)-7� 7 surface and the dark-spots indicate
chemisorbed toluene molecules15. Before hole injection, there is a
random distribution of toluene molecules (see Supplementary
Fig. 1 for full-scale 50� 50 nm version of Fig. 1a,d), while after
injection, there is a markedly lower toluene (dark-spot) coverage
surrounding the injection site. We quantify this nonlocal
desorption (manipulation) behaviour by identifying the
crystallographic location16 relative to the injection site of each
molecule before and after the injection. Figure 1g–i show, for each
voltage, the radial dependence of the ratio of molecules that are
manipulated (that is, leave their initial adsorption site), N(r), to
the total number of molecules that were originally at that radial
distance, N0(r). Here, we inject into unfaulted-middle (UM) sites
of the Si(111)-7� 7 surface (Fig. 1j,k) and report the behaviour of
molecules initially bonded to crystallographically equivalent UM
sites (other sites produce similar behaviour—see Supplementary
Figs 3–5 and 7–9).

‘Suppression’ of manipulation close to injection site. At radial
distances 415 nm, the radial distributions are well described by a
one-hole manipulation process coupled to a 2 dimensional (2D)
diffusive charge-transport model with a single decay channel, see
Supplementary Fig. 2 (ref. 9). (The manipulation of the molecule,
that is, induced movement away from the original binding site,
could in principle be due either to a phonon emission during this
decay or a non-adiabatic decay channel17). The diffusive model
parameters are b, the probability per generated hole of inducing a
manipulation event, and l, the range of the diffusive transport.
The blue-dashed line in Fig. 1g–i show fits of this model to the
data, and Fig. 2a,b show the bias dependence for these
parameters. The principal result of this work is that at distances
less than 15 nm there is a strongly voltage-dependent
‘suppression’ region R, where the probability of manipulation is
far below the predicted value. Furthermore, the probability b of
inducing a manipulation event increases monotonically with
increasing negative voltage (Fig. 2a), whereas the range R of the
suppression region has a saw-tooth behaviour and returns to a
minimum value at a voltage of � 1.5 V. The same voltage marks a
transition between near constant values for the diffusion length
scale. (Similar behaviour is found for the other molecular binding
sites of the Si(111)-7� 7 surface unit cell, Supplementary Figs 3–5
and there is evidence of a near identical voltage discontinuity for
STM-induced nonlocal desorption of chlorine atoms from the
Si(111)-7� 7 surface by holes18).

Connection between surface states and transport regions. We
associate the plateau region of the diffusion length l with diffu-
sive charge transport through a particular prominent surface
state9,19, and identify the threshold voltage corresponding to each
plateau region with the onset of particular surface states. This
assignment is supported by scanning tunnelling spectroscopy
(STS) measurements of UM silicon adatoms (the injection site)
shown in Fig. 2d. The nonlocal threshold at � 1.2 V corresponds
to the onset of the S3 back-bond surface state20, which peaks at
� 1.6 V in Fig. 2d, and the second threshold at � 1.6 V
corresponds to the onset of a state that peaks at � 2.2 V18,
which for consistency we label S4. Thus, the nonlocal
manipulation thresholds are matched with the onsets of
particular surface states, not their peak-positions. We therefore

label the two charge-transport regimes as TUM
S3

between � 1.2 and
� 1.5 V and TUM

S4
for manipulation between � 1.5 and � 2.3 V.

We find analogous behaviour for the other adsorption sites
(Supplementary Figs 3–5).

Discussion
The discontinuity in the range of the suppression region R with
increasing voltage immediately rules out an electric-field effect as
the cause of the suppression, since the E-field strength
monotonically increases with injection voltage (Supplementary
Fig. 6B). It also eliminates E-field induced dangling-bond
charging as a possible ‘suppression’ mechanism21. Furthermore,
to maintain a constant current as the voltage increases the, STM
tip withdraws from the surface (Supplementary Fig. 6A), and so
any mechanical, short-range tip-molecule interaction would be
reduced (not enhanced) as the voltage increased.

Instead, here we propose that the relative suppression of the
molecular manipulation probability close to the STM tip reflects a
(counter-intuitive) reduction of the number of charge carriers
that interact, either directly through a short-lived ionic state or
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indirectly as the carrier decays via phonon emission, with the
adsorbed molecule at distances close to the injection site: after
injection, the probability distribution undergoes rapid ballistic
expansion, or ‘inflation’, followed by relatively slow 2D diffusion.
The diffusion is therefore initiated at a radius that is distant from
the injection site. The solid radial curves in Fig. 1g–i correspond
to such a two-step (ballistic-inflation followed by diffusion)
model, using the initial conditions for diffusion an annulus of
width 2 nm centred on the injection site at a radius R, the range of
the suppression region. The excellent fit to the measured data
across all length-scales is evident.

Charge injected from the tip of an STM undergoes a series of
processes eventually leading to thermalization with the bulk
crystal. These follow a hierarchy of time scales: elastic momentum
scattering (that is, directional scattering); inelastic scattering
within an electronic state to form a quasi-equilibrated distribu-
tion (it is during this phase that the nonlocal diffusive transport
occurs); inelastic scattering out of the state towards lower lying
states where the charge has insufficient energy to induce
manipulation (this is the decay channel of the diffusive model).
Since the two-step inflation-diffusion model accounts so well for
the experimental observation, we conclude that the inflation
region is the result of the charge dynamics before quasi-
equilibration. Furthermore, since any incoherent scattering,
whether elastic or inelastic, would lead to diffusive behaviour,
the inflation region must correspond to the dynamics of the
injected charge before it undergoes any scattering, while it
remains a coherently expanding quantum wavepacket. That is,

the inflation region is determined by the positions that the
injected charges undergo their first scattering event.

We develop a simple model to connect the range of the
inflation region with the band-structure of the surface and hence
access the time-scale of the coherent-inflation process. In line
with their prominence in our STS measurement, the inflation
process is modelled on the initial occupation (by tunnelling) of an
electronic surface state. The state is modelled as an azimuthally
isotropic 2D state with a tight-binding dispersion E / cos k jja

� �
.

Figure 3 shows the model for the S3 state, with the dispersion
shown in Fig. 3a. At a particular injection voltage, we compute
the probability of tunnelling with a particular wavevector in the
surface plane k|| (Fig. 3b) and use these values to construct a time-
dependent cylindrically symmetric wavepacket. Figure 3c shows
the radial probability distribution of the initial wavepacket.
Figure 3d shows the time evolution of the wavepacket until the
end of the inflation time at 10 fs, and Fig. 3e shows the radial
extent of the wavepacket at the end of the inflation period. The
spread of the wavepacket from the injection site is evident. This
radial distribution is used as the starting point for diffusion
(Fig. 3f) with an exponential decay (Fig. 3g).

The time-integrated radial distribution provides the total
number of charges that can interact with a molecule at a
particular distance. Figure 4 shows a series of these curves fitted
to voltage-dependent experimental data. Within a transport
region each curve has (i) the same diffusive parameters derived
from Fig. 2 (TUM

S3
l¼ (9.0±0.2) nm (note all errors are s.e.m.),

TUM
S4

l¼ (18.0±0.3) nm); (ii) the same fitting parameter ti for
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the inflation time, and (iii) a voltage-dependent amplitude. The
excellent global fits of the inflation-diffusion model give inflation
times for TUM

S3
ti¼ (11±1) fs and TUM

S4
ti¼ (9±1) fs. We also

find good global fits for the other three possible molecular
binding sites and good correlations with their STS measurements
(Supplementary Figs 7–9). We conclude that the nonlocal
STM manipulation measurements capture the initial coherent
dynamics of the injected charge carriers.

The inflation time represents the coherent or ballistic transport
regime. We find no direct comparison in the literature, but the
relaxation time of electrons within the dangling bond U1 state has
been measured to be B40 fs22. This is longer than our B10 fs
time-scale and, may be due to the U1 state lying within the bulk
band-gap unlike our higher-lying states. However, recent
calculations for holes in bulk silicon giving relaxation times of
B10 fs23 have demonstrated the sensitivity to both the identity of
the band that the electronic excitation resides in, and to the
energy of the electronic excitation within the band. We also note,
again for bulk states, that the mean free paths computed for holes

in Si are in the tens of nanometres range, mirroring our surface-
sensitive measurements.

The STM injects charges with a range of energies, from the bias
voltage level to the Fermi level. Figure 3b shows this relationship
in terms of parallel momenta. Our experiments are therefore a
weighted average over a range of energies and hence, according to
Bernardi et al.23, a range of coherent lifetimes. In our simple
scheme, we fit a single inflation (coherence) lifetime to each
surface state. The site-to-site variation of the lifetimes we obtain
may reflect the spatial distribution of the particular surface states
within a Si(111)-7� 7 unit cell giving rise to differing site-to-site
coherent propagation. Phonon amplitudes will also vary within
the large 7� 7 unit cell24, so that e-phonon relaxation rates can
be expected to be site-specific.

The coherent-inflation time itself most likely has two main
components, a temperature-independent coupling to bulk states
and a temperature-dependent phonon scattering. Our earlier
work with temperature-dependent electron injection found no
obvious increase in the inflation region at lower temperatures,
suggesting that the measured inflation region is an intrinsic
property of the surface state. It therefore offers the possibility
(as in the case of C60 (ref. 25) and other molecular overlayers26)
of designing a system with reduced coupling to bulk states and
hence an increased quantum coherent-inflation range, thereby
extending the range over which a possible quantum device could
work.

Methods
Sample preparation and imaging. All experiments were performed at room
temperature with an Omicron STM1 in an ultrahigh vacuum chamber at base
pressure 1� 10� 10 mbar. Tungsten tips were electrochemically etched in a 2 M
NaOH solution and out-gassed by resistive heating in high vacuum. Pre-cut silicon
samples from an n-type phosphorus doped Si(111) wafer (0.001–0.002O cm) were
prepared using an automated flashing routine19. Toluene was purified by the
freeze-pump-thaw technique with liquid nitrogen and checked for purity with a
quadrupole mass spectrometer. Typically, the surface was saturated with a toluene
dose of 4 Langmuirs, corresponding to a coverage of 1,500–2,000 molecules in a
50� 50 nm image. All images were obtained in constant current mode with passive
scanning conditions (þ 1 V and 100 pA)16.

Nonlocal injections. Experiments were performed with a Nanonis SPM control
system programmed to inject into user-selected atomic locations. Stability during
the injections was provided by in-house developed drift-tracking software, and a
feature-locking technique employed to ensure the correct injection position. The
individual locations of all molecules adsorbed to the surface before and after an
injection experiment with respect to the injection site were determined using an
in-house computer analysis suite16. This resulted in a molecule identification
accuracy of more than 99%. The results were corrected for thermally induced
desorption using the technique outlined in ref. 16. To ensure good statistical
results, the total injected charge (number of holes) was varied so that
approximately half the molecules at half the distance to the edge of the full image
(50� 50 nm) were manipulated.

The Si(111)-7� 7 surface presents four distinct adatoms that a toluene molecule
can bind to: faulted corner (FC), faulted middle (FM), unfaulted corner (UC)
and unfaulted middle (UM) (Fig. 1j,k). Each site has slightly different electronic
properties27 and binding energies for a chemisorbed toluene molecule28. To ensure
a consistent experimental scenario here, we only inject into clean UM adatom sites
(that is, with no adsorbate molecule) and report in the main text the manipulation
of toluene molecules initially bonded to UM sites. Other injection and adsorption
sites produce qualitatively similar results (Supplementary Figs 3–5 and 6–9), but
the trends in the data are clearest for UM injection and adsorption sites. To further
ensure the robust nature of the results, we use an automated experimental system
allowing many repeats at each set of injection parameters.

2D diffusion model. As derived in ref. 9 the mathematical model for 2D diffusion
with a single decay channel gives

N rð Þ
N0 rð Þ ¼ 1� exp � ni � b

2pD
K0

r
l

� �� �
ð1Þ

where ni is the number of generated holes, D is the diffusion constant of the charge
carriers and the combined term b gives the probability (a cross-section per unit
time) that an injected hole will induce a manipulation event. Finally K0 is a
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Figure 4 | Comparison of STS with nonlocal manipulation and the

inflation-diffusion model. Comparison of STS with nonlocal manipulation

and the inflation-diffusion model. (a) Red curves give the STS spectrum

taken on a clean UM site. Shaded areas show Gaussian fits to the two

peaks: peak position and FWHM (� 1.6±0.4) eV and (� 2.3±0.9) eV.

(b) Injection voltage dependence of nonlocal manipulation of UM toluene

molecules with a UM injection site. Radial distribution curves have been

vertically offset to aid clarity and match STS energy axis. Solid-red lines

show the inflation-diffusion model fitted to each dataset (light grey data

points were omitted from the fits). Black markers indicate the range of

inflation region determined form the experimental data (as given in Fig. 2c).

Error bars are the standard error of five injection experiments at each

injection bias voltage.
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modified Bessel function of the second kind with argument that includes the
parameter l, which gives the range of the diffusive transport.

Determination of suppression region R. To accurately determine the size of the
suppression region, R, the 2D diffusion model was fitted to the data from the
largest radial distance to a smaller distance r0. By comparing the coefficient of
determination and the fitted value of l as a function of r0, we could identify the
minimum value of r0 that gave a coefficient of determination value 40.9, which
was the smallest value of r0 that had a near constant l fitting parameter.

Scanning tunnelling spectroscopy. Variable gap dI/dV spectra of individual Si
adatoms were obtained directly with a lock-in amplifier in the region from 0 to
� 2.5 V from an initial stabilizing voltage of þ 1 V at 100 pA. The tunnelling gap
was reduced by 25 pm V� 1 to amplify the signal at low bias within the band-gap
region. A typical spectrum contained 200 data points each acquired over 150 ms
with a lock-in modulation of 20 mV at 521 Hz. The STS curves presented here are
the average of 38 such measurements.

Inflation model: 2D surface state. For each molecular adsorption site we find
site-specific nonlocal manipulation and STS properties, reflecting site-specific
coupling to the specific charge-transport surface state. We therefore determine
site-specific energy onsets and the bandwidths. We model the 2D surface state,
which mediates the coherent expansion as a cosine tight-binding like electronic
state with dispersion relation E¼E0þDE/2[cos(ka)� 1], where E0 is the
bandedge, DE is the bandwidth and a is the Si(111)-7� 7 unit cell length of
2.68 nm. The energy onset E0 of the state is given by the thresholds found for the
various transport regions identified in the diffusion length-scale l, see for example
Fig. 2b, giving for UM injections and UM molecular manipulations for the S3 state
an onset of � 1.15±0.1 V and for the S4 state � 1.55±0.1 V; for UC molecules,
� 1.15 and � 1.55 eV; for FM molecules, � 1.15 and � 1.35 eV; and for FC
molecules � 1.15, � 1.65 eV and a third transport region starting at � 2.15 eV.
The S3 onsets match with that reported by photoemission for the S3 state and the
fact that a section of the ARUPS measured results lie within the projected bulk
band-gap is strong evidence for a surface state of the Si(111)-7� 7 unit cell29,30.
The S3 state has been found to have downward dispersion29,31 and be coupled to px

and py orbitals confirming the downwards dispersion.
To determine a state-specific bandwidth DE we use the width of the peaks found

on our site-specific STS measurements averaged across all the sites giving a mean
peak full width at half maximum (FWHM) of 0.49 eV for S3 and 0.76 eV for S4. In
ref. 29 a B0.35 eV dispersion between the �M point and half way to the �G point is
reported, giving a full bandwidth of B0.7 eV. Hence, our measured STS FWHM of
0.49 eV corresponds to a bandwidth of 0.7 eV for S3 and a bandwidth of 1.1 eV for
S4. We introduce a Lorentz broadening with a half width at half maximum s¼ :/ti

with ti the inflation lifetime. The resulting energy and momentum spectral density
n(E, k||) is given by

n E; k jj
� �

/ s2

s2 þ E� E0 � DE
2 cos k jj

� �
� 1

� 	� �2 ; ð2Þ

and shown in Fig. 3a for the S3 state.

Tunnelling probability. Charge carriers tunnel across the STM junction with a
probability that depends on their energy and lateral momentum k||. The standard
transmission coefficient for tunnelling32 is

T E; k jj
� �

/ exp � 2z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2me

‘ 2 Eb �Eð Þþ k2
jj

r !
; ð3Þ

where we take the barrier height Eb to be the mean height of the barrier of the
tunnel junction and assume a vacuum level Ev at 4.6 eV for both sides giving
Eb¼ Evþ Ei/2, where Ei is the injection energy.

Wavepacket construction. The solutions to the 2D cylindrical Schrödinger
equation are the Bessel functions. We construct a time-dependent wavepacket from
a weighted sum over k-space,

C ¼ A
Z p=a

k jj¼0
ck jj �

ffiffiffiffiffi
k jj
2p

r
� J0 k jj � r
� �

� e� iE jj t=‘ � dk jj ð4Þ

where A is an overall constant of normalization,
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k jj=2p

p
is the normalization

constant for each k|| state ð
R1

0 2prJ0 k jj � r
� �

J0ðk0jj � rÞdr¼ 2p=k jj
� �

dðk jj � k0jjÞÞ and
ck jj is the relative amplitude of the particular k|| reflecting the probability of tun-
nelling into it:

c2
k jj
¼
Z EF

Ei

T E; k jj
� �

� n E; k jj
� �

dE; ð5Þ

where EF is the Fermi level in the sample and Ei the injection energy (STM bias
voltage).

We use the Bessel functions in equation (4) to describe the surface band
eigen-functions, since detailed knowledge of the actual wave functions is not
available. Strictly speaking, the Bessel functions are only applicable to states
exhibiting free-electron like dispersion, which is only the case towards the edges of
the surface bands here. To assess the likely impact of this we have also considered
inflation of the initial wavepacket within the opposing limit, solving on a hexagonal
lattice the time-dependent Schrödinger equation i:q cj i/qt¼H cj i assuming the
tight-binding Hamiltonian,

H ¼ E0

X
i

ij i ih j � g
X

i;jh i
ij i jh j ð6Þ

corresponding to one orbital |ii per Si(111)-7� 7 unit cell, nearest-neighbour
hopping, and with E0, g appropriate to the known dispersion of the surface band.
Supplementary Fig. 10 shows the radial evolution predicted in the two cases, and
we see both yield comparable expansion properties, with the state density
advancing at similar rates, and being relatively uniformly distributed behind the
front. This demonstrates the inflation is relatively insensitive to the precise nature
of the assumed surface band wave functions.

Radial diffusion and decay. Numerical calculation use an evenly spaced grid of
radii up to 300 nm in Dr¼ 1 nm steps and 400 time-steps Dt to a time 2tn . We use
a reduced time t0 ¼ t/tn , Dt0 ¼Dt/tn and a reduced distance r0i ¼ ri/l and Dr0 ¼Dr/l
to write the standard iterative scheme including an exponential decay term to
compute the radial probability distribution P(r0i , t0j ) of the diffusing charge

P r0i ; t0jþ 1

� �
¼ P r0i ; t0j

� �
þ Dt0

Dr02
1þ Dr0

2r0i

� �
P r0iþ 1; t

0
j

� ��

� 2P r0i ; t0j

� �
þ 1� Dr0

2r0i

� �
P r0i� 1; t0j

� ���
e�Dt0 :

ð7Þ

The shape of the time-integrated radial probability density, used below to fit to the
experimental data, is independent of the choice of the lifetime tn. The lifetime does
affect the overall computed probability per hole of inducing manipulation b. In this
work we focus on the shape and range of the nonlocal effect not the absolute
probability per hole. Nevertheless, to give consistent and realistic values we use
tn ¼ 200 fs in line with the results found for nonlocal electron manipulation9.

Fit to experimental data. Experimentally we measure the number of molecules
that leave their original location N(r) due to an injection of ni holes and the original
number of molecules N0(r) within an annulus at radius r. Hence,

N rð Þ
N0 rð Þ ¼ 1� exp � bni �

Z 1
0

P r; tð Þdt

� �
ð8Þ

See Lock et al.9 for full derivation. Thus, the only fitting parameters in the two-step
inflation-diffusion model are (i) the inflation lifetime ti and (ii) b, the probability
per hole of inducing manipulation. We justify the use of a single inflation time for
all voltages within a transport region, since the energy relaxation time for hot holes
in bulk silicon is near constant for holes with at least 0.1 eV of excess energy above
the band edge23, and for electrons in the U1 band of the Si(111)-7� 7 surface with
0.1–0.3 eV of excess energy22.

Data availability. All data supporting this study are openly available from the
University of Bath data archive at http://doi.org/10.15125/BATH-00230.
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Abstract. We report the local atomic manipulation properties of chemisorbed

toluene molecules on the Si(111)-7x7 surface and of the silicon adatoms of the surface.

Charge injected directly into the molecule, or into its underlying bonding silicon

adatom, can induce the molecule to change bonding site. The voltage dependence

of the rates of these processes match closely with scanning tunnelling spectroscopy of

the toluene and adatom species. The branching ratio between toluene molecules which

are moved to a neighbouring site, or those that travel further is invariant to voltage,

suggesting a common final manipulation step for both injection into the molecule

and into the bonding adatom site. At low temperatures the rate of silicon adatom

manipulation matches that of toluene manipulation, further suggesting that all these

manipulation processes are driven by electronic excitation of the underlying silicon

surface. Our results therefore suggest that a common non-adiabatic process mediates

atomic and molecular manipulation induced by the STM on the Si(111)-7x7 surface

and may also mediate similar manipulation induced by the laser irradiation of the

Si(111)-7x7 surface.

PACS numbers: 82.37.Gk, 68.37.Ef, 68.43.Rs, 68.43.Tj, 73.20.-r

Keywords : atomic manipulation, STM, Si(111)-7x7, local, desorption, nonlocal
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Atomic manipulation using the tip of a scanning tunnelling microscope to control

individual atoms and molecules is the extreme limit of nanotechnology. It is now nearly

routine to use the STM tip as a local tool (within the tunnel junction) to artificially

assemble structures out of individual atoms on metals like the quantum stadium [1] and

the quantum mirage [2]. It can be used to dissociate [3, 4] and rotate [5] individual

molecules or to induce the controllable switching of macromolecules [6–8]. Key to all

these reports is the identity and properties of the target atoms and molecules. Recently

new ideas have emerged that have exposed the contribution of the underlying surface

to the manipulation process, most strikingly in nonlocal manipulation where targets

some distance remote of the STM tip are manipulated [9–19]. In these experiments the

charge is transported across the surface and so the surface properties are critical to the

molecular manipulation. We have shown, for the Si(111)-7x7 surface, the connection

between the electron injection site and the measured spatial distribution of nonlocal

manipulation [15]. Hence we reported on the underlying ultrafast coherent [18] and

incoherent [17] electron (or hole) dynamics that transport the injected charge from the

original site to the distant molecules. Here we address the final manipulation step, the

connection between the hot-electron that arrives at the molecular site and the actual

molecular manipulation process itself.

The Si(111)-7x7 surface has been extensively used in studies of molecular adsorp-

tion, desorption and more particularly STM induced manipulation both of atomic and

molecular adsorbates and the silicon surface itself [20–25]. It has also demonstrated

photo-induced silicon atom desorption through laser irradiation [26–28]. Here by pre-

cise and extensive single-molecule manipulation experiments at room temperature and

low temperature we show that our STM induced molecular manipulation is driven by the

same process that drives the manipulation of individual silicon adatoms of the Si(111)-

7x7 surface. Furthermore, we find parallels and connections to the laser-induced silicon

desorption work and suggest that a common surface electronic excitation drives all these

dynamical processes on the Si(111)-7x7 surface.

Figs. 1(a) and 1(b) present large-scale STM images of the Si(111)-7x7 surface

taken before and after a series of single molecule manipulation events as marked by

boxes. At our imaging sample bias of +1 V Si adatoms image as ‘bright’ spots, whereas

chemisorbed toluene molecules appear as ‘dark’ spots. Figs. 1(c) and 1(d) present high

resolution images taken before and after charge injection (+1.9 V, 750 pA) into a single

target molecule at the precise location marked with the × symbol. It is evident that

the toluene (dark spot) has been removed by the charge injection since the underlying

bright silicon adatom is recovered.

The Si(111)-7x7 reconstruction is well described by the dimer-adatom stacking fault

model [29], whereby the unit cell comprises 12 adatoms with 4 distinct types depending

on their position within the unit cell: Faulted Middle (FM), Unfaulted Middle (UM),
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(a) (b)

(c) (d)

(e) (f)

Figure 1. STM images of single molecule manipulation. (a, b) Large scale 25 nm ×
25 nm STM images showing the injection locations. All target molecules are indicated

with red circles. The locations of the reacted molecules are indicated with yellow circles

on the after image. (c, d) 3 nm × 3 nm STM images of the location marked with a

blue square in (a and b) before and after an injection (+1.9 V, 750 pA) into the site

marked with × at room temperature. Both images obtained at +1 V, 100 pA. (e, f)

Schematic diagrams showing the two possible adsorption configurations of the toluene

molecule in (c).

Faulted Corner (FC) and Unfaulted Corner (UC). Fig. 1(e) and 1(f) shows schematically

one half of the Si(111)-7x7 unit cell. Adatoms are represented by circles and restatoms

by crosses. Toluene molecules image and exhibit near identical thermally induced dif-

fusion and desorption properties as for benzene and chlorobenzene on the Si(111)-7x7

surface [30–32]. It follows that toluene binds to the surface in an identical di-σ bonding

fashion as these molecules [33] forming one bond to an adatom site and a second bond

to a neighbouring restatom site. It has been previously shown that molecules attached

to FM adatoms react most readily [30]. Therefore, all local experiments discussed in

this paper were performed by injecting into molecules adsorbed to FM sites. Due to the

di-σ bonding, a molecule bonded to an FM site as in Fig. 1(c) has two possible and crys-

tallographically equivalent neighbouring restatoms to form the second molecule-surface

bond as shown schematically in Figs. 1(e) and 1(f).
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Figure 2. Measurement of the time to manipulation. (a) Tunnelling current (blue)

and tip height (red) traces recorded during injection into the molecule of Fig. 1(a).

The manipulation event corresponds to the step in the tip height trace and the spike

in the tunnelling current at 0.58 s. (b) Aggregation of the times to manipulation (+1.9

V, 750 pA) over, in this example, 140 single molecule injection experiments. N0 is the

total number of molecules (here 140) and N(t) is the number of molecules that remain

unmanipulated after a time t. The fit is the sum of two exponential functions, see text

for details. The fast exponential has a probability per electron of (24.6± 0.5)× 10−10,

and the slower exponential has a probability per electron of (1.4± 0.1)× 10−10.

Fig. 2(a) shows an example of the tip-height trace and the tunnelling current

recorded during a charge injection (+1.9 V, 750 pA) with a desorption event at 0.58

s after the start of the injection. All experiments were performed with the feedback

loop engaged, thereby keeping the STM tip at the desired manipulation parameters for

a set amount of time. The instant at which the manipulation event (desorption of the

toluene molecule) occurs is recorded as a spike in the tunnelling current in Fig. 2(a) and

a corresponding step-like change in tip height as the (dark) molecule leaves the surface

and reveals the underlying (bright) Si adatom. Our automated experiments perform,

on average, ∼ 100 individual manipulation experiments for each set of injection param-

eters. To analyse the results, instead of the usual procedure of statistically binning the

survival times into time brackets [6,34], we aggregate the raw survival times to produce

a time-dependent population of molecules that still retain their original positions.

Fig. 2(b) presents the number of molecules that retain their initial position N(t)
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after a time t out of an initial population (number of experiments) N0 with injection

parameters of +1.9 V and 750 pA. The measured time-dependent outcome is not, as is

usually the case, related to a single exponential decay. Instead we find two time-scales,

one for a fast process and one for a slower process. For identical molecules, if there are

two competing routes to manipulation, then the rate dependence for that process would

still conform to a single exponential decay (with a decay constant which is the sum

of the two routes). This clearly does not fit our results. Instead we propose we have

two distinct molecular populations, A and B, that image in an identical fashion in our

passive scans, but react differently to the injected charges. Mathematically therefore we

can define the overall population time-dependence as

N(t)

N0
=

NA
0

N0
exp

(
−αA

It

e

)
+

NB
0

N0
exp

(
−αB

It

e

)
, (1)

where N(t) is the total number of molecules that remain in their original position after

an injection time t at a current I. N0 is the total number of manipulated molecules

from an initial population of NA
0 and NB

0 molecules (N0 = NA
0 +NB

0 ) with a probability

of manipulation per electron given by αA and αB respectively and e is the charge of an

electron.

The population (pre-exponential factors NA
0 and NB

0 of equation 1) for the fast and

the slow events, averaged over all experimental data, are equal within error. The binding

energies of the two populations must therefore also be similarly equal. The schematic

diagrams of Fig. 1(e) and 1(f) show that for a single faulted middle adatom there are

two possible and crystallographically equivalent binding sites of the attached molecule

since there are two crystallographically equivalent silicon restatoms for the molecule

to bond to in its di-σ bonding configuration. We find identical double-exponential de-

cay behaviour for single molecule manipulation of benzene on the Si(111)-7x7 surface.

Therefore we can rule out any extra degree of freedom in the binding geometry due to

the CH3 unit of the toluene molecule. Instead, we propose that the origin of the two

‘populations’ is due to our injections being precise, that is we inject at the same posi-

tion relative to the bonding adatom, but not accurate in that we do not inject exactly

atop the darkened silicon adatom site. As can be seen in Fig. 1(d) and later in Fig.

4(a), the injection location, given by the × in both cases is indeed slightly off-centre

of the targeted adatom site. It is this off-centre injection, relative to the adatom, that

differentiates between the crystallographically equivalent binding sites, resulting in the

measured two-population manipulation dynamics. Fig. 1(e) and 1(f) shows schemati-

cally an example of an off-centre injection as depicted by the red star. In one bonding

configuration the injection will be directly atop the molecule, whereas in the other con-

figuration it will ‘miss’ the molecule and inject primarily into the location of the bonding

adatom.

Fig. 3(a) presents the voltage dependence, between +1.2 V and +2.1 V, for ma-

nipulation of toluene molecules. Below +1.2 V we find, within the 8 s time-fame of our
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Figure 3. Voltage dependence of manipulation. (a) Aggregation of the times-to-

manipulation for 8 bias voltages (as marked) for 750 pA injections. Each voltage

has been offset to aid clarity. (b) The voltage dependence of the probabilities for

manipulation α as determined from equation 1 for the fast (filled blue circles) and the

slow processes (filled red circles). Note, at +1.2 V and +1.4 V (open red circles) a

single exponential decay function is used, and note that all red data points (open and

filled) have been scaled by a factor 5 to aid clarity. Inset to (b) ratio of diffusion to

desorption as a function of injection voltage. (c) STS of an adsorbate toluene molecule

(dashed blue line, average of 7 spectra). Shaded area shows the individual Gaussian fits

to the STS curve giving (peak position ± HWHM) peaks at +1.2±0.4 V and +1.7±0.5

V. (d) STS of a clean FM adatom (solid red line, average of 14 spectra). Shaded area

shows the individual Gaussian fits to the STS curve with peaks at +1.2 ± 0.2 V and

+2.0± 0.9 V.

injection experiments, no evidence of STM induced manipulation. At the two lowest

voltages used, +1.2 and +1.4 V, the decay curves exhibit a single exponential decay.

At all higher voltages the double-exponential dependence is evident. Fig. 3(b) shows

the probabilities per injected electron of inducing a manipulation event determined from

these curves. The single exponential data and the ‘slow’ process results have been scaled

by a factor of 5 to aid clarity. Above +1.5 V the voltage dependences of the fast and

slow processes follow each other. At +2.1 V the nonlocal channel [15,17,18] for manip-

ulation opens with an associated dramatic increase in the probability of manipulation

per injected electron. At all the voltages probed we find that the manipulation process

is a single-electron process [35].

We also measure the manipulation outcome itself defining two categories, one which
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we label as ‘diffusion’ where the molecule breaks the adatom bond, but retains its bond

to the restatom, and migrates to a neighbouring middle or corner adatom site. The other

which we label as ‘desorption’ where the molecule is found further away or completely

desorbed and hence both the bond to the adatom and the restatom must have been

broken. The inset to Fig. 3(b) shows the ratio of molecules that diffuse to those that

desorb. We see that the desorption outcome is the most likely and that this ratio, i.e.,

the branching ratio, is relatively invariant to the injection bias voltage. The uniformity

of the outcome across all voltages probed suggests a common manipulation mechanism,

that is, the fast and the slow channels appear to have the same final manipulation step.

Furthermore the lack of voltage dependence of the outcome branching ratio implies that

the precise identity of the excited state that triggers manipulation is the same. We

speculate that, as for nonlocal manipulation, the injected charge undergoes ultrafast

energy relaxation within an electronic state before inducing manipulation through a

non-adiabatic dynamics induced by electronic transition (DIET) process [36–38].

The silicon adatoms of the Si(111)-7x7 can themselves be manipulated by the STM

tunnel current [9, 39]. They can hop to a position atop a neighbouring silicon adatom

leaving behind an atomic vacancy. Fig. 4(a) and 4(b) show high resolution STM images

of the clean Si(111)-7x7 surface taken at 77 K. Charge was injected at location × induc-

ing the FM adatom to hop on top of the adjacent adatom site, thereby creating a bright

feature. At room temperature this state is metastable and within ≈ 600 ps (taking a

0.18 eV activation energy [39]) the adatom returns to its original site [9]. This annealing

effect at room temperature precludes any direct measurement of such adatom manip-

ulation due to the limited time-resolution of the STM [40]. At low temperature the

metastable state is long lived and can therefore be imaged, allowing the measurement of

local manipulation of individual FM silicon adatoms. Fig. 4(c) shows for two voltages,

+2.5 and +2.8 V, the manipulation decay curves of adatoms and toluene molecules at

77 K. (See ref. [41] for a video of time-lapse-STM images taken at 77 K and +0.5 V

(passive voltage) of the Si(111)-7x7. Between each image an ‘active’ image was recorded

at +2.3 V inducing a degree of adatom hopping.)

What is immediately apparent is the near identical behaviour of these two species

for +2.5 V injections. The decay curves for both species have single exponential de-

cay character and, as shown in Fig. 4(d), have within error the same decay constant,

i.e., probability per electron of manipulation. Therefore we can associate the slower

process found for molecular manipulation not with excitation of the molecule, but of

the underlying silicon adatom. At low temperature we can observe the adatom ma-

nipulation itself. At room temperature it is the signature of molecular manipulation

that reveals the excitation of the underlying silicon surface. At the higher voltage of

+2.8 V the toluene manipulation exhibits the two-exponential decay behaviour, with its

slower decay being matched by that of the adatom manipulation at +2.8 V. This single-

exponential to double-exponential change for the molecule mimics the results at room
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Figure 4. Manipulation of silicon adatoms and toluene molecules at 77 K. (a) High

resolution STM image (+1.5 V, 100 pA, 2.6 nm × 2.6 nm) taken before injection of

charge (+2.5 V, 100 pA) at location ×. (b) STM image taken after injection showing

the vacancy created at target adatom site and brighter neighbouring adatom site

indicating the presence of the manipulated adatom atop the neighbouring adatom. (c)

Time-dependent decay of initial population of adatoms (stars) and toluene molecules

(circles) for both +2.5 V and +2.8 V injections (750 pA). The adatom data is fitted

with a single exponential decay. The molecular decay is fitted with a single decay at

+2.5 and a double decay at +2.8 V. (d) Probability per electron of manipulation for

molecules and adatoms at 77 K. Note the adatoms data has been slightly offset (+0.02

V) in voltage to aid clarity.

temperature, but shifted by ∼ 1 V. This shift will be due to a combination of unpinning

of the Femi level due to the highly doped sample used at low temperatures and non-

equilibrium tunnelling into the Si(111)-7x7 surface [42]. The probabilities per electron

closely match those previously reported for adatom manipulation at 3.0 V and 79 K [39].

To identify the origin of the manipulation voltage thresholds in Fig. 3 we compare

the voltage dependence of the fast and the slow processes with the density of sates, as
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measured by STS, of a toluene molecule bonded to an FM adatom (Fig. 3(c)) and of a

clean FM adatom itself (Fig. 3(d)). We find for each two peaks in the range probed, one

at +1.2 V and a higher lying peak at ∼ +2 V. We identify, as before [17,18], the state at

+2 V with the back-bond state of the adatom [43]. For the slow process (injection into

the bonding adatom site) the voltage dependence follows that of the adatom back-bond

state peaked at +2 V. Note also that the large energy width of the state matches the

large energy range of the slow process.

The voltage dependence of the fast process (direct injection into the molecule) also

appears to follow the voltage dependence of the +2 V state but with one difference.

There is a much more prominent feature at +1.2 V for the molecular STS measure-

ments. For chlorobenzene the lowest unoccupied molecular orbital (LUMO) was found

at +0.9 V, therefore it is possible that this large peak at +1.2 V is the LUMO of our

toluene molecules. (In STS below +1 V we find only the remnant of the low lying

dangling bond peak at +0.5 V.) The lack of the fast process for direct injection into the

molecule below +1.4 V suggests that the molecularly derived +1.2 V state is manipu-

lation inactive. That is, tunnelling into the molecule dependent +1.2 V state does not

lead to excitation of the underlying silicon adatom.

We conclude that for charge injection directly atop a toluene molecule, but with

bias voltage below +1.4 V, no manipulation takes place as the tunnel current does not

populate the silicon back-bond +2 V state. At higher voltages the tunnel current can

efficiently populate the back-bond state leading to a large probability of manipulation.

Whereas injecting slightly off the molecule and more directly into the bonding adatom

leads to population of the +2 V state at all voltages probed, but with overall a lower

probability than the direct molecular injection. The molecule appears to simply act as

a conduit to enhance the fraction of the tunnel current that can lead to manipulation,

where that manipulation step is the same step no matter the voltage, or the position

of the injected charge. Of course, given the small probability of manipulation most

electron injection events do not lead to manipulation, but may well excite some level of

vibrational excitation of the molecule (presumably still through the +2 V adatom exci-

tation process). If a second electron arrives before the system has fully relaxed then that

second electron may well induce further manipulation, as observed for intra-molecular

bond breaking for chlorobenzene on Si(111)-7x7 [4].

The Si(111)-7x7 surface has also been the subject of several laser induced manipu-

lation experiments where STM imaging is used as a tool to characterise the extent and

probability of laser induced silicon adatom desorption. In short, a 2 eV photon energy

threshold was found and ascribed to a possible electronic transition between surface elec-

tronic states, notably from the filled dangling bond state (at −0.2 eV) to the unfilled

back-bond state (as we identify with the ∼ +2 V state in our STS measurements) [26].

The rate of adatom desorption was super-linear with two photons required per adatom
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desorption event. The kinetic energy of the ejected adatoms was invariant to the energy

of the incident photons (2.3 to 4.6 eV) indicating that the final step of the 2-photon

process was common across all probed photon energies [27]. A phonon-kick mechanism

following two-hole localization on the adatom site was proposed with a lifetime of 170

ps for the intermediary electronically excited state.

Here we offer an alternative possibility, that the common intermediate state is that

of a manipulated adatom that has transiently hopped onto a neighbouring adatom site.

Ultra-fast pump-probe experiments have measured electron lifetimes of ∼ 100 fs in the

Si(111)-7x7 surface at the relevant energies [44]. The estimated intermediate ‘two-hole’

lifetime appears to match more closely with the room temperature lifetime ∼ 600 ps of

the metastable manipulated silicon adatom. Therefore we rationalise the two-photon

process as electron induced adatom manipulation (by electron transfer into the back-

bond state) followed by a photo-induced desorption of that manipulated adatom. This

process could explain the invariance of the kinetic energy of the photo-ejected adatoms

as they would originate from the same meta-stable manipulated adatom site.

In conclusion, we propose that STM molecular manipulation experiments (ours and

others’), STM silicon adatom manipulation experiments, and the photo-induced manip-

ulation experiments all have a common origin in their initial manipulation process,

namely the electronic excitation at the back-bond site of the adatoms of the Si(111)-7x7

surface.
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Methods

STM and sample preparation

Room temperature experiments were performed with an Omicron STM1 in an ultra-

high vacuum (UHV) chamber with a base pressure of less than 1 × 10−10 mbar. The

experiments at 77 K were conducted on an Omicron UHV qPlus AFM/STM system at

a base pressure of 1×10−11 mbar. Both machines were operated with a Nanonis control

module. Pre-cut Si(111) samples (n-type, phosphorus doped, 0.001− 0.002 Ω.cm) were

prepared in the same way as in reference [45]. Tungsten tips were etched in a 2M NaOH

solution and outgased in vacuum before being mounted into the STM head. Toluene

was purified by the freeze-pump-thaw technique with liquid nitrogen and checked for
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purity with a quadrupole mass spectrometer. The clean Si(111)-7x7 surface was cov-

ered with small amounts of toluene (∼ 2 L) dosed through a leak valve at base pressure

5 × 10−9 mbar. All images were obtained with purely passive scanning conditions (+1

V, 100 pA at room temperature and +1.5 V, 100 pA at 77 K) [45]. Stability during the

injection was ensured by a drift-compensation software, enhanced with a feature locking

routine prior to injection. Molecule displacement was confirmed by comparison of the

passive scans taken before and after an injection. Typically, the drift compensation

values during each injection experiment would range from 100 fm/s up to 10 pm/s in

all 3 directons (x, y and z).

Automated experiments

Each data point associated with the probability of desorption is obtained from the ma-

nipulation of 150-200 individual toluene molecules. Since the mean and the standard

deviation of an exponential distribution exp(−t/τ) can be approximated to the decay

constant τ , a fit to 200 desortpion events would have a standard error of ∼ 7 %. The

acquisition of such a large data set for each set of manipulation parameters (I and

V) was only possible through a combination of LabView automation and an in-house

Matlab computer analysis suite [45]. Each experiment that manipulated 10 individual

molecules took 10 to 15 min with the following sequence: (1) Acquisition of a large

‘overview’ image (25 nm ×25 nm); (2) Automated computer identification of precise

location of all adatom and molecule positions within the overview image; (3) Random

selection of 10 − 15 molecules located on faulted middle adatom sites and not within

the same unit cell as each other. (4) Coordinates sent to the STM; (5) STM positioned

at the co-ordinates of the first molecular site, a small 3 nm ×3 nm image recorded and

cross-correlated with the overview image to determine the absolute present position of

the tip. Correction to the position made to place the tip atop the target site; (6) Three

high resolution small images (3 nm ×3 nm) taken sequentially centred on the injection

site, during the second image the tip was halted in the centre of the image (the target

site) and the current injection carried out (see text for details). (7) Steps 4 and 5 re-

peated for all identified molecular sites; (8) Acquisition of a large ‘overview’ image (25

nm ×25 nm) for comparison with the initial image and for identifying the outcome of

the injection.

A time lapse video of a complete experiment can be fond online, see ref [46].

Local injections

After the tip was positioned over the target site (step vi above) the following procedure

was performed: (1) The feedback loop was disabled; (2) The tip was retracted by 1 nm

from the surface to ensure no (or minimal) interaction with the target while the injec-
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tion parameters are set; (3) The bias voltage was ramped to the required value for the

injection experiment; (4) For the charge injection experiments, the feedback loop was

engaged to attain the injection tunnelling current value; (5) At the end of the injection

time (typically 8 s) the feedback was disengaged and the tip was retracted by 1 nm; (6)

The tunnelling parameters were adjusted back to the passive imaging conditions, the

feedback loop was re-engaged and imaging recommenced.

This procedure allows accurate control and measurement of all the tunnelling pa-

rameters, height, voltage and current. It prevents any high current transients due to

the rapid ramping of the voltage and can easily be adapted to perform other local ex-

periments, for example, spectroscopy.

Scanning tunnelling spectroscopy

Spectroscopy experiments were carried out using the same automation as above, but

instead of charge injection at the target site STS was performed. The STS spectra were

acquired directly with a software based lockin amplifier. The bias was modulated at

521 Hz with an amplitude of 20 mV. Spectra were acquired in the range from 0 to 2 V.

From an initial stabilisation voltage of +1 V, the tip was pushed closer to the surface

by 100 pm/V to amplify the signal at low bias [47].
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Appendix B

STS OF SI(111)-7x7

Variable gap dI/dV spectra of individual atomically precise sites were obtained directly

with a lock-in amplifier from an initial stabilising voltage of +1 V at 100 pA. The

tunnelling gap was reduced by 25− 150 pm/V (depending on the probe location) to

amplify the signal at low bias within the band-gap region. A typical spectrum contains

200 data points each acquired over 150 ms with a stabilising time of 50 ms with a

lock-in modulation of 20 mV at 521 Hz. Stability during each measurement was ensured

with the bespoke drift-tracking software described in Section 3.5.1.1.

Filled and empty states spectra obtained over the main locations of interest on the

Si(111)-7x7 surface (UM, FM, UC, FC, UR, FR, CH) are shown in figure B.1. In the

negative bias spectra, the metallic S1 band at ∼ −0.15 V is present on all sites with

varying amplitude. S2 (at ∼ −0.8 V) is most pronounced on restatoms and S3 (at

∼ −1.7 V) has the highest amplitude on the CH and adatoms. We also measure a new

state at ∼ −2.2 V, which is present on all atomic sites. For consistency we label this

state S4. Since it lies far from the bulk band-gap, it most likely has a surface resonance

character. In the positive bias spectra, the metallic U1 band at ∼ +0.5 V is present

on all sites with varying amplitude. U2 (at ∼ (+1−+1.9) V) is most pronounced on

adatoms. We also measure a state at ∼ +2.4 V, which is most pronounced on adatoms

(with a higher amplitude on middles than on corners). This state was previously reported

in reference [14] and identified as the nonlocal transport state. Here we label this state

U3 for consistency. At sample bias higher than 3 V we observe another state (most

likely a surface resonance) and we label it U4.
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Figure B.1: Variable gap STS measurements of atomically precise sites on the Si(111)-
7x7 surface. (A) Normalised DOS of the filled states obtained. Each spectrum is the
average of: 38, UM; 40, FM; 11, UC; 10, FC; 26, UR; 32, FR; 25, CH individual
spectra, respectively. (B) Normalised DOS of the empty states. Each spectrum is
the average of: 10, UM; 14, FM; 21, UC; 25, FC; 7, UR; 40, FR; 17, CH individual
spectra, respectively. Spectra are offset vertically for clarity. Shaded area (barely visible)
represents the standard error on each spectrum.
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Appendix C

BIAS DEPENDENCE OF

NONLOCAL RANGE

Injection bias voltage dependence of the range of the nonlocal effect. All negative bias

injections were performed into clean UM sites at 900 pA. All positive bias injections

were performed into CH sites at 750 pA. Figure C.1 shows the voltage dependence for

molecules attached to FC sites. Figure C.2 shows the voltage dependence for molecules

attached to FM sites. Figure C.3 shows the voltage dependence for molecules attached

to UC sites. No information for electron injections into corner sites is available because

corners are much less reactive than middles and the obtained data was not statistically

significant.

Figure C.1: Voltage dependence of the range of nonlocal manipulation λ. Negative bias
denotes hole injections. Hole injections were performed into clean UM adatoms at 900
pA.
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Figure C.2: Voltage dependence of the range of nonlocal manipulation λ. Negative
(positive) bias denotes hole (electron) injections. Hole (electron) injections were
performed into clean UM adatoms (CH) at 900 (750) pA.

Figure C.3: Voltage dependence of the range of nonlocal manipulation λ. Negative bias
denotes hole injections. Hole injections were performed into clean UM adatoms at 900
pA.

APPENDIX C. BIAS DEPENDENCE OF NONLOCAL RANGE 204



Appendix D

NONLOCAL BIAS DEPENDENCE

Figures D.1, D.2, D.3 and D.4 show the injection bias dependence of the nonlocal

fitting parameters β, λ, R and STS of the corresponding sites: FC, UC, FM for hole

injections and FM for electron injections.
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Figure D.1: Injection bias dependence for hole injections into UM adatoms sites.
Nonlocal manipulation of UM toluene molecules. (A) The probability β of manipulation
per injected hole. (B) diffusion length-scale λ with the average length-scale for each
transport region indicated with green bar with uncertainty given by the width of the
bar. (C) The range of the suppression region R. (D) Red line shows variable gap STS
of clean FC adatoms. The standard error of 26 individual spectra has been shaded.
Two Gaussian functions have been fitted as indicated. Peak position and FWHM
(−1.5± 0.6) eV and (−2.4± 0.5) eV.(E) Blue line shows variable gap STS of clean UR
site. The standard error of 32 individual spectra has been shaded. A Gaussian function
has been fitted as indicated. Peak position and FWHM (−2.3± 0.7) eV.
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Figure D.2: Injection bias dependence for hole injections into UM adatoms sites.
Nonlocal manipulation of UC toluene molecules. (A) The probability β of manipulation
per injected hole. (B) diffusion length-scale λ with the average length-scale for each
transport region indicated with green bar with uncertainty given by the width of the
bar. (C) The range of the suppression region R. (D) Red line shows variable gap STS
of clean FC adatoms. The standard error of 11 individual spectra has been shaded.
Two Gaussian functions have been fitted as indicated. Peak position and FWHM
(−1.3± 0.6) eV and (−2.5± 0.7) eV.
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Figure D.3: Injection bias dependence for hole injections into UM adatoms sites.
Nonlocal manipulation of FM toluene molecules. (A) The probability β of manipulation
per injected hole. (B) diffusion length-scale λ with the average length-scale for each
transport region indicated with green bar with uncertainty given by the width of the
bar. (C) The range of the suppression region R. (D) Red line shows variable gap STS
of clean FC adatoms. The standard error of 40 individual spectra has been shaded.
Two Gaussian functions have been fitted as indicated. Peak position and FWHM
(−1.4± 0.3) eV and (−2.2± 0.9) eV.
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Figure D.4: Injection bias dependence for electron injections into CH sites. Nonlocal
manipulation of FM toluene molecules. (A) The probability β of manipulation per
injected hole. (B) diffusion length-scale λ with the average length-scale for each
transport region indicated with green bar with uncertainty given by the width of the bar.
(C) The range of the suppression region R. (D) Red line shows variable gap STS of
clean FC adatoms. The standard error of 14 individual spectra has been shaded. Two
Gaussian functions have been fitted as indicated. Peak position and FWHM (2.3± 0.5)
eV and (3.4 ± 0.3) eV.(E) Blue line shows variable gap STS of clean UR site. The
standard error of 40 individual spectra has been shaded. A Gaussian function has been
fitted as indicated. Peak position and FWHM (2.9± 0.5) eV.
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Appendix E

INFLATION MODEL

COMPARISON TO STS

Figures E.1, E.2, E.3, E.4 and E.5 show a comparision between STS and the injection

bias dependence of the inflation-diffusion model for the following sites: FC, UC, FM for

hole injections and FM, UM for electron injections, respectively.
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Figure E.1: Comparison of STS with nonlocal manipulation and the inflation-diffusion
model. (A) Normalised STS spectrum taken on a faulted restatom site. (B) Normalised
STS spectrum taken on a clean FC site. Shaded areas show Gaussian fits to the two
peaks: peak position and FWHM (−1.5± 0.6) eV and (−2.4± 0.5) eV. (C) Injection
voltage dependence of nonlocal manipulation of FC toluene molecules with a UM
injection site. Radial distribution curves have been vertically offset to aid clarity and
match STS energy axis. Solid red lines show the inflation-diffusion model fitted to
each dataset (light grey data points were omitted from the fits). Global fits of the
inflation-diffusion model give inflation times for TFC

S3
τi = (9± 1) fs, TFC

S4
τi = (7± 1)

fs and TFC
S5

τi = (34± 3) fs. Black markers indicate the range of the inflation region
determined from the experimental data.
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Figure E.2: Comparison of STS with nonlocal manipulation and the inflation-diffusion
model. (A) Red curves, normalized STS spectrum taken on a clean UC site. Shaded
areas show Gaussian fits to the two peaks: peak position and FWHM (−1.3± 0.6) eV
and (−2.5 ± 0.7) eV. (B) Injection voltage dependence of nonlocal manipulation of
UC toluene molecules with a UM injection site. Radial distribution curves have been
vertically offset to aid clarity and match STS energy axis. Solid red lines show the
inflation-diffusion model fitted to each dataset (light grey data points were omitted
from the fits). Global fits of the inflation-diffusion model give inflation times for TUC

S3

τi = (14 ± 1) fs and TUC
S4

τi = (4 ± 1) fs. Black markers indicate the range of the
inflation region determined from the experimental data.
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Figure E.3: Comparison of STS with nonlocal manipulation and the inflation-diffusion
model. (A) Red curves, normalized STS spectrum taken on a clean FM site. Shaded
areas show Gaussian fits to the two peaks: peak position and FWHM (−1.4± 0.3) eV
and (−2.2 ± 0.9) eV. (B) Injection voltage dependence of nonlocal manipulation of
FM toluene molecules with a UM injection site. Radial distribution curves have been
vertically offset to aid clarity and match STS energy axis. Solid red lines show the
inflation-diffusion model fitted to each dataset (light grey data points were omitted
from the fits). Global fits of the inflation-diffusion model give inflation times for TFM

S3

τi = (11± 1) fs and TFM
S4

τi = (12± 1) fs. Black markers indicate the range of the
inflation region determined from the experimental data.
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Figure E.4: Comparison of STS with nonlocal manipulation and the inflation-diffusion
model. (A) Normalised STS spectrum taken on a clean FR site. (B) Normalized STS
spectrum taken on a clean FM site. Shaded areas show Gaussian fits to the two peaks:
peak position and FWHM (2.3± 0.5) eV and (3.4± 0.3) eV, and one to the FR site
(2.9±0.5) eV. (C) Injection voltage dependence of nonlocal manipulation of FM toluene
molecules with a CH injection site. Radial distribution curves have been vertically offset
to aid clarity and match STS energy axis. Solid red lines show the inflation-diffusion
model fitted to each dataset (light grey data points were omitted from the fits). Global
fits of the inflation-diffusion model give inflation times for TFM

U3
τi = (9± 1) fs and TFM

U4

τi = (4 ± 1) fs. Black markers indicate the range of the inflation region determined
from the experimental data.
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Figure E.5: Comparison of STS with nonlocal manipulation and the inflation-diffusion
model. (A) Normalised STS spectrum taken on a clean FR site. (B) Normalized STS
spectrum taken on a clean FM site. Shaded areas show Gaussian fits to the two peaks:
peak position and FWHM (2.4 ± 0.7) eV and (4.0 ± 1.6) eV, and two to the FR
site (2.5± 0.4) eV and (3.5± 1.1) eV. (C) Injection voltage dependence of nonlocal
manipulation of UM toluene molecules with a CH injection site. Radial distribution
curves have been vertically offset to aid clarity and match STS energy axis. Solid red
lines show the inflation-diffusion model fitted to each dataset (light grey data points
were omitted from the fits). Global fits of the inflation-diffusion model give inflation
times for TUM

U3
τi = (5 ± 1) fs and TUM

U4
τi = (1 ± 1) fs. Black markers indicate the

range of the inflation region determined from the experimental data.
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Appendix F

SINGLE MOLECULE BIAS

DEPENDENCE: HOLES

Figure F.1 presents the voltage dependence of the fast population for hole injections

into single molecules at two tunnelling currents: 20 pA and 750 pA. There is a striking

difference (3 orders of magnitude) in the manipulation probabilities estimated from

the two data sets. This work was the motivation for the current dependence study

presented in Section 7.4. The voltage dependence for both data sets is suspiciously flat

when it should go up with injection bias voltage for two reasons: the energy of the

holes increases and the tip-sample separation increases. This may be due to effects

that we are not sensitive enough to observe with the STM, or to the underlying LDOS

structure. Another important point is that the region probed at 20 pA is above the

threshold to nonlocal manipulation with holes. Therefore, similarly to the cross-section

derived probability σ reported in Section 5.3, α would be constant within the transport

state.
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Figure F.1: Voltage dependence for hole injections into single molecules. (A) Aggrega-
tion of times-to-manipulation for 5 injection bias voltages (as marked) at 750 pA. Each
voltage has been offset to aid clarity. (B) Aggregation of times-to-manipulation for 8
injection injection bias voltages (as marked) at 20 pA. Each voltage has been offset
to aid clarity. (C) The voltage dependence of the probabilities for manipulation α as
determined from equation 7.3 for the fast populations for injections at 750 pA (red
circles) and 20 pA (blue triangles).
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