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Abstract

The scanning tunneling microscopy (STM) of single molesuias become a prominent
experimental method in the field of molecular electroni¢shals been found that in STM
experiments, when an electric current flows through a singigecule, the molecule may
luminesce. This electroluminescence, in conjunction writlditional STM data, provides
a potentially important additional degree of freedom fodemstanding nanoscale systems.
This thesis describes exploratory theoretical work on #ely emerging phenomenon of
molecular electroluminescence, and its relationship ¢osttanning tunneling microscopy
of single molecules. A local electrode framework is progiesly developed, in order
to explain single-molecule electroluminescence data dsasesimulating STM current-
voltage characteristics and topographic maps for molecotecomplex substrates. The
molecule Zn(ll)-etioporphyrin | is chosen for detailed Bsés and comparison with exper-
iment. Electron transport is studied using Landauer théoay relates electric current to
the transmission probability for an electron to scatteotigh the molecule. The theoreti-
cal approach utilizes tight binding and extended Huckelagghes for the electrodes and
molecule, a charge-conserving scheme to self-consigteratlel the influence of electric
fields and electric currents on the molecular energy levetsire, and Fermi’s golden rule
in calculating electroluminescence. A single coherenm&aork is ultimately achieved
that explains for the first time both the electric currentadatd molecular electrolumines-
cence in a molecular system and elucidates the physics lyimdea rich and previously
puzzling array of interlinked optical and transport pheeoa
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Chapter 1
Introduction

In these early years of the 21st century, we find ourselvestaldxplore deeper and deeper
into our world, a quantum mechanical world that is not at dbtit seems at our intuitive
human length scales.

We may now probe length scales tens or hundreds of thousditises smaller than
the thickness of a human hair. When we do this, we do not Iifetake" what is hap-
pening. At such a small length scale (the nanoscale), theypaxticle duality of quantum
mechanics is paramount, and we must think of matter and iigterms of amplitudes in
order to understand what is happening. Instead of simplgrebgy a system under intense
magnification, we must use our knowledge of quantum physigsetform and interpret
experiments of the nanoscale.

The scanning tunneling microscope (STM) is one of the pryntaols that has been
developed in the last 30 years for this purpose. Operatinigutihe principle of electron
tunneling, the STM provides a measure of the local densisyaies (LDOS) for the system:
A bias voltage is applied between the STM tip and sample, &tdrens tunnel from the
tip to available states in the sample (or from sample to tipeaersed bias). As the bias
voltage is increased, new electronic states become alaiflabtransmission. The electric
current at a given bias is measured for a certain positioheSTM tip above the sample.
The tip can then be moved laterally across the sample, asasefértically. In this way,
an electric current map of the surface, or a topographic mapcanstant current, may be
constructed. This map is related to the geometrical stracitithe sample surface, but not
in the direct visual way as we are accustomed to when we viawgshwith our eyes or

1



CHAPTER 1. INTRODUCTION 2

with optical microscopes. Interpreting the physics of éhegstems, where we have limited
knowledge, is a vital, challenging issue in the field of tlei@al nanophysics.

Experimentally, the STM has undergone a transformatiom fuse mainly as a passive
instrument measuring the LDOS of a sample, into an activepoorant of experimental
systems. One example of this is its use as one of the elestfod@ molecular wire: A
molecular wire is a single molecule (or a few molecules) tbahs an electrically conduct-
ing bridge between a pair of metallic electrodes. When an Sph4 placed above a single
molecule on a metallic substrate, it acts as one of thes&etiss, and the substrate as the
other. The behaviour of the molecular wire is largely degenan the interaction of the
molecule with the electrodes. In the last 15 years, thesestgh STM experiments have
flourished in the laboratory.

Theories of varying degrees of complexity have been usedderdo try to under-
stand the results of these experiments. While there has Ig@ficant success, there is a
fundamental issue theorists are constantly coming up agaimen attempting to interpret
experimental results. Since on the nanoscale we can natlglisze our experimental sys-
tems, the detailed structure and composition of a systeffites anknown. Hence, if theory
does not agree with experiment, the theory may not be adequat may be adequate but
with improper assumptions for the experimental system.il8ity, if a theoretical result
is in agreement with an experimental result, there is oftéinasquestion of whether the
theoretical result is valid, or whether the theory is inectrbut includes assumptions for
the system that have lead to a result that agrees with expetim

Part of the solution to these issues is to do experimentstterlmietermine the structure
and composition of the system. In this way, we may more dafaiyt determine which
theoretical approaches are best able to describe the mgurgal system. Another neces-
sity is to compare a whole range of different kinds of expenital data with theoretical
calculations, as well as using the predictive power of thettrereby determining which
theoretical approaches and assumptions better describpradict experimental results.
However, until recently, for the STM study of systems of &nmolecules on substrates
there have been few degrees of freedom for experimentahaaddtical comparison: Scan-
ning tunneling microscopy mainly involves studying cutrgaltage (I-V) characteristics
and STM-generated topographic images of molecules. Whilehnmsight into the elec-
tronic properties of these systems has been obtained bgtlglistudying electric current
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in these ways, the lack of additional degrees of freedom mdkénitive theoretical and
experimental comparisons very difficult.

Recently, however, a new phenomenon occurring in STM/mtgésubstrate systems
has been discovered. It has been observed that when ancetestent flows between an
STM tip and substrate through a single molecule, the modecuire may give off light
(photons) in the process.[1, 2, 3, 4, 5, 6] By studying the neaddi this molecular electro-
luminescence, in parallel with more traditional STM |-V caeteristics and topographic
images, a crucial degree of freedom may be gained for theaf@ind experimental com-
parison. As well, this area of study may help advance nargipsyoward an emerging
field of single-molecule photonics.

The unique aspect of single-molecule electroluminescendaat it is fundamentally
molecular-basedn contrast to the more well-understood phenomenon ofpdasmediated
photon emission: Plasmon-mediated emission occurs due titeicay of collective electron
oscillations in the STM tip or the substrate surface (or pathlled plasmons. It is seen
in STM systems above bare metallic substrates,[7, 8] andbmaamplified or weakened
by the presence of molecules in the tip/substrate juncttorhanced photon emission has
been observed in STM tip/molecule/substrate experimemte she early 1990s, but it was
unclear until recently whether the emission observed waisdd to an amplification of the
plasmon-based emission observed on bare metallic suffced] or whether there was an
intrinsically molecular-based photon emission mecharasmwork. Recently, it has been
definitively demonstrated that electric current flow thrbwgmolecule may indeed cause
the molecule to luminesce, due to molecular orbital eletréeransitions; that the photon
emission process is not limited to the decay of plasmons12]L

Single-molecule electroluminescence is a new experirhphtenomenon that has un-
dergone an extremely small amount of theoretical investigaThe first theoretical study[13]
(Buker and Kirczenow, 2002), predicted molecular electrohescence to occur in cases
where the tip-molecule and molecule-substrate couplirgeeasonably symmetric in strength.
Since then, it has been found experimentally that a thinlatisigy layer separating the
molecule from the substrate (in order to reduce the molesuitestrate coupling), is usually
necessary in order to successfully observe electrolurceme®.[11, 12] A prime exam-
ple of this condition was found in the STM study of the Zn-ptigohyrin molecule on a
NiAl(110) substrate.[11] The molecule did not luminescetioa bare NiAl(110) surface,
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but if the surface was oxidized and formed a monolayer (a hajté a thickness of only one
molecule) of aluminum oxide (AD3) on which Zn-etioporphyrin molecules were placed,
photon emission was found to sometimes occur.

Theoretically, this system is extremely difficult to predis model. The monolayer
of Al,O3 has a large, complex unit cell and is non-commensurate \wehunderlying
NiAl(110) lattice. The geometry of the molecule/substratection is unknown. This is
a classic example of the fundamental issue theorists et@mowmnen studying nanoscale
systems: not understanding the atomic-scale details afytbiem, thus preventing sophis-
ticated theoretical models from being developed.

In this system, however, there is a new degree of freedomhfaretical and experi-
mental comparison: photon emission data. In the expersnéme observation of single-
molecule electroluminescence was dependent on the locatithe molecule on the sur-
face. Some locations yielded electroluminescence, anc stichnot. Photon emission
results were presented in conjunction with more traditi®@¥&M measurements (I-V char-
acteristics and topographic images). Results from all thypes of data depended on the
location of the molecule above the substrate. This has @pepehe intriguing possibil-
ity of investigating this system with littl@ priori understanding of the geometry of the
molecule/substrate junction.

With no previous theoretical work modelling this type of erment, and theories of
single-molecule electroluminescence in their very infartbis thesis aims to provide a
new framework for studying such systems, investigatinghensame theoretical level both
the scanning tunneling microscopy and the electrolumigrese of single molecules. A pri-
mary focus of the thesis is the development tfcal-electrode approacfor understanding
single molecule STM and electroluminescence data, usefuases today where there is a
thin insulating layer with a complex atomic structure sepiag the molecule from the sub-
strate, as well as for possible future cases where there mayultiple well-defined local
electrodes to the molecule.

In Chapter 2, the experimental and theoretical backgroumiesented. The chapter
touches on some of the early experimental work that providedhitial motivation for the
topic of this thesis. In addition, a simple model for singielecule electroluminescence,
that formed the basis of my M.Sc. thesis, is presented. Soagttheory is briefly reviewed,
and theminimal charging approximatigrused for a real system later in this thesis (Chapters
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5-6), is introduced.

Chapters 3 and 4 focus on an investigation of single-molesté@ning tunneling mi-
croscopy. In Chapter 3, aspects of the simple model of thaqus\chapter are built upon
in creating a model STM system. The model usdscal electrode approacto calcu-
late current flow through the molecule, treating the STMntiplecule coupling and the
molecule-substrate coupling on the same theoreticalrfgpboth adocal electrodes cou-
pled to the molecule. With this model, STM current maps magdiestructed for compar-
ison with experiment. Chapter 4 uses the model described ipt€ha to investigate the
scanning tunneling microscopy of a real molecule - Zn-&tippyrin. The geometric and
electronic structure of the molecule is determined, anduardifferent current maps are
constructed for different possible couplings of the moleauth the substrate and energy
level alignments. These maps are compared with experirapdtthrough this comparison
we gain information about the experimental system, incigdihe nature of the coupling of
the molecule to the substrate.

Chapters 5 and 6 focus on the investigation of single-moéeelédctroluminescence.
Using the techniques and conclusions of all of the previdapters, these two chapters
bring together into a single model the theoretical invetian of conventional STM |-V
characteristics and electroluminescence data. Chaptea®issentation of the general
model approach that is implemented. Here, a more sophisticgersion of theminimal
charging approximatiorthat is presented in Chapter 2 is implemented. Expanding®n th
technique presented in Chapter 3, multiple local electradesised in order to model STM
I-V characteristics and photon emission. The thesis cudiemin Chapter 6, with the im-
plementation of this model for the Zn-etioporphyrin moliecuvarious subtle challenges
are worked through, and results using three classes of mlelsabstrate couplings are
compared with experimental data. Many experimental reshéit were previously not un-
derstood are explained. The success of the model in exptpibath conventional STM
data as well as electroluminescence data should serve alarbark for the development
of more sophisticated theories. As well, it should help i@ #thievement of a better un-
derstanding of single-molecule electroluminescence,mock generally contribute to the
development of the emerging field of single-molecule phictan

The thesis is concluded by summarizing the important firgliagd possible directions
for future research in this area.



Chapter 2

Background

2.1 Experimental motivation

Since the 1990s, there have been experiments conducted lenuta® monolayers, using
a scanning tunneling microscope, that have hinted at thsilgbty of molecular electrolu-
minescence.

By attaching a photon detector to the standard STM appanafwson emission from
the system, in addition to electric current, may be deteete@ function of bias volt-
age or tip position. Early experiments detected photon gomsfrom bare metal[7, 8]
or semiconducting[14, 15] surfaces, and theories explaithiss emission to be related to
the decay of tip-surface plasmons[8, 16].

In later experiments, molecules were placed inside theuiface junction, and in vari-
ous cases enhanced photon emission was observed[1, 2,,&]4Cme of the early exam-
ples of this is seen in Figure 2.1. In this experiment, an SipM¢ans across a monolayer
of Cgo fullerenes (buckyballs) on an Au(110) surface. Photonsvdetected with a lens
and photomultiplier. Intense emission is observed wherSthe! tip is placed above an
individual Cso molecule. Fig. 2.1 illustrates the potential of scannimgling microscopy
to use photon emission properties of a system to gain extpeewésion.

Another elegant example of molecule-dependent photonssmnignvolves reduced and
oxidized alkanethiol monolayers adsorbed on Au(111)[4].ekperiments by Poirier, a
monolayer of reduced decanethiol is adsorbed on a Au(1Xigcgy after which the thi-
olate monolayer is partially oxidized, to form a mix of reddcand oxidized decanethiol.

6



CHAPTER 2. BACKGROUND 7

)
:
g

Figure 2.1. Photon intensity map of g@monolayer on an Au(110) surface. Individual
molecules separated by about 10 A are clearly resolved oRleohission intensity is peaked
when the STM tip is above agg molecule. (Reproduced from Ref. [17] with permission
from the author.)

An STM constant-current topograph of the sample is gengraie well as a photon map,
which measures the photon emission on the same region ofitfecs as the topograph.
Comparing the photon map with the topograph, one noticeshieateduced regions have
about 35% greater photon emission than the oxidized redsmesFig.2.2).

These and a few other similar experiments gave me the inidivation for a theoret-
ical investigation of single molecule electrolumineseznét the time (2001) there were
only a small number of STM experiments providing evidenaetliss phenomenon, and
it was an open question whether photon emission was alwaytedt to an amplification
of plasmon-mediated photon emission,[9, 10] or whetheomes cases there could be an
inherently molecular-based mechanism for photon emission

In the years since, it has been definitively demonstratexlitiir STM experiments that
electric current flow through a molecule may indeed causernbiecule to luminsece[11,
12] due to molecular orbital electronic transitions. Th@emments by Qiu, Nazin and
Ho[11] yielded a particularly intriguing and rich set of uéts. In these experiments, single
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Figure 2.2: Simultaneously acquired STM topograph andgrhatap of a partially oxi-
dized alkanethiol (CB{CH,)9SH) monolayer on Au(111). Maps are 1000 by 1000A. (A)
Constant current topograph. The light regions are redutedgark regions are oxidized.
(B) Corresponding photon map. Light regions represent grgdtaeton emission. Notice
the similarities in the two pictures. Reduced regions predalcout 35% greater photon
emission than oxidized regions. (Reproduced from Ref. [4hw&rmission from the au-
thor.)

Zn-etioporphyrin molecules were studied with an STM, on Al{i10) surface that had
been oxidized to form a 5 A thick film of ADs separating each molecule from the sub-
strate. Fig. 2.3 shows a sample of interesting results. beipg on where the molecule is
placed above the substrate, different STM topographs aduped and the molecule may
or may not be found to luminesce. These experiments ares$isdun detail in Chapters 4
and 6.
The experiments listed above have provided a continuingvatain for investigation

into the electroluminescence and scanning tunneling rmdaoy of single molecules, and
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Figure 2.3: From Qiwet al.. (Ref. [11]). Reprinted with permission from AAAS. STM
topographs and dI/dV curves for Zn-etioporphyrirnd@4/NiAl(110), for molecules at dif-
ferent locations on the substrate. (A-F) Topographs ardl/dtlrves representative of the
various molecular images observed. Topographs are 32 by Gade B was most com-
monly observed (30% of the time). Molecular electrolumcssse was observed for cases
A and B but not for C-F.

how the two phenomena are related and connected.

2.2 Modelling a simple molecular wire

A starting point for understanding single molecule eldamminescence lies in studying
electron transport and photon emission from a simple médeauire, work that in 2003
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formed the basis of my Master’s Thesis. The rest of this @ragintains a necessary pre-
sentation of this work, that this Doctoral Thesis greatlijjdsuupon in following chapters.

In order to model electron transport through a moleculaewira simple way, a method-
ology using Landauer theory for evaluating electronic entis presented. Landauer theory
relates electronic current to the scattering of singletedes.[18, 19] For a one-dimensional
wire connecting two reservoirs of electrons, the condwsat infinitesmal bias is related
to the transmission probability for an electron to scattemfone reservoir to the other. The
relation is

2¢?
whereEr is the Fermi energy of the reservoirs. Generalizing to fibites V and finite

temperature T, the following formula for current is obtaine

1(V) = ZFe/_o;dET(E,V) ( ! ! ) 2.2)

e(E—us)/KT 1 1 "~ e(E—pp)/KT +1

whereus = Er +¢eV/2 andup = Er —eV/2 are the electro-chemical potentials of the source
reservoir and drain reservoir respectively. The distidudf electrons incident from the
source and drain reservoirs at finite temperature is givehdyermi functions that appear
in the above formula. FoF = 0 K, this formula reduces to

(V) = %e/u:SdET(E,V) 2.3)

Thus, if electron transmission probabilities for a molecwiire are known, Landauer the-
ory can be utilized to calculate the electric current thiotlge molecular wire.

For a simple molecular wire system, the transmission pndibator an electron may be
calculated using the generic model now presented. Theatkimurpose of this exercise is
to develop a basic qualitative picture of the underlypigpton emissiomechanism, upon
which to build.

Each metal electrode is modeled as a one-dimensionalltigbtng chain. The molec-
ular wire is modeled in the simplest possible way: as a paatois placed next to the
origin, forming a bridge between the two electrodes (seeZ#). The model Hamiltonian
of this system may be thought of as having three parts: thees@nd drain electrodes, the
molecule, and the interaction between the electrodes andtllecule. These parts may



CHAPTER 2. BACKGROUND 11

Source | |Molecule Drain

Figure 2.4: A schematic diagram of a simple molecular wirbe Source and drain elec-
trodes are semi-infinite. The two atoms in the center rept¢be molecule.

be written adH = Hglectrodest Hmolecule+ W, WhereW is the interaction term. To capture
the physics in a simple way, in this model each atom of thecgoand drain electrodes is
represented as a site consisting of one valence electrdniialo The Hamiltonian for the
source and drain electrodes may be written as

-1
Helectrodes= Z 8L|n><n| + B(|n><n - 1| + |n_ 1><n|)

N=—o0

; ieR!n><nl+B(|n><n+ 1] +[n+1)¢nl), (2.4)

whereg| ander are the site energies of the source and drain electr@dissthe hopping
amplitude between nearest neighbour electrode atoms$harepresents the valence orbital
at siten of one of the electrodes. The Hamiltonian for the moleculg beawritten in terms
of its atomic basis as well:

Hmolecule= €a|@) (a] + €o|b) (b + Ban(|a) (b| + |b)(al), (2.5)

wheree, andey, are the site energies of atomsindb of the molecule, an@,, is the hop-
ping amplitude between the atomic orbitg$ and|b) of the molecule. The site energies
€a andgp of the molecule are affected when a bias is applied. Thiseieamportant and
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is discussed in Sec. 2.4. The Hamiltonian for the interadtobetween the electrodes and
the molecule is

W = B-1a(] = 1)(a +[a){—1]) +Bun(|1) (b] + |b)(1]), (2.6)

wheref_1 4 andy , are the hopping amlitudes between atarof the molecule and the
source electrode, and between atomnd the drain electrode, respectively. In this simple
first model, all of the orbitals of the different atoms are sidered to be orthogonal. In
Chapters 3-6, this model will be extended to include nongoinality of atomic orbitals in
the molecule and of electrode orbitals coupled to the mddecu

When a bias is applied, the site energiesander of the electrodes are affected such
thatel = €electrodest €Vbias/2 aNUJER = Eelectrodes— €Vbias/ 2, Wher€EelectrodedS the common
zero-bias Fermi energy.

Since the molecule is attached to semi-infinite electrodésperiodic potentials, elec-
trons exist in the electrodes in the form of Bloch waves, ardkugo reflection or transmis-
sion when they encounter the two-atom molecule. Their waketions are of the form

W)= (€94 re ) n) 4 S te*™n) + cala) + colb), (2.7)
n<0 n>0

whered is the lattice spacing, arté&andr are the transmission and reflection coefficients. By
performing the simple calculatiofm|H|W) = E(n|W), a simple expression for the electron
energy band may be obtaineH:= ¢; + 2Bcogkd). This equation holds for botf = g
andg; = €R, so when an electron with initial wave vectoundergoes transmission, its wave
vector changes (t) due to the difference betweepandeg. Similarly, by applying(—1],
(al, (b[, and(1| to H|W), expressions for the transmission and reflection coeffistesmdr
may be obtained,[13] as well as expressions for the coetS@grandcy,, representing the
amplitude for the electron on the molecule. The transmisgrobability is given by

— ’t‘ZV( ) _| IZSIn( )
v(k) sin(kd)

wherev(k) is the velocity of an electron at wave vectorOnce we know for the relevant
electron energies, the total electric current in the mdércwire may be calculated using

(2.8)



CHAPTER 2. BACKGROUND 13

Eq. 2.3. (The temperature is assumed to be 0 K.)

2.3 Photon emission from a molecular wire

To calculate photon emission from a molecular wire, we mag/ the expression for the
spontaneous emission rate of a system emitting photonsmpay space,[20] derived using
Fermi's Golden Rule. The emission rate is given by

4e2w°
| W XU 2 2.9)

wherey; and; represent initial and final states, aha is their difference in energyn
this thesis, the words state and wave function are considerbd tnterchangable.

For the case of the simple two-atom molecular wire that issw@red in this chapter,
with photon emission only considered from the moleculasstandb, the emission rate
is calculated to be approximately

3
R= 222 i (Al + 65 roni (DI 2.10)
wherei and f label initial and final states. The overlap teriasx|b) and (b|x|a) are ne-
glected since they should be small compare¢htr|a) and(b|x|b). Approximating(a/x|a)
and (b|x|b) by the locations of their atomic centegx|a) = —b/2 and(b|x|b) = b/2 (b
being the molecular bond length). Thus, in this system the fiar an electron in initial
statei to undergo a transition to a final statelower in energy byhw, and emit a photon is

given by
e2w3b?

R(ki, w) = e |Ch.£Cb,i — C, (2.12)

To calculate the emission rate as a function of photon enatbglectron states of the
system, incoming from both the source and drain electrotest be considered. Since
the temperature is assumed to b€, @ll states up to the electrochemical potential of the
appropriate electrode are occupigd. must be initially unoccupied, and it must be of lower
energy than);. Therefore, it is appropriate to consider transitions frooeupied initial
states that armcoming from the sourgeo final statesvithin the electrochemical potential
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Figure 2.5: A schematic energy level diagram of a moleculeg wansition.

window that are incoming from the draias shown in Fig. 2.5. This is an important but
subtle point: The coefficients expressed in Eqg. 2.11 areiandpk for the molecular part
of the delocalized electron staf@vave function) expressed in Eq. 2.7. Thus, when a final
(delocalized) state for a transition is considered, foo ibé an unoccupied state it must be
a state incoming from the drain electrode, that is above lg®rechemical potential of the
drain electrode.

After normalizing the wave functions and converting the swrark states (and spin)
into an integral over energy, an expression for the photoisgaon spectrum (for a given
bias voltage) is obtained:

1 ks R(ki, w) _
(@) =5 /wﬁwmda. (2.12)
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2.4 Minimal charging approximation

As a bias is applied to a molecular wire system, the enerdiggeanolecular orbitals will
be affected. For instance, whenever the electrochemit¢ahpal of one of the electrodes
of a molecular wire crosses a molecular orbital energy lasel result of an applied bias, a
new channel for electron transmission through the moleisuteeated. This may result in
a change in the total charge of the molecule. This changesimiblecular charge affects
the electrostatic component of the energy of each of theadshicausing the energy levels
to shift such that the actual charging that takes place isregulimited.[21]

For the model presented in this section, the shift of the mdér orbital energy levels
in response to the applied bias is approximated by adjustirend €, equally so as to
maintain the net charge that the molecule has at zero bilsis approximation of the
molecular levels with bias is physically reasonable andamaibly similar to that obtained
from ab initio calculations for some molecular wire systems.[22]

To calculate the total molecular charge, all of the eigdastaf the system, given by
Eq. 2.7, are projected onto the bondir@) @nd antibonding@x) orbitals of the isolated
molecule. Once the total charge is determined, the paras®tande, are adjusted until
the charge reaches the level of the net charge at zero bias.

For further details of the model, one may wish to read [13].

2.5 Model Results

Here is a summary of a few of the interesting results that cantef this model. For a
comprehensive presentation of model results, one shoatt[1e3].

2.5.1 Symmetric molecule-electrode couplings

The simplest case for this model is that of equal moleculgesand molecule-drain cou-
plings, with the HOMO-LUMO gap centred &¢. Fig. 2.6(a) shows how the source and
drain electrochemical potentiglsg andpp, and the energies of the bondin@)(and anti-
bonding Ox) orbitals behave when a bias is applied to the electrodgs 2F6(b) shows the
electron transmission probability through the moleculeeab bias obtained from Eqg. 2.8.
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Figure 2.6: Symmetrically coupled molecular wires for whiat zero bias the HOMO-
LUMO gap is centered at the Fermi level of the contacts&péacts= €a = €p. Bap = —1.5

eV in all cases. (a) Source and drain electrochemical patenis and yp and ener-
gies of the bonding@) and antibonding@«) orbitals as a function of bias voltage, for
B_1a =PB1p = —1.0 eV. (b) Probability for the transmission of an electrorotigh the
molecular wire as a function of electron energy,¥gies= 0 andPB_14 =B1p = —1.0 eV.

(c) Occupations of the molecular bonding and antibondibgals, forB_; 4 =pB1p=—1.0

eV, (d) forB_1a =B1p = —0.2 eV. (e) Total integrated photon emission, as a function of
bias voltage, for (if_1a =B1p = —0.2 eV and (ii)B_1a = B1p = —1.0 eV. (f) Emission
spectra for various different bias voltag@s { a = 1o = —1.0 eV).
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The bonding and antibonding orbitals provide channels fecteon transmission. The
transmission peaks undergo broadening. This is due to ilngiog of the molecule to the
electrodes, which causes the discrete molecular orbi@aln@d Ox) to hybridize with the
continuum of states in the electrodes. The stronger thelioguipetween the molecule and
the electrodes, the broader the transmission peaks. Lgakirig. 2.6(a), agyjasincreases,
the electrochemical potentials of the sourpg) @nd drain (ip) separate. AVpjas= 3V,

Hs moves abov®sx andpp moves belowO. In this symmetric case, this does not result in
any change in the energies OfandOx. Fig. 2.6(c) shows the electron occupation of the
bonding ©O) and antibonding@x) orbitals of the molecular wire. As the electrochemical
potentials of the source and drain electrodes cross thgiesafO andOx, O empties, and
O« fills by an equal amount. The total occupation remains comgtao electrons). There-
fore, in this symmetric case there is no tendency for the ocubdeto charge, and the orbital
energies remain constant [Fig. 2.6(a)]. At high bias, l@tand O« are about half-filled,
because only the source electrode contributes to the cbétige orbitals (and not the drain
electrode).

Fig. 2.6(d) shows the orbital occupation for the case of weatolecule-electrode cou-
pling. The weak coupling leads to weaker hybridization oteoalar orbitals with states in
the electrodes, and results in a more sharply peaked matesensity of states. Therefore,
O andOx empty and fill much more abruptly.

Fig. 2.6(e) shows the resulting total emission rate for thengier and weaker coupling
cases. Emission is strong when the energie® @ind Ox are inside the electrochemical
potential window. Fig. 2.6(f) shows how, for this simple nebdhe emission spectrum for
case (ii) changes with bias. As expected, emission is peak#tke transition energy of
the molecule (3 eV) at higher bias. Since photons can not bieehat energies higher
thaneM,ias the spectra cut off at this energy. This contributes to thtecaable shift of the
emission peak upwards in energy with increasiggs

2.5.2 Asymmetric molecule-electrode couplings

By examining the effects of asymmetric molecule-electrodeptings, the behaviour of
photon emission from systems such as STM/molecule/subsivay be explored. Fig. 2.7(a,b)
shows a case of asymmetric couplings. The model pre@&sdO« to change in energy



CHAPTER 2. BACKGROUND

Energy (eV)

Integrated emission rate

2 3 4 5

04 06 08

02

_B—'l,a

1

Molecular orbital

2 I I T
(b) O

c L i
2
1L i
=
3 | o i
o

%2 3 4 5 6

Bias Voltage (V)

k=

o

5
O

Bias Voltage (V)

)
[u]
c |
2
)]
&
S
L]
o
O
©
o)
O
= Current

18

Figure 2.7: Asymmetrically coupled molecular wires: vasasymmetric electrode cou-
plings. (aB_1a= —0.6 eV,B1, = —1.0 eV. Energies of the bondin@} and antibonding
(Ox«) orbitals as a function of bias voltage. (b) OccupationgOofnd Ox, correspond-
ing to the situation in (a). (c) Total photon emission rafes,various values off—1,a.
Bip = —1.0 eVin all cases. (d) Current for various valuesfof 5. B1p = —1.0 €V in
all cases. (e) Photon emission (solid line) and currentéddtne) as a function of source
electrode couplin®_1 a, for B1p = —1.0 eV, Whias= 6 V. Vertical scales are arbitrary. (f)
Total photon emission vs. current, 81, = —1.0 V, Vhias= 6 V.
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as a function of bias. Abov&,i;s = 3 V, bothO and O« descend in energy withp. Ox
partially fills as it is crossed bpys, but the drain is coupled more strongly to the molecule,
and therefore affects the occupation@to a greater degree. |fp entirely crossed, it
would significantly lower the total charge on the moleculderiefore, the energy of the
orbitals changes such that the net charge remains at thebiserdevel. For this reason,
aboveWpias= 3V, the orbital energies followp.

Fig. 2.7(c) shows photon emission for this case, and othgireds of coupling asym-
metry. The degree of electrode coupling asymmetry cleddyspa key role in determin-
ing the strength of photon emission. The stronger the asymntbe weaker the photon
emission. These results indicate that in order for an STMeerent to detect molecular-
based photon emission, the STM tip must be relatively styocaupled with the molecule,
or else the substrate must have some sort of a ‘spacer’ |lagereduces the molecule-
substrate coupling. Since coupling strength varies exmially with coupling distance,
any molecular-based photon emission observed in an STMriexget will be very sen-
sitive to the tip-sample distance. If the tip is too far frohe tsample, emission will be
negligible.

In order to more easily compare this prediction with porekperiments, it is useful to
relate electrode coupling asymmetry to the amount of ctiffewing through a molecular
wire as well, because, unlike coupling strength, curreiat dsrectly measurable quantity.
Fig. 2.7(d) shows how the current [obtained from EQ. 2.2]ng&s withVjas fOr various
electrode asymmetries, analogous to Fig. 2.7(c) for phetaission. Asymmetric con-
tact couplings result in reduced current flow. Notice, hasvethat the current flow is
not affected by strongly asymmetric couplings as much akasphoton emission rate.
Fig. 2.7(e) compares how photon emission and current deperontact coupling asym-
metry. Fig. 2.7(f) shows the calculated photon emissioncusrent (at a constant bias of
6 V, with the electrode coupling asymmetry being varied).w&tak currents, the photon
emission rapidly becomes negligible.

The idea of needing reasonably symmetric tip-molecule antkeonle-substrate cou-
pling strengths in order to achieve significant photon einisis an important consideration
to keep in mind when attempting to observe molecular photoisgon experimentally. It
should be noted that after this work was published,[13] erpents exploiting this principle
were carried out, and produced for the first time convincvigence of molecular-based
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electroluminescence.[11, 12]

The two cases presented in this section convey only a snaalidn of the results that
were achieved within this model - | believe surprisinglyhrighysics for such a simple
model.

2.6 Conclusions

In this background section, various experiments were tedatpon, which provide strong
evidence for single molecule electroluminescence, ansl tiiel motivation for an in-depth
theoretical study of this phenomenon. As well, a simple finsidel of molecular elec-
troluminescence that formed the basis of my Master’s thesisitlined, and a few of the
interesting results of that model are included. Many of thiecepts discussed in the subse-
guent sections of this thesis have their root in this ele§esttmodel of photon emission.

It is hoped that, from reading this section, the reader waéha better idea of the
experimental background, as well as the theoretical stafoint, for the investigation of
electroluminescence and scanning tunneling microscopingfe molecules that forms the
rest of this thesis.



Chapter 3

A two-electrode approach to single
molecule scanning tunneling microscopy

3.1 Introduction

In recent years, single molecule electroluminescence l&anfrom being a theoretical
hypothesis with some experimental evidence,[13, 23] tadpdefinitively demonstrated in
STM experiments.[11, 12] In particular, STM experimentsiy, Nazin and Ho [11] on
the molecule Zn-etioporphyrin have provided a rich set ddda which results of theo-
retical models may be compared. This data includes botldatdrSTM topographs and
current-voltage characteristics, as well as electrolesgence data including photon emis-
sion spectrdor the same systenThus, the experiment is unique in that it requires a theo-
retical approach that satisfies a larger number of obsenatdegrees of freedom than are
the norm for this field of physics.

As a first step to developing such a theory, a theoretical émonk must be devel-
oped that gives us a basic understanding of the geometridaglactronic properties of the
experimental system, while keeping in mind an electrol@saence analysis as a natural
extension of such a framework.

As is explained in Sec. 3.2, the simple model outlined in Cé@pprovides us with the
ideal starting point for this investigation. In this chaptgcanning tunneling microscopy
will be studied using a much more sophisticated version®fo-electrode approach, that

21
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allows for the study of a real molecule, and the creation obraesponding STM current
map.

3.2 A local electrode approach to scanning tunneling mi-
croscopy

Theoretical approaches to modelling STM-based electram ¢dlmmmonly treat the tip as
a probe of the molecule-substrate system. For example, trde8a[24] approximation
considers the tip and sample to be two distinct systems tbhgiexturbed by an interaction
Hamiltonian. The Tersoff-Hamann formalism[25] calcutagetunneling current based on
the local density of states (LDOS) of the tip and of the samPlech approaches are widely
used and have been very productive for the understandingesketsystems. There has
correspondingly been much interest in studying the tipetle interaction and the details
of the coupling. However, details of the molecule-subst@upling may also affect the
electric current and the image of the molecule.

A number of different theoretical approaches[26, 27, 28,329 31] have been devel-
oped that predict effects of molecule-substrate cougB2g33, 34, 35, 36] in experimental
situations where the substrate can be regarded as beingj\affe homogeneous. In many
of these experimental situations, a molecule is placedtyren a metal substrate, resulting
in strong coupling along the entire molecule-metal integfaWhile these types of experi-
ments may be readily analyzed with known theoretical temines, they are not conducive
to observing molecular electroluminescence. As was firstlipted theoretically[13, 23]
and is discussed in Chapter 1 and in Sec. 2.5, molecular @lettinescence in STM
systems is observed only if the molecule is not too stronglypted to the underlying sub-
strate; in practice, an insulating ‘spacer’ layer is ugutduind to be necessary to observe
molecular-based photon emission.

For systems with such a ‘spacer’ layer, the theoretical @gugr that should be used to
model STM current flow through the molecule is often not weltlerstood. Some of these
systems do involve relatively simple substrates, inclgdin insulating layer that behaves
gualitatively like a uniform tunnel barrier[12, 37] and citerable progress has been made
in understanding their STM images. However, for other systshowcasing impressive
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Figure 3.1: lllustrative diagram for an STM-molecule-suéite experiment, showing a pos-
sible pathway for electron transmission when the moleauaesiakly bound to the substrate
due to the presence of a complex insulating layer that traastectrons non-uniformly.
A region of dominant molecule-substrate coupling causest&n transmission to occur
primarily through a single pathway.

arrays of experimental data, specifically systems withgramolecules on a ‘spacer’ layer
of aluminum oxide (alumina) above a metal substrate,fobthplex STM images are seen
that depend on the precise location of the molecule on thstsatb and are much less well
understood.For such systems, there is strong evidence[38] that theiatufitlm behaves
(on the atomic scale) asrenuniformtunnel barrier between the molecule on its surface
and the metal substrate beneath it, and that electronsassnitted between the molecule
and substrate primarily at the more conductive spots of lilmaiaa film.

For the case of the Zn(ll)-etioporphyrin | molecules stdd&perimentally in Ref. [11],
a single conductive spot of the film can dominate the electronic dogpbetween a suit-
ably placed molecule and the underlying metal substratas,Téis shown schematically in
Fig. 3.1, in an STM experiment on such a system, not only thie 8p but also the sub-
strate should be regarded as a highly local electrode malkuagt electrical contact with a
small part of the molecule. Therefore, conventional STMegkpents on such systems can
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Figure 3.2: lllustration of a two-electrode theory of scagntunneling microscopy. Tip
and substrate are both considered to be local electrodgsecbio the molecule.

in principle yield information similar to that from experents probing a single molecule
simultaneously with two separate atomic STM tips, whichlagond the reach of present
day technology. In Sec. 3.2-3.4, a model that builds on il approach of Chapter 2 is
presented for modelling such systems. In Chapter 4, thisoappris used to explain STM

results of recent experiments.[11]

In the model, scanning tunneling microscopy of moleculeseigxamined, treating
the tip-molecule and molecule-substrate coupling on tineesi@oting, both asocal elec-
trodes in contact with the molecule, as is shown schembtigalFig. 3.2. In this two-
electrode model, the electrodes are represented, as iné€Zlgpising a one-dimensional
tight-binding model, and electron flow is modelled using ltigomann-Schwinger Green-
function scattering technique, discussed in Sec. 3.3.1'eRtended molecule’ technique
that simplifies calculations considerably is discussedeo. 8.3.2. In Sec. 3.3.3, the issue
of non-orthogonality of atomic orbitals is discussed andltdeith elegantly. Sec. 3.4 ad-
dresses how to create a simulated STM topograph with thed &ectrode approach, so that
model results may be compared with experimental data inmgdualctual STM topographs.
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3.3 Electric current flow through a molecule

3.3.1 Electron transmission through a molecule

The electric current that flows through a molecule is relébetie transmission probability
for an electron to pass through the molecule, by way of thelaaar formalism,[18, 19] dis-
cussed for a simple system consisting of two electrodes amd@e two-orbital molecule in
Chapter 2. In the present chapter, where the focus is ontrealig modelling actual scan-
ning tunneling microscopy experiments, the general ambradé Chapter 2 is built upon,
for current flow through a general molecule, with one of the glectrodes reperesenting
the STM tip and the other electrode the region of dominanemde-substrate coupling. A
more sophisticated Lippmann-Schwinger approach to théesoay problem for this system
is implemented.

In the present model, each electrode (representing thadiphee substrate) is modelled
as a one-dimensional tight-binding chain, as is depictdgign 3.3. In order to solve the
scattering problem for this system in an elegant way usiegLippmann-Schwinger ap-
proach (discussed later in this section), the model Haméto must be divided into three
parts,H = Helectrodest Hmolecule+ W, WhereW is the interaction Hamiltonian between the
electrodes and the molecule. The Hamiltonian for the eddets, similar to that presented
in Sec. 2.2 but with one electrode representing the tip aaather the substrate, is given

by

1
Helectrodes= Z er[n)(n|+B(n)(n—1|+|n—1)(n|)

Nn=—oo0

+3 &g (nl-+B(n) (n+ 1|+ In-+ L), 6
n=1

whereet andeg are the site energies of the tip and substrate electr@dissthe hopping
amplitude between nearest-neighbour sites, |ahdepresents the valence orbital at site
of one of the electrodes.

When a bias voltage is applied, the electrochemical potsruiathe tip and substrate
shift. In this model, it is assumed that any potential dra ttcurs within the molecule can
be neglected, because the experimental molecule that odelmesults will be compared
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Figure 3.3: A schematic diagram of the model STM-molecuilestrate system. The tip
and substrate electrodes are semi-infinite. Nearest-eigratoms to the molecule (with
atomic orbitals labeleda) and |b)) are considered to be part of tlegtended molecule
discussed in Sec. 3.3.2, which is bounded by the dashedgieta

with in Chapter 4, Zn(ll)-etioporphyrin I, is a thin and majrglanar molecule. Therefore,
the electrochemical potentials of the tip and substratetreldes are taken to g = EF +
€\hias/2 andpus = Er — e\ias/2, whereEg is their common Fermi level at zero applied
bias. The applied bias also affects the site enermgieandes so thatet = €q tip + €\bias/2
andes = &g substrate— €Vbias/ 2, Whereeq tip andeg substrate@re the site energies of the tip and
substrate at zero bias.

The Hamiltonian of the molecule may be expressed as

Hmolecule= Zsj ’(pj><(pj B (3.2)
J

whereg; is the energy of thgth molecular orbital |(p;j)).
The electronic coupling between the electrodes and madswescribed by a term in
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the Hamiltonian given by
W =5 Wy j| — 1){@j| +Wj,—1]@5) (=1 + W] y) (1 +W,j | 1) (@y], (3.3)
]

whereW_y j, Wj —1, Wj 1 andW, ; are the hopping amplitude matrix elements between the
electrodes and the various molecular orbitgs.

Electrons initially propagate through one of the electso@ehich we will assume to be
the tip electrode) toward the molecule in the form of Bloch @gvand may undergo either
reflection or transmission when they encounter the molecliteir wavefunctions are of
the form

-1
W) = Z (e|knd+re—|knd )n) -+ z ek’ nd|n +ZCJ|(pJ (3.4)

n=—oo

whered is the lattice spacing, arntéandr are the transmission and reflection coefficients. As
in Sec. 2.2, the energy band for this system may be obtaindy Iperforming the simple
calculation(n|H|y) = E(n|y), with the result obtained being = €ejectrodet 2Bcogkd),
wherek is the wavevector of an electron on the electrode,&pérogerepresents either the
tip or substrate. Upon transmission, the wavevekttitanges t& due to the difference in
site energiest andeg of the tip and substrate electrodes. The transmission piliigas
given by

v(K) i |zsm(k’ )
v(k) sin(kd)
wherev(k) andv(k’) are the respective velocities of the incoming and transahittaves.
Notice that in this case, the transmitted electron velosityot the same as the initial ve-
locity, due to its well-known relation to its energy and wesetor,v(k) = %‘é—'lf, and the fact
that the transmitted electron wave has a different wavevdém the initial wavevector.

The transmission amplitude may be evaluated by solving a Lippmann-Schwinger
equation for this system. The Lippmann-Schwinger apprdadtattering involves sep-
arating the part of the Hamiltonian that couples with thetscag centre from the rest of
the Hamiltonian. In the case of this model has been split intélg = Hejectrodest Hmolecule

(the decoupled Hamiltonian) and the interaction t&vmit has been shown, in general, that

(3.5)
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the following equation form satisfies the scattering caodit

W) = [0) + Go(E)W|W), (3.6)

whereGo(E) = (E — Ho +i8) 1 is the Green function for the decoupled system (without
W), and|qp) is the eigenstate of an electron in the decoupled systejn.[41

In this model,Go(E) may be separated into three decoupled components: thedip an
substrate electrodes, and the molecule. For the tip/saibstectrodes,

@o(kt/s)) (@o(kT/S)|

(&1/s+ 2Bcogky<d)) (37)

Ti p/Substrate ’
G Z =—

whered is the lattice spacing argt s+ 2Bcogky sd) is the energy of a tip/substrate elec-
tron with wavevectoks ;s. For the molecule,

M 1i) (@i
Go —Z E—¢; ; 0)il®;) (- (3.8)

The transmission probability for such a system using thismédism has been previously
solved[42], and found to be equal to

AL psinkd)
T(E) = 1{1=B)(1—c)—ADI| sintked) (3.9)

where(@)-1 = (—1|¢), and
= (€%9/B) Y Wi, (G )jWi 1
]
= (&%9/p) )Y (Wa,)*(GY)
ékod/B Jz W 11
]

= (€9/B) S W1 (GF)jWi,1. (3.10)
J

Here, kg is the wavevector of an electron in the tip electrode withrgn&, andkj is the
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wavevector of an electron in the substrate electrode, ofdnge energiz.

The transmission probability may then be integrated thinahg window of energy that
is located between the electrochemical potentials of th@ii) and substrateug) when a
bias voltage is applied, following Eq. 2.3. This assumedifhéo be the source electrode
and the substrate to be the drain electrode. The electrremuthrough the molecule is
obtained.

3.3.2 The ‘extended molecule’

By using the Lippmann-Schwinger approach to scattering,reérae to choose convenient
boundaries for the central scattering region, not necigsastricted to the actual molecule.
The Lippmann-Schwinger formalism that has been developedathematically rigorous,
and does not depend on any approximate physical boundamgeetthe electrodes and the
scattering region. In order to model the coupling betweerelectrodes and the molecule
in a realistic way, the electrode atoms that are closestetantblecule are considered to be
part of anextended molecul@ee Fig. 3.3), ie. in the formalism they are treated as jpérts
the scattering centre (molecule).

Looking at Fig. 3.3, since the electrode orbijtall) is coupled to the extended molecule
only through orbitalja), the termW_, ; between the electrode orbital- 1) and thejth
molecular orbital may be expressed as

Wogj =W 1= (=1[H[a){a|¢j) = Bcaj; (3.11)

where(—1|H|a) = 3, andcy j = (a|@;) by definition.
Thus, the connection term between the electrodes and nielisayreatly simplified, at
the expense of the introduction of a slightly more complesxeéaded molecule.

3.3.3 The molecular Hamiltonian: Extended Hiickel Theory

In order to solve the scattering problem, all of the molecataital energy levels;, as well
as the coefficients, j = (aj@;) andc, j = (b|@;) must be obtained.

The molecule is a complicated quantum mechanical systeimmainy interacting elec-
trons. Approximations must be made in order to try to refleetrhost important aspects of
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the physics involved. A relatively simple technique - théeexied Hickel approach - has
proven to be a highly effective tool in quantum chemistrys Widely used to obtain simple
first estimates for the energy level structures of varioutemdes.

Extended Hitickel (EH) theory builds on the tight-binding my@eh that has been used
to describe electron flow in the tip and substrate electrodesrder to describe electron
behaviour in the molecule itself. While the tight-bindingoapach is restricted to nearest-
neighbour electron hopping and assumes atomic orbitaks twthogonal, in EH the molec-
ular system is described using a non-orthogonal set of atorbitals|@y), and there is no
such restriction of hopping to nearest neighbours.

The non-orthogonality of the orbitals generates an ovemafrix Sy, that is defined
asSnn = (Gm|/gn). In the EH theory, the site energieg of the atomic orbitals are given
by the negatives of the corresponding orbital ionizatioergies that have been determined
experimentally.

Within EH, there are many different approximate forms fotedeining hopping am-
plitudes between atomic orbitals. One common, simple forowkn as the Wolfsberg-
Helmholz form of EH,[43] defines the hopping amplitude aolwk:

(@m[H[on) = Hmp = KS;’”(sm+en> (3.12)

whereK is usually chosen to be 1.75. This goes beyond nearest raigiopping and
allows for a non-orthogonal basis.

In order to perform the extended Huickel calculations foultssn this thesis, a com-
puter program implementation known as Yaehmop[44] (Yetthapextended Huickel Molec-
ular Orbital Package) has been used. Yaehmop uses a someateatomplex and more
accurate form of EH to calculate hopping amplitudes tharWoésberg-Helmholz form,
but the idea is the same.

There are other competing, more sophisticated approablaeseixtended Huckel for
calculating the necessary energy levels and hopping amdpbt such as density functional
theory (DFT). However, as will be discussed in Sec. 4.3, D&J firoblems when attempt-
ing to calculate molecular orbital energy levels and hogpimplitudes for many molecular
systems,[45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56] imetuthe primary experimental
system of interest for this thesis.
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3.3.4 Non-orthogonal atomic orbitals

The extended Hickel method requires the use of a non-ortfabdpasis, in which orbitals
on differing atomic sites may overlap. However, the appihdacscattering outlined in this
chapter assumes all orbitals are orthogonal to each other.

For the model presented in this chapter, the Hamiltoniathiemolecule is expressed
asHmolecule= Y j €j|®j) (@j| (from Eq. 3.2), ie. it is expressed in an orthogonal molecula
orbital basis, with orbital energies being the eigenvalues, and not in an atomic orbital ba-
sis. (Orbital energiesj are computed in an earlier step, using the Yaehmop impleatient
of extended Huckel theory.) Therefore, for the specific nhpdesented here, all orbitals
(including tip and substrate electrodes, as well as o} on the molecule, are in fact
orthogonal to each other.

Enhanced models, however, may incorporate nonorthodpiélip and substrate elec-
trode orbitals, including overlap terms between nearaghieur electrode orbitals as well
as between electrode orbitals and molecular orbitals, atter elegant way.

The standard technique for dealing with non-orthogonatb@sto use a transformation
which changes the non-orthogonal basis into an orthogoma| such as Gram-Schmidt
orthogonalization[57]. By doing this, however, one chantesbasis from the original
physically simple atomic orbital basis, to a new basis lagkhis simplicity. Instead, sum-
marizing the results of Emberly and Kirczenow,[42], one change the Hilbert space in
such a way that the basis becomes orthogonal, without thefws®y basis set transforma-
tion.

This is done simply by replacing the Hamiltonigihof a non-orthogonal basis, with a
new energy-dependent Hamiltonibif. The matrix elements dfF are related tdd in the
following way:

HEn = Hmn — E(Snn— 8mn) (3.13)

To change a non-orthogonal scattering problem into an gahal one, one simply replaces
the original Hamiltonian matrix elements with new elemeagshown in Eq. 3.13.

For the Lippmann-Schwinger methodology, the result is a@egrgy-dependent Green
function Go(E) = (E — HE +i8)~1. The coupling matrix elements are also transformed:
W5 =W —ES.

Results presented in Chapter 4 are based on orthogonal sriditaever, it is impor-
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tant for completeness to understand how it is also possibian elegant way, to achieve
the orthogonal basis necessary to solve a scattering pnofiiehe form presented in this
chapter, from the starting point of a nonorthogonal basis.

3.4 Creating an STM current map

Having obtained the electric current through integratibelectron transmission probability
through the appropriate energy range, an STM current mapnoaybe simulated.

Holding the position of the substrate electrode below théemde fixed, the lateral
location of the tip electrode above the molecule may be glan@rder to construct a simu-
lated STM current map. A current map obtained in this way ig\&dent to an experimental
constant height STM image of a molecule (where the STM tipxidfiat a certain height,
and moves laterally across the molecule).

Experimentally, STMs are frequently operated in constamtent mode, rather than
constant height mode. In constant current mode, the edextirrent for one lateral position
of the tip is first measured. Then, the tip is moved lateratisoas the molecule. If the
current at the new location is higher (or lower), the tip isveu away from (or closer
to) the molecule, until the current matches the current oreasent at the initial lateral
position. This is done partly to protect the STM tip from suoé defects which the tip may
run into, if in constant height mode.

In the experiment of interest,[11] STM topographs are gateerin constant current
mode. However, in order to model STM results in this way, amaegelf-consistent cal-
culation would have to be performed, with the tip electrod®/img not only laterally but
also vertically. This would be very time-consuming and caiep-intensive: Generating
a single simulated STM current map in constant height mokiestabout 2 days, using 8
nodes of SFU’s Bugaboo high-performance computing cluSiaece this is the first model
to use the local electrode approach in this way, and sincergiyit is found in experiment
that constant current topographs usually give qualitbtisinilar images to constant height
topographs (because being a tunnelling current, the STRLUtiEent at constant bias is nor-
mally a monotonically (exponentially) decreasing funotf tip height), constant height
mode simulation was considered to be satisfactory.

Once a current map for a fixed location of the substrate eléetis generated, it may
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be compared with current maps for other locations of the tsaigselectrode. The sub-
strate electrode represents the region of dominant m@aeaubbstrate coupling. For many
experimental systems, particularly those with a compl@acer’ layer, the details of the
molecule-substrate coupling are not known. The beauty efidbal electrode approach
is that it allows insight into how the details of the molecsléstrate coupling may affect
the STM image of the molecule. We may therefore study in a l@mjay, using the local
electrode approach presented in this chapter, the intelj@awveen tip-molecule coupling
and molecule-substrate coupling and how it affects the STiljie of the molecule.

In the next chapter, a molecule of current experimentatéste{11] Zn(Il)-etioporphyrin
| will be considered. Various simulated constant-height/Surrent maps of the molecule
obtained using different substrate electrode locatioogesponding to different possible
locations of dominant molecule-substrate coupling, waldompared. It will be demon-
strated how the properties of an STM current image may displ@markablejualitative
dependence on the location of this dominant molecule-gtiestoupling. The simulated
maps are then compared to experimental data, with intagestsults.



Chapter 4

Investigating the scanning tunneling
microscopy of Zn-etioporphyrin

4.1 Introduction

As touched uponin Sec. 2.1, STM experiments performed omttecule Zn(ll)-etioporphyrin
I, above a ‘spacer’ layer dkloO3 on a NiAl(110) substrate[11] have yielded an intriguing
array of results. From definitive molecular electrolumoee data, to current-voltage
characteristics, to STM topographs, that all depend ondbation of the molecule on the
surface and are all correlated with each other, there ig émilabundance of data to be un-
derstood. Understanding the data, however, is not a stfarglfard process. Because the
molecule lies above a complex ‘spacer’ layer, the detaite@molecule-substrate coupling
are unknown and variable, dependent on the location of tHeaule on the surface.

The focus of this chapter is to investigate the scanningelimg microscopy of Zn-
etioporphyrin using the model developed in Chapter 3, withréiqular focus on explaining
the variations in STM topographic images that are seen arpatally. The first step to
understanding the data is to, as best we can, understangstieensitself; particularly, how
the molecule may be coupled to the substrate, and the iategflthis coupling with the
tip-molecule coupling, that results in differences in STdgagraphs.

The model that | have developed[58] is ideally suited to task, because, unlike many
others models, it does not use as a starting point a pregweklgetermined molecule-

34
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substrate junction geometry with which to commence sojhitgtd calculations. The as-
sumption, rather, is that through the complelO3 ‘spacer’ layer there may be one or
more regions of dominant molecule-substrate coupling,thedocation of these regions
relative to the molecule may vary depending on the positioth® molecule on the sub-
strate. Modelling a complex, precisely pre-defined juncgeometry is neither necessary
nor advisable, as the the junction geometry is experimigntariable. Rather, the two
electrode approach presented in Chapter 3 is ideal as a fosbamation, since electrode
locations may easily be varied and results compared.

The geometrical structure of Zn-etioporphyrin is studiedec. 4.2. In Sec. 4.3 the
electronic structure of the system is calculated, and tisemecomparison of two common
approaches for this type of calculation: the extended Huampgproach, and density func-
tional theory (DFT). In Sec. 4.4 and Sec. 4.5, model resuritfhe form of transmission
curves and simulated STM current maps, are presented agidibaanalyzed for two pos-
sible electronic configurations of the system. These resu# compared with experiment
in Sec. 4.6, and the chapter is concluded in Sec. 4.7.

4.2 Geometrical structure of Zn-etioporphyrin

Zn(ll)-etioporphyrin 1 is a mainly planar molecule, corisig of four pyrrole-like rings
(C4N), a central zinc atom and an outer region composed of carbdrhgdrogen (see
Fig. 4.1). The molecule contains four out-of-plane ethylugrs CoHs).

Density functional theory (DFT) was used in obtaining theleoale’s geometrical
structure.[59]. To do this, an approximate geometry iséssimated, by considering known
bond lengths and bond angles for similar types of molec@ege a reasonable estimate of
the molecular geometry is obtained, DFT is invoked and thieoube’s precise geometry is
obtained by ‘relaxing’ the molecule. This geometrical xalthon is performed by slightly
altering the geometry of the molecule until the state of lswtetal energy is reached. (It
should be noted that DFT is considered to be a fundamentaligdsapproach for deter-
mining the total energy of a molecule, as distinct from deiaing specific properties of
the individual molecular orbitals.)

The relaxed geometry of Zn-etioporphyrin is listed in ApgerA.
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Figure 4.1: The Zn(ll)-etioporphyrin | molecule. Carbonra®are red, nitrogen atoms are
green, the zinc atom is yellow, and hydrogen atoms are white.four blue circles labeled
A, B, C, and D denote four possible positions for the substiatdrede below the molecule
(into the page), that are considered. In each case, thestkat®en in the substrate electrode
(atomic orbital|b) in Fig. 3.3) is 2.5 A below the nearest atom of the molecule.

4.3 Electronic structure of the system

In order to obtain model results, various electronic patansemust first be determined.

For simplicity, the tip and substrate electrodes are regmiesl by Cus orbitals, with
zero-bias site energie®iip = €osubstrate= —11.4 €V.[44] In the model, the ‘extended
molecule’ atomsa and b are actually to be thought of as electrode atoms as well (see
Fig. 3.3; thereforegy = €, = —11.4 eV as well. The electrode hopping amplitysles cho-
sen to be -5.0 eV, corresponding to a reasonable band widt@ eV through the formula
E = 2Bcogkd). (This formula is introduced in Sec. 2.2). The connectiamteto the
‘extended molecule’ electrode atoms are the sginga = B1p =B = —5.0eV).

This leaves the ‘extended molecule’ coefficients andc, j to be determined, as well as
the ‘extended molecule’ orbital energgsand the zero-bias Fermi energy of the electrodes.
To calculate these quantities, there are a number of appesdbat could be used, including
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density functional theory (DFT) and the extended Hiuckeraaph (EH).

DFT is a formally more sophisticateab initio (first principles) approach than semi-
empirical EH. Withab initio ground state DFT, the difficult many-body problem of inter-
acting electrons in a static external potential is reduced problem of non-interacting
electrons in an effective potential. The effective Kohra®h(KS) potential includes the
external potential and the effects of the Coulomb interastioetween the electrons. The
electron density is determined by minimizing the energycfiomal E[n] for the system,
wheren is the electron density.

Problems occur when attempts are made at using DFT to priedicgport properties
of molecular wires. For instance, while DFT does a good jolprefdicting the electron
density for the systems, it is not designed to accuratelgiprenoccupied orbital energies,
or the energy offset between the molecular energy levelgtam&ermi energy of metal or
semiconductor electrodes commonly used to contact m@sgcunecessary requirements for
modelling transport. References [45, 55] describe someeoptbblems, particularly for
the weak coupling regime, in detalil.

Since the weak coupling regime is the regime of interesthr thesis, DFT is not an
appropriate approach to use. | discovered this first by tatiog the overlap matrix of
atomic orbitals for the Zn-etioporphyrin ‘extended moliecuusing DFT[59] to generate
Kohn-Sham orbitals and converting to a basis of real atonbdads. It was noticed that
in DFT-based calculations the electrode atomic orbitdltarge distances (5 A) from the
molecule, had artificially high overlap matrix elementshwatomic orbitals in the molecule
(overlaps on the order of several tenths). This compargspaorly with what is obtained
using EH, and likely occurs due to the inadequacy of the beetis normally used with
DFTI[59] in this regime.

Instead, the semi-empirical extended Huckel approachcfibesl in Sec. 3.3.3) is
adopted, in order to calculate the necessary coefficient®dnital energies. This approach
has proven to be remarkably successful for its simplicifigerogenerating approximately
correct molecular orbital energy level structures and b orbital eigenvectors in a
linear combination of atomic orbitals (LCAO) basis. EH is aeal approach to use as
a starting point to study previously unexplained experitalephenomena,[60, 61, 62, 63]
particularly when part of the problem is that the systemifiisenot well-understood, as is
the case here.[11]
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orbital energy
HOMO-2 -119eV
HOMO-1 -11.8eV
HOMO -11.5eV
LUMO  -10.0eV

Table 4.1: The electronic structure of Zn(ll)-etioporphyt, calculated using extended
Huckel theory.[44]

The relevant molecular orbital energies calculated usidgEe given in Table 4.1.

The Fermi level of a metallic electrode in contact with a naale at zero applied bias
is usually located between molecular HOMO and LUMO levelswigver, establishing the
precise position of the Fermi energy of the electrodesiveléd the HOMO and LUMO is
in general a difficult problem in molecular electronics,wdlifferent theoretical approaches
yielding differing results.[64, 65, 66]

Within the present model, two possible zero-bias Fermiggnpositions are considered
for the electrodes: In theUMO-mediated transmissiosubsection (Sec. 4.4), the Fermi
energy is taken to be -10.4 eV. This value is predicted by arlgster calculation for a Cu
electrode, where larger and larger Cu clusters are analyzildhere is a convergence in
Fermi energies. Thus, &ias= 1.0 V, the Fermi energy window will include the LUMO
but not the HOMO. In th&4OMO-mediated transmissigubsection (Sec. 4.5), the Fermi
energy is taken to be -11.4 eV. In this caseViais = 1.0 V, the Fermi energy window will
include the HOMO, HOMO-1, and HOMO-2, but not the LUMO.

Here, the molecular levels are assumed not to shift with, lniakke in other chapters
of this thesis. This is acceptable, because only one biagvalconsidered,izs = 1.0
V), so that any collective shift of orbital energies with $imay be expressed instead as
a difference in the zero-bias Fermi energy of the electroddém®mse value is not known
accurately and is treated as an adjustable parameter here.

4.4 LUMO-mediated transmission

First considered is the case of electron transmission gtrdabhe molecule at LUMO en-
ergies. For thisVpias is set to be 1.0 V, wittEr = —10.4 eV at zero bias. The substrate
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electrode is now positioned to simulate various possibtations of dominant molecule-
substrate coupling. Four different positions for the siaistelectrode are analyzed, as
shown by the blue circles in Fig. 4.1: directly below one & thuter ethyl groups of the
molecule (A), below an inner carbon atom of the molecule (BlpWw a nitrogen atom (C),
and below the zinc center of the molecule (D). The orbitatespnting the substrate elec-
trode, in each case, is centered 2.5 A below the nearest attira imolecule. [It is assumed
here that the ethyl groups of the molecule point towards thestsate. In Sec. 4.6, an
alternative possibility, that the ethyl groups poanayfrom the substrate, is considered.]
Constant-height STM current maps for these substrate etecpositions are simulated by
moving the tip electrode across the molecule in steps of 8.2&alculating the electric
current at each step, thus creating a 16 X 16 A electric cumap. The tip electrode in all
cases is located 2.5 A above the plane of the molecule.

Fig. 4.2(a)-4.2(d) show the simulated current maps obthineeach case, calculated
using Eq. 2.3 and Eqg. 3.9, the blue circle indicating thetpwsbf the substrate electrode.
Each map has unique features not seen in the other mapsyigeatae to differences in
the details of the molecule-substrate coupling. In Fig(a),2with the substrate electrode
positioned below an outer ethyl group as shown in Fig. 4.5i{jmm A), a delocalized
current map is obtained. This means that for many diffei@dtions of the STM tip above
the molecule, there is moderately strong electron trarsamghrough the molecule. This
is due to mediation of electron flow through the molecule dgciized molecular orbitals,
as will be discussed later in this sectionlgtalizedregion of enhanced transmission also
exists, where the tip electrode is directly above the saimd gtoup that is coupled to the
substrate electrode.

In Fig. 4.2(b), a somewhat similar current map is obtaindth the substrate electrode
positioned below an inner carbon atom (see Fig. 4.1, posBip In this configuration,
however, the current map has two-fold symmetry and there &pparent single localized
region of enhanced transmission. Furthermore, the lobegbftransmission in Fig. 4.2(b)
are 1-2 orders of magnitude stronger than the correspomhalies in Fig. 4.2(a), as will be
discussed below.

In the case when the substrate electrode is directly beloviragen atom (see Fig.
4.1, position C), a distinct current map is obtained, showRign 4.2(c). The lobe with
the highest current in this figure is 1-2 orders of magnitudaker than lobes seen in
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Figure 4.2: Calculated current maps and transmission at LU#vi@rgies. (a)-(d) 16 X
16 A constant-height current maps, for four different stdistelectrode positions. Darker
regions represent tip electrode positions that give higheent flow through the molecule.
The blue circles represent the position of the substratgrelde below the molecule in each
case, the closest atom of the electrode being 2.5 A beloweheest atom of the molecule.
These positions correspond to the blue circles in Fig. 4a):cifcle A, (b) circle B, (c)
circle C, (d) circle D. The relative strengths of currentshe tlarkest regions of (a), (b),
(c),and (d) are: 1 (a): 40 (b) : 1 (c): 6 (d). [Note that if thdstrate electrodes were
instead positioned equal distances belowglaeof the molecule, the substrate electrode
position in Fig. 4.2a would produce the strongest currentliscussed in Sec. 4.6.] The red
dots represent tip electrode positions for the correspandiE) curves shown in (e)-(h),
respectively. (e) Transmission vs. energy for tip and sabestlectrodes directly above and
below an outer ethyl group. (f) T(E) for the tip electrode @bthe same ethyl group but
the substrate electrode below an inner corner carbon atgl'(E) for tip and substrate
electrodes above and below a nitrogen atom. (h) T(E) fomgsabstrate electrodes above
and below the central zinc atom. In all cases, the tip eldetis 2.5 A above the plane of
the molecule.
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Fig. 4.2(b). In this case, a localized region of enhanceustrassion exists where the tip
electrode is above the same nitrogen atom that is coupldateubstrate electrode.

Fig. 4.2(d) shows a very different current map. In this céise substrate electrode is
positioned directly below the central zinc atom of the maledFig. 4.1, position D), and
transmission is found to occur primarily when the tip eledt is above the center of the
molecule.

In order to help understand the differences between theps,ittee characteristics of the
LUMO were investigated. The LUMO is a doubly degenemaiée orbital with two-fold
symmetry. (See Appendix B for a 3-dimensional represeoriaf the LUMO orbitals.) An-
alyzing the LUMO as a linear combination of atomic orbitatiss found that contributions
to the LUMO come primarily from atomic orbitals in the corerplbyrin structure, with
low contributions from the ethyl groups and the central zatmm. Particularly high con-
tributions come from two of the four inner corner carbon agqthe atom above substrate
electrode B and the corresponding atom 180 degrees awayg.id &, or the equivalent
atoms under rotation of 90 degrees for the other degeneldtéQ orbital). Therefore, in
the case of Fig. 4.2(b), there is a strong coupling betweerstbstrate electrode and one
of the two degenerate LUMOs of the molecule, whereas in the o&Fig. 4.2(a), with the
substrate electrode below the ethyl group, there is onlyakwebstrate-LUMO coupling.
This explains why the current map of Fig. 4.2(b) is much gyesrthan Fig. 4.2(a).

Regarding the similar appearance of the current maps in thedages, LUMO-mediated
transmission is expected to occur, in both cases, when pheldictrode has significant
coupling to the LUMO. The delocalized current maps of Fig(d) and Fig. 4.2(b) in fact
correspond well to areas of high atomic orbital contribogido the LUMO, with the low-
transmission nodes occuring in regions of the molecule s/tter amplitude of the LUMO
is close to zero.

The differences between the current maps may be better stoddrby studying the
electron transmission probability T(E) for appropriagediectrode positions in each case.
Fig. 4.2(e)-4.2(h)) shows T(E) for the corresponding ptaert of thetip electrode as la-
belled by the red dots in Fig. 4.2(a)-4.2(d)

In Fig. 4.2(e), T(E) is shown for the localized region of ented transmission in
Fig. 4.2(a). There is a transmission resonance associdatadive LUMO (at -10 eV),
together with an antiresonance (ie. zero transmissiont)ateurs at a slightly lower en-
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ergy. The antiresonance, along with antiresonances sesmbsequent figures (with the
exception of the antiresonance in Fig. 4.2(f)), arises duatierference between elec-
tron propagation through a weakly coupled orbital (in trasethe LUMO) and propaga-
tion through other orbitals of different energies. This banseen mathematically through
Eqg. (3.9) and Eq. (3.10). Transmission drops to O wAen 0. This occurs when all the
termsWi (E%Q)V\/L_l for the different orbitals sum to 0. If an orbital is weaklyuged to
the electrodes, its contribution #ois small unless the electron energy is close to the energy
of the orbital. When the electron energy does approach thisabenergy, the contribution
to A will increase and, if its sign is opposite, cancel the othbitals’ contributions. Thus,
these types of antiresonances are always seen on only anefadransmission peak of a
weakly coupled orbital.

Returning to Fig. 4.2(e), we see that, although transmisamithe LUMO contributes
some of the electric current, a significant contribution esrfrom the background. It was
found that this background transmission is composed pilynair the high energy trans-
mission tails of molecular orbitals localized on the ethgdugps. When the tip electrode
is coupled to the same ethyl group as the substrate electrademission via these ethyl-
composed molecular orbitals is strong and has a signifieainéxtending to the relevant
range of energies near the LUMO.

Fig. 4.2(f) shows T(E) for the same tip electrode positiorFas 4.2(e), but with the
substrate electrode positioned below an inner carbon asin,Fig. 4.2(b). Since the sub-
strate electrode isotin this case significantly coupled to the ethyl group, the/lellased
transmission background is negligible, and the region oélly enhanced transmission
seen in Fig. 4.2(a) is not seen in Fig. 4.2(b). It should alsodted that the transmission
peak in Fig. 4.2(f) is wider than in Fig. 4.2(e), due to hymadion of the LUMO with the
strongly coupled substrate electrode. This broadeningsimdar effect to that presented
and discussed in Sec. 2.5.1 for the simple two-atom molecthe antiresonance seen at
the center of the peak is due to the degeneracy of the LUM®idrcase, one of the LUMO
orbitals is strongly coupled to the substrate electrodth thie other being only weakly cou-
pled. The weakly coupled orbital causes electron baclkeswadtto occur, resulting in an
antiresonance at the LUMO energy.

In Fig. 4.2(g), the substrate electrode is directly belovitedgen atom and the tip elec-
trode directly above. In this case, the transmission peatesponding to the LUMO is
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Figure 4.3: The same 16 X 16 A current map shown in Fig. 4.2, transmission plotted
on a log scale. Additional delocalized features can be seen.

very narrow, and current flow comes primarily from backgmamnsmission. This back-
ground transmission corresponds mainly to the high eneagginission tails of molecular
orbitals that have strong contributions from the nitrogeames. The current map seen in
Fig. 4.2(c) is the result of contributions from these vasibow-energy orbitals, and from
the HOMO-1 and HOMGQ-2, which will be analyzed in greater detail in Sec. 4.5. Trans
mission through the LUMO is quenched because the substieat&age is coupled to a
region of the molecule where the amplitude of the LUMO is eltzsszero. Thus, the overall
current map is weak compared to Fig. 4.2(b).

In Fig. 4.2(h), the substrate electrode is directly beloas¢bnter of the molecule and
the tip electrode directly above. For this case, the trassiom curve contains no LUMO-
related transmission peak, since the LUMO is an antisymaoetipital and has a node at the
center of the molecule. Instead, a transmission backgrsusekn that rises smoothly with
energy. This transmission corresponds to the tail of a mighergyrtlike orbital composed
primarily of zinc, with additional, less-significant coiutions from other atoms. The
current map of Fig. 4.2(d), plotted on a log scale, is showkign 4.3, and reveals additional
structure of this orbital. Transmission through this abtas delocalized features not
evident in Fig. 4.2(d), such as nodes of low transmissionniathe tip electrode is above
a nitrogen atom, as well as regions of higher transmissiogrvthe tip electrode is above
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the outer sections of the molecule. In Fig. 4.2(h), the ebelets are both coupled strongly
to this orbital, so the orbital hybridizes with the electesdhnd creates a transmission peak
with a very long tail. Compared to this tail, transmission tha LUMO (which has very
low zinc content) is negligible.

4.5 HOMO-mediated transmission

Next, electron transmission at energies close to the HOM©Onsidered. For the purposes
of analyzing HOMO-mediated transmission, the electrodesansidered to have a zero-
bias Fermi energy of 11.4 eV, which is closer to the HOMO than the LUM@,;55is again
set to 10 V, and the same four cases of substrate electrode posreocoasidered as for
transmission at LUMO energies.

The HOMO of Zn-etioporphyrin is a non-degeneratkke orbital with 4-fold symme-
try and an energy of -11.5 eV. (See Appendix B for a 3-dimaraioepresentation of the
HOMO.) The primary atomic contributions to this orbital &rem carbon atoms in the 4
pyrrole-like rings, with weak contributions from the ettgrioups and negligible contribu-
tions from all of the other inner atoms. In the energy windovder consideration (-10.9
eV to -11.9 eV), there exists anothretike orbital (HOMO-1), also 4-fold symmetric and
with an energy of -11.8 eV. Unlike the HOMO, this orbital hasgle contributions from the
inner corner carbon atoms (see Fig. 4.1, above position Bsamanetric equivalents). It
also has significant contributions from the nitrogen atoasswell as non-negligible con-
tributions from the zinc center and the 4 ethyl groups. Is #mergy range, there is also
a o-like orbital (HOMO-2) at an energy of -11.9 eV, with strong contributions frora th
nitrogen atoms.

Current maps for this energy range are shown in Fig. 4.4@&yN1.corresponding to the
same substrate electrode positions as in Fig. 4.2(a)¥.R(dhe case where the substrate
electrode is directly below an ethyl group (Fig. 4.4(a))panplex current map is obtained.
In particular, low-transmission nodes exist every 45 degyre

To understand the source of these nodes, T(E) is shown (geetHi(e)) for two dif-
ferent tip electrode positions that are very close to ealsrpbne being directly on a node
(the red dot in Fig. 4.4(a)) and the other a small distanceydws in a region of higher
transmission (the black dot). Note that T(E) is shown, is ttase only, in the narrower en-
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Figure 4.4: Current maps and transmission at HOMO energig€d) 16 X 16 A constant-
height current maps, for four different substrate elearnpdsitions. As in Fig. 4.2, the blue
circles represent the position of the substrate electret@ibthe molecule. Again, they
correspond to the blue circles in Fig. 4.1: (a) circle A, (indle B, (c) circle C, (d) circle D.
The relative strengths of currents in the darkest regior(@)pf(b), (c), and (d) are: 1 (a) :
20 (b): 1(c): 4 (d). The red dots represent the tip electradtions for the corresponding
T(E) curves shown in (e)-(h), respectively. An additionkdlk dot just below the red dot
in (a) represents a different tip electrode position, yrelda second T(E) curve in (e). (e)
T(E) for the substrate electrode directly below an outeyleghoup, and the tip electrode
on a low transmission node [red curve, red dot in (a)], oreliwsthis node [black curve,
black dot in (a)]. The narrow transmission peak near -11.®xigts for both curves (the
black curve is under the red curve). Note that the energg ssdlifferent from the scale for
(H-(h). (f) T(E) for the tip and substrate electrodes abamd below an inner corner carbon
atom. (g) T(E) for tip and substrate electrodes above armibalnitrogen atom. (h) T(E)
for tip and substrate electrodes above and below the cemtr@latom. In all cases, each
electrode is 2.5 A away from the nearest atom in the molecule.
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ergy range of -11.9 eV to -11.4 eV. (No transmission peakgaggent in the energy range
from -11.4 eV to -10.9 eV.) We see that transmission throlnghHOMO (near -11.5 eV)
is extremely quenched (the transmission peak narrows) Wieetip electrode is above the
node, but transmission through the HOMO is relatively unaffected. (The very narrow
-11.88 eV transmission peak corresponding toatixe HOMO-—2 orbital has a negligible
effect on overall current flow.) This quenching of transnaeghrough the HOMO occurs
because the tip electrode is closest to a region of the mieleduwere the HOMO'’s ampli-
tude is nearly zero. These regions occur every 45 degrespas by the nodes. The other
(curved) low-transmission nodes that are seen in Fig. }atéacaused by the HOMEL,
as will become clear through analysis of Fig. 4.4(b). Sinu# the HOMO and HOMG 1
are coupled non-negligibly to the substrate electrode gn Bi4(a), we see a current map
that is affected by both of these orbitals.

In the case (Fig. 4.4(b)) when the substrate electrode @bah inner corner carbon
atom (Fig. 4.1, position B), a current map that is significadifferent from Fig. 4.4(a) is
obtained. The low-transmission nodes every 45 degreesohusern, and there are strong
transmission peaks when the tip electrode is above one df ithreer corner carbon atoms.
In Fig. 4.4(f), T(E) is shown for the case when the tip eledér@nd substrate electrode
are directly above and below the same corner carbon atomHTMO—1 is clearly the
dominant pathway for transmission through the molecul#& thie HOMO and HOMG-2
producing only narrow additional transmission peaks. Thianderstandable, since the
corner carbon atom which is closest to both the tip and satestéiectrodes has a negligible
contribution to the HOMO, but a large contribution to the HOM1. Hence, the current
map seen in Fig. 4.4(b) is primarily due to (HOMQ)-mediated transmission through the
molecule. The curved low transmission nodes corresporegioms of the molecule where
the amplitude of the HOMOL1 is close to 0. Similar curved low-transmission nodes are
also seen in Fig. 4.4(a), illustrating that the HOMOis also the source of these nodes.

In the case when the substrate electrode is below a nitrdgen another unique current
map is obtained. In Fig. 4.4(g), T(E) is shown for the casemtine tip electrode and
substrate electrode are above and below the same nitragan &tvo transmission peaks of
similar strength are seen, corresponding to the HOM@nd HOMO-2, as well as a very
weak peak corresponding to the HOMO. This is understandainiee both the HOMOS 1
and HOMO-2 have considerable nitrogen contributions, and the HOMé&samt. Hence,
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the current map seen in Fig. 4.4(c) is due to both the HGM@nd HOMO-2, resulting
in a unique current map.

Lastly, when the substrate electrode is below the centdrenfitolecule (Fig. 4.4(d)), a
current map looking quite similar to Fig. 4.4(b) is obtainéthlike in the case of LUMO
energies, the current map for HOMO energies is not dominlagealansmission through
the low-energy tail of a zinc-dominated orbital. Rathemsmission appears to be medi-
ated mainly by the HOMO 1 orbital. This is because the HOMQ, unlike the HOMO or
LUMO, has non-negliglble contributions from the centerczatom, that is strongly coupled
to the substrate electrode in this case. In Fig. 4.4(h), i§¥Ehown for the case of the tip
electrode and substrate electrode being directly aboveealod the center of the molecule.
We see a main transmission peak corresponding to the HOM@s well as a background
due to the tail of the higher-energy zinc-dominated orbifdlis results in stronger trans-
mission when the tip is above the center of the molecule thdreisubstrate electrode is
only strongly coupled to the HOMOL1 and not any higher-energy zinc-dominated orbital,
as occurs in Fig. 4.4(b).

All of the unique features seen in each of these four casebptbh HOMO and LUMO
energy rangegjirectly arise from differences in the details of the moleesubstrate cou-
pling in each case. While an individual substrate electrode postl below the molecule
is an incomplete representation for the molecule-sulestrdéraction, this representation
illustrates the importance of understanding the detail#tine of the molecule-substrate
interaction when analyzing and modelling STM topographsinfjle molecules on sub-
strates. Nevertheless, specific experimental resultsraeed be shown to be consistent
with results of the model presented, as will be discusset nex

4.6 Comparison with experiment

The model results are now compared with experimental ST/ fdathe system of Zn(ll)-
etioporphyrin | adsorbed on inhomogeneous alumina cogeaiiiAl(110) substrate, re-
produced in this thesis in Fig. 4.5.[11] These experimergallts generally show four
lobes above the Zn-etioporphyrin molecule, where placérméthe STM tip results in
high transmission. Experimentally, the relative transmois through each of the lobes is
found to depend strongly on which individual molecule islggirobed, due to the complex
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Figure 4.5: Reproduced from Qet al. (Ref. [11]). Experimental constant-current STM
topographs of Zn-etioporphyrin molecules orp®@4/NiAl(110). All image sizes are 32 by
32 A Whias= 1.0 V andl = 0.1 nA. The saddle topograph shown in (B) is the most common
one (approximately 30% of the molecules).

nature of the alumina-NiAl(110) substrate. Often, one ar lwbes are found to have much
higher transmission than the rest.

These asymmetries were originally attributed[11] to comfational differences be-
tween molecules. That is, Zn-etioporphyrin may have a nurob@ossible geometrical



CHAPTER 4. INVESTIGATING THE STM OF ZN-ETIOPORPHYRIN 49

configurations on the substrate. This possibility was itfigated by relaxing the geometry
of the molecule (as explained in Sec. 4.2) from various wBfiégeometrical starting points,
with the aim of finding different stable configurations of tmelecule. However, only the
one stable configuration presented in this thesis was found.

Another theoretical investigation of conformational difnces claims there to be two
different geometrical configurations of the molecule.[Blowever, the two molecular con-
formations are both two-fold symmetric and produce only-fald symmetric maps. These
can not explain all the various asymmetric STM topographs déine obtained experimen-
tally. Thus, a different explanation is needed for the insagidower symmetry seen on the
alumina.

An alternate explanation for the various different STM ira@btained for individual
molecules will now be presented. In the experiments, thecoubés were likely more
strongly coupled to the substrate than to the STM tip, siheentolecules were adsorbed
on the substrate, and the experiments were performed ataved} low tunneling current
of 0.1 nA. The STM images were obtained at positive substrate, therefore we may
infer that the lobes represent regions of strong transanssioundLUMO energies The
experimental results are consistent with the two-eleetnoddel results for the situation
shown in Fig. 4.2(a) (at LUMO energies, with the substragetebde placed below one of
the out-of-plane ethyl groups of the molecule), as will bplaxed below.

To more realistically model what one might see in an STM eixpent with finite lateral
resolution, the resolution of Fig. 4.2(a) should be reduéegl. 4.6 shows the same current
map as Fig. 4.2(a), but in convolution with a gaussian wéaightunction of width 6A.
We see that two distinct high transmission lobes emergerrareh stronger than the other,
about 11A apart. Experimentally, the most common image bgeQiu et al. (shown in
Fig. 4.5(B)) is, after an appropriate rotation, remarkalyilar to Fig. 4.6,also containing
two dominant asymmetric lobes, locateth apart

The other less-common STM images observed experimentafiyatso be explained
gualitatively with this model. In an experimental situatiaghe underlying metal substrate
may be coupled tall four ethyl groups at significantly differing strengths depegdim
the detailed local arrangement and strengths of the mostuotine spots of the alumina
film in the vicinity of the molecule. The result would resemla superposition of Fig.
4.6 and current maps derived from Fig. 4.6 by rotation thiho@@, 180, and 270 degrees,
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Figure 4.6: The 16 X 16 A current map shown in Fig. 4.2(a), invebution with a Gaus-
sian weighting function of width 6 A. This is done in order tra realistically simulate
what one might expect to see in a real STM experiment. Twandisasymmetric lobes
are visible, and the calculated map is similar to the mostmomSTM image observed
experimentally by Qiwet al.,[11]) shown in Fig. 4.5(B).

with weights depending on the relative strength of the dogpbf the substrate to each
of the ethyl groups.[68] In this analysis, other substrdéeteode positions that are the
same distance from the plane of the molecule (about 4A) bubalw an ethyl group
have also been considered. It was found that other substiet&ode positions yielded
much weaker current flow through the molecule. Thus, thesdipos can be neglected
in a first approximation, and current flow can be assumed todneirthted by pathways
through the four substrate electrode positions below thgl groups. All of the different
current map results obtained experimentally can be repextiun this way reasonably well,
given the simplicity of the model and the fact that the modsLits are for constant-height
calculations whereas experimentally, constant-curr@iM 8nages are obtained.

One final consideration is that in an experimental situatioeout-of-plane ethyl groups
of the Zn-etioporphyrin molecule may possibly poawtayfrom the substrate, contrary to
what has been assumed thus far. Thus, this case is now caatsidieg. 4.7 shows current
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Figure 4.7: Transmission at LUMO energies, assuming etigdigs pointawayfrom the
substrate electrode. (a)-(d) 16X 16 A current maps for the diifferent substrate electrode
positions shown in Fig. 4.1: (a) circle A, (b) circle B, (c)d#& C, (d) circle D. The substrate
electrode is in all cases 2.5 A below the plane of the moleanrid the tip electrode is 4.0
A above the plane of the molecule.

maps that correspond to the four substrate electrode @asishown in Fig. 4.1, assuming
the ethyl groups poinawayfrom the substrate electrode. The substrate electrodesis po
tioned 2.5 A below the plane of the molecule, and the tip ebelet scans the molecule at
a constant height of 4A above the plane. In the case of Figa}.fivo asymmetric lobes
corresponding to the out-of-plane ethyl groups dominagentap, one about double the
strength of the other. In Fig. 4.7(b,c), two symmetric etbgsed lobes dominate the maps,
with strengths similar to the strength of the weaker lobeigf &.7(a). In Fig. 4.7(d),
however, current flows primarily through the center of thdeunole, again with a strength
similar to that of the weaker lobe of 4.7(a). Thus, we see thast substrate electrode
positions (other than below the center of the molecule) peedcurrent maps with high-
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transmission lobes corresponding to the locations of thgl giroups, with the strongest
current map, obtained when the substrate probe is belowhghgrbup, producing asym-
metric lobes. Therefore, with the assumption that the ejhglips of the molecule point
away from the substrate, the different current map resblizived experimentally, showing
four asymmetric lobes, can clearly still be reproduced withe model.

4.7 Conclusions

In this chapter, results were presented from the theotetiodel of scanning tunneling mi-
croscopy in which a molecule is contacted with two local etedes, one representing the
STM tip and the other the substrate. The system analyzedirgréguing, experimentally
accessible system consisting of STM/Zn-etioporphyrig@&fNiAl(110), in which conclu-
sive evidence of molecular electroluminescence has akso bletained.

The ‘two local electrodes’ approach to scanning tunnelingroscopy that was pre-
sented is the simplest model of STM of large molecules ségéfaom conducting sub-
strates by thin insulating films, where the dominant condgcpathway through the in-
sulating film is localized to a region smaller than the molecd’ he model is well suited
to this kind of system, because the molecule/substratdipgmgeometry is poorly under-
stood and likely varies depending on the individual moledding probed. By implement-
ing the model for this system, the interplay between themigdécule interaction and the
molecule/substrate interaction may be studied, and arhgttierstanding of the molecular
system may be obtained.

In recent experiments on the Zn-etioporphyrin system,j&ty different topographic
maps were obtained for molecules at different locationshensubstrate. The model has
shown that differences in the details of the molecule-sabsinteraction due to the non-
uniform transmission of electrons through the aluminadag® account for the differences
in topographic maps of these molecules. The model resudisepted in this thesis sug-
gest that the out-of-plane ethyl groups of the molecule mayhle location of dominant
molecule-electrode coupling, and different-looking STéyagraphs may be the result of
differing coupling strengths of the ethyl groups to the s$tdis.

In Chapters 5 and 6, the focus shifts to molecular electralestence. Building on
the conclusions of this chapter (as well as those of Chaptearf) again using a ‘local
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electrode’ approach, the aim will be to gain a better undedihg of molecular electrolu-
minescence, by studying the relationship between elettriolescence data and traditional
STM current-voltage measurements in a single cohereniefnark.



Chapter 5

A local-electrode approach to single
molecule electroluminescence and
scanning tunneling microscopy

5.1 Introduction

In the past 15 years, molecular electronics has become adfiétdense interest for fun-
damental research with potential applications in the @eaif nanoscopic devices. At the
same time, great progress has been made in the creationafcz@ photonic devices such
as those based on photonic band-gap materials.

The scanning tunneling microscope is proving immenseljuligsebridging the gap be-
tween these two fields. Systems with a STM tip over a metatlgemiconducting surface
are known to give off light due to the decay of plasmons. Epbdrphoton emission has
been observed when molecules are placed inside the tipratebginction. Recently, it has
become clear that electric-current flow through a molecludg mdeed cause the molecule
to luminesce [11, 12] due to molecular-orbital electronénsitions, as discussed in Chap-
ter 1. This phenomenon, bridging the areas of photonics amidaular electronics, is a
promising step toward an emerging field of single-molectietpnics.

It has been predicted[13] (as discussed in Sec. 2.5.2) arfitroed experimentally[12]
that therelative coupling strengths of the molecule to the electron sourdedaain greatly

54
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affect molecular electroluminescence. If the couplingrsfiths are highly asymmetric, pho-
ton emission is severely quenched. Thus, in STM/moleaubstsate experiments where
the tip-molecule coupling is normally weak, a thin insulgti'spacer’ layer between the
molecule and metallic substrate can enhance photon emibgiceducing the strength of
the molecule-substrate coupling, making it comparablé tié tip-molecule coupling.

As shown in Chapters 3 and 4, in order to theoretically modsiesys such as these,
where there is a thin insulating spacer layer that has a aaogtbmic structure and a local
geometry under the molecule that is not measured experathebut transmits electrons
nonuniformly, a local-electrode approach has proved w§g8] It has been shown, for the
system of STM/Zn-etioporphyrin/AD3/NiAl(110), that the location-dependent STM im-
ages of the molecules can be explained in terms of diffecgations of dominant molecule-
substrate coupling. In Sec. 4.6 of this thesis, evidencepnasented that the out-of-plane
ethyl groups of the molecule may be the locations of dominasiecule-substrate coupling,
and that thestrengthof the coupling between each ethyl group of the molecule hedtb-
strate depends on the location of these groups on the stebfi8 Thus, these couplings
differ from molecule to molecule adsorbed on the substrate.

This chapter extends the theoretical approaches desénilthpters 2 and 3 in order to
provide a coherent framework for understanding single maéelectroluminescence in the
context of traditional scanning tunneling microscopy. Agal ‘multiple local electrodes’
approach is presented. In Chapter 6, results using this wwankewill be presented for
Zn-etioporphyrin, with four substrate electrodes repnésg the coupling of the four ethyl
groups of the molecule to the substrate.[69]

5.2 A ‘multiple local electrodes’ approach to modelling

The model presented in this chapter is a generalizatione&iimpler models presented
in Chapter 2 and Chapter 3 of this thesis. In the present m68g¢kie tip and substrate
are represented by a tip electrode (probe) and substrateaeles (contacts) each modeled
as one-dimensional tight-binding chains. Unlike in Chapfand 3 where the formalism
only allows single substrate electrodes, in the formalises@nted here an arbitrary number
of substrate contacts are allowed.

The electronic model Hamiltonian can again be divided intee partsiH = Hejectrodest
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Hmoleculet W, wWhereW is the interaction Hamiltonian between the electrodes éwed t
molecule. Generalizing the Hamiltonian of Sec. 3.3.1 tovalinultiple substrate contacts,
the Hamiltonian for the electrodes is given by

-1
Helectrodes= Z 5’n><n‘ + B(‘n><n - 1’ + ‘n_ 1><n|)

Nn=—oo

+ i % g[n, i) (n,i| -+ B(n,i)(n+1,i[ +[n+1,i)(n,i]), (5.1)
i=1n=1

wheree are the site energies for the electrodes,[[§0$ the hopping amplitude between
nearest-neighbour electrode atoms, é&mdand |n,i) represent orbitals at siteof the tip
probe and site of theith substrate contact, respectively. The electrochemicedrpials
of the tip and substrate electrodes are again taken tprbe Ep = e\as/2 andps =
Er — e\bias/2.

The Hamiltonian of the molecule may be expressed as

Hmolecule= Zsj ’(pj><(pj B (5.2)
J

wheregj is the energy of thgth molecular orbital [(p;)). However, the model presented
in this chapter is more sophisticated than the model predent Chapter 3: in order to
realistically model electroluminescence, it is necessiaay molecular-orbital energies are
allowed to shift in response to applied bias voltage. Thisesause, rather than generat-
ing only STM topographs at a single STM tip bias voltage, thael aims to explore the
relationship of electroluminescence to current-voltagaracteristics, a relationship that
depends substantially on the detailed bias-dependergetics of the molecule. The treat-
ment of the effect of bias voltage on orbital energies is dieed in Sec. 6.3.

Generalizing Eqg. 3.3 to multiple substrate contacts, ttezaction Hamiltonian between
the electrodes and molecule is given by

W = z(wl,j! — 1)(@j| + W, —1]|@j) (1] +i;[v\/j,(1,i)|cpj><l,i\ Wiy, i1 L 1) {@i]]), (5.3)

whereW_y j, W, _1, Wj (1j), andWy j) j are the hopping amplitude matrix elements between
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the electrodes and the various various molecular orbifg)s
Similarly to Eq. 3.4, wave functions for electrons incomingm the tip probe are of
the form

W) =3 (94 re )|n) 4 i i ti€ ™ ni) + 3 cjle) (54)
i=1n=1 |

Nn=—oo

whered is the lattice spacing; are the transmission amplitudes into the different sutestra
contacts, and is the reflection amplitude back into the tip probe.

In order to solve the system, a similar approach to the Lippmwachwinger formalism
described in Sec. 3.3.1 is used. This time however, since thee multiple substrate
contacts involved, the transmission probability does aké ton as simple a form as seen in
Eqg. 3.9. As before, the Green function for the decoupledesysBo(E), may be separated
into the decoupled components: the tip probe, substrat&cisn and the molecule. For
each electrode,

electrode_ |Po(K)) (@o(K)|
Gglectrode_ Z £ spomskd]] (5.5)

Gelectodemay also be expressed in an atomic-orbital basis

Gelectrode Z Z (Gglectrodan’m n)(m|, (5.6)
n=1lm=1

The matrix element§GEeeod9, - (wheren andmrepresent atomic sites on the electrodes)
are known analytically.[42] For the molecule, the Greerction is as before:

Gy = Z !(p,)<(pj| = Z G8')il9j) (@ (5.7)

For an electron incoming from the tip probe, this yields tiéfving set of linear equations
for the coefficients ofy):[42]

W1 = (@0)-1+ (G511 Y Woy e (5.8)
]
Wii = (G 11 S Wi, i (5.9)
]

= (GY)j (Wi, 101 +Wj (1) W1,) (5.10)
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where_1 = (—1|y), W1i = (1,i|P), and(@)—1 = (—1|¢o). The transmission probability
for an electron incoming from the tip probe into one of thesttdie contacts is given
by T = z{il%|ti|2.[70] Tip-probe electrons betweqw and s in energy contribute to
the electric current through the molecule. Using the Lardaiteory,[18, 19] the electric
current is obtained:

2e [Hr

(V)=— dET(E, Vpias)- (5.112)

h Hs

The dependence OF on Vpias is due to shifting molecular-orbital energies (described i

Sec. 6.3).

5.3 Calculating the molecular charge

In order to realistically model photon emission and electurrent as a function of bias
voltage, it is necessary to consider the effects of biasgelbn molecular-orbital energies.
As discussed for a general molecular wire system in Secwhdn a bias voltage is applied,
the energies of the molecular orbitals will be affected. &o5TM system, under an applied
bias an electric field is created between the tip and substwdtich may result in some
charging of the molecule. If this occurs, the charging cauwse electrostatic shift of the
molecular energy levels that in turn severely limits thesattharging that takes place.[21]
Generalizing the minimal charging approximation presgnteSec. 2.4, the shift of the
molecular levels in response to the applied bias will be axprated here by adjusting
for each molecular orbital so as to maintain the net chargettie molecule has at zero
bias.

The net electronic charge is calculated by summing overaupied electron states
(including spin) incoming from each electrode. This sumaswerted into an integral, and
an expression for the charge is obtained:

_ 1 1€ (E, Vbias)|~ Vhias) |* Hs ’CJ E, Vbias) |2
o/ 3 i ] 3 g P G612

where the molecular-orbital energieg (and thereforec; which are defined in Eq. 5.4)
change withvyias in such a way that Q is kept constant. In this way, the minirhakging
approximation first described and presented for the singse of a two-orbital molecule in
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Sec. 2.4 may be implemented for a more complex molecule:dgperttience of the molec-
ular energy levels on the applied bias is calculated by acselistent procedure based on
the assumption that the net charge on the molecule does aogelsignificantly as the bias
applied between the STM tip and substrate is varied in thgera bias voltages being
considered. This assumption is known to be appropriate fdecules weakly coupled to
the electrodes, for example in the Coulomb blockade regim8et. 6.3, two different ap-
proaches for implementing this approximation are outljnedreating the bias-dependent
molecular orbital energies for the Zn-etioporphyrin maolec

5.4 Photon emission

Photon emission from the molecule can be understood in tefralfowed electronic tran-
sitions from a molecular orbital to one with lower energy. @wlined in Sec. 2.3, to
calculate emission spectra, the expression for the speotsnemission rate of a system
emitting photons into empty space, derived using Fermi'tl&oRule, may be used (see
Eq. 2.9).

Unlike in Chapter 2, where photon emission is calculatedfelidealized case of a two-
orbital molecule, here photon emission is calculated forséesn involving a real molecule
with multiple molecular orbitals. In order to do this, emissis considered only from the
molecule itself. The rate given by Eq. 2.9 is therefore apipnated by

4e?

R(ki, ) = oo |5 ley e Plesal?l oy xlen) 2 (5.13)
INK

wherei andf label initial and final states. The relevant transition dégnomentsg gy x| @)
are calculated by performing an extended Huickel dipoleyaisabf the molecular orbitals.[72]
For the Zn-etioporphyrin molecule, this results in somaditons being more likely than
others, and still other transitions forbidden. This willdiscussed more specifically in Sec.
6.5.1.

To calculate the emission rate as a function of photon enéngyprocedure presented
in Sec. 2.3 is generalized. All electron states of the systemoming from both the tip
probe andeach of the substrate contaataust be considered. Each electron state consists
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Figure 5.1: A schematic energy level diagram of a moleculiae wansition in a system
consisting of STM tip, molecule, and substrate.

of an incoming wave, transmitted wave, reflected wave, arahgulitude on the molecule.
See Fig. 5.1 for a schematic illustration. The positive b&se (it > [s) is assumed here.

Since the temperature is assumed to be 0 K, all states witimimg waves from a given
electrode are occupied up to the electrochemical poteoitidlat electrode. Similar to the
discussion in Sec. 2.3 for photon emission from a generieoubar wire, for a transition
to occur in this modelps must be an unoccupied state, and it must be lower in energy tha
Yi. Thus, when a final (delocalized) state for a transition issadered, it must be a state
incoming from one of the substrate contacts, and be abovedimnon electrochemical
potential of the drain contacts.

Again, an expression for the photon emission spectrum (fgiven bias voltage) is
obtained, this time for multiple substrate contacts:

() Y 4E. (5.14)

chor;\cts/USvLﬁoo Bsm kld)

The local-electrode approach to single molecule eleatmolescence that is presented
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here, bringing together traditional STM I-V charactedstwith photon emission results in
a single coherent framework for the first time,[69] is imptarted in Chapter 6, for the
Zn-etioporphyrin molecule. A remarkable connection witperiment is achieved, in the
process giving us a much better understanding of the impioptaysics involved in such
systems.



Chapter 6

Investigating the STM
electroluminescence of Zn-etioporphyrin

6.1 Introduction

Building on the results of Chapters 2 and 4 of this thesis, is thiminating chapter the
local-electrode theoretical framework presented in Chapte used to study, in a single
coherent framework, both electroluminescence and I-Vattaristics observed in the ex-
perimental system of STM/Zn-etioporphyrin/@s/NiAl(110).

From the comparisons of STM image model results with expemtal data presented
in Sec. 4.6, it is likely that the regions of dominant molezaubstrate coupling are the
four ethyl groups of the molecule. Therefore, in this chgpd@e local STM tip probe
is positioned above the molecule and four local substratéacts positioned below the
four ethyl groups of the molecule. Results for different @egrof coupling are presented
and compared with experiment. It was found[69] that this et@@n coherently explain a
wealth of previously unexplained experimental results.

There are a number of challenges dealt with in this chaptée most fundamental
challenge encountered is in how the model should treat tieetedf bias voltage on the
energies of the molecular orbitals, in a realistic physicay. Two different approaches to
this are presented in Sec. 6.3. In Sec. 6.4, a subtle tedrafiahlenge involving the de-
generacy of the LUMO is worked through and dealt with. Resaréspresented in Sec. 6.5

62
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for three different substrate contact configurations regméng three different categories
of molecule-substrate coupling. Finally, in Sec. 6.6, thgsufts are summarized, and a
remarkable multitude of experimental observations aréa@x@d.

6.2 Electronic structure of Zn-etioporphyrin at zero bias

The electronic energy-level structure of Zn-etioporphys shown in Table 4.1. In STM
experiments on Zn-etioporphyrin,[11] the appearance ofxabiasdl/dV peak for some
positions of the molecule above the substrate implies a Hexrl that is close to either
the HOMO or LUMO. Since these are STM experiments, it is {ikbkat the low-bias peak
corresponds to an orbital entering the Fermi energy windgwrbssingur (the electro-
chemical potential of the STM tip) rather thpg due to the weaker coupling of the orbital
to the tip than to the substrate. Since these experiments pexformed at positive bias
(electron flow from tip to substrate), it is therefore likéhat the Fermi level is close to the
LUMO and not to the HOMO.

The precise location of the Fermi level of the electrodesweahe LUMO energy is
likely to depend on the local geometry of the Zn-etioporjiyil ,03/NiAl(110) interface:
A work function study[71] of AbO3 on NiAl(110) has found that the formation of an ul-
trathin Al,Os3 layer on NiAl(110) decreases the work function of the swdistby about 0.8
eV, with a strong dependence on the oxide layer structuretlzinkiness. It is therefore
reasonable to assume that, for the experiments by Qiu,[dtljldifferent locations on the
Al>,03/NiAl(110) substrate have different local work functiomgth differences on the or-
der of a few tenths of an eV. Due to these differences, vanatin the common zero-bias
Fermi energy of the tip and substrate (relative to the vacaunthalso to the energies of
the molecular orbitals) are likely to occur. For a qualitaly reasonable analysis of this
system, a zero-bias Fermi level of -10.1 eV is chosen. Tlasaeing is justified more
explicitly in Sec. 6.5.3 (Dependence on the zero-bias Féwal), where results for this
Fermi level are compared with results obtained assumingalzas Fermi level of -10.3
eV.
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6.3 Molecular orbital energy-level dependences

In order to realistically model a system such as the experiaiesystem of STM tip/Zn-
etioporphyrin/ApOs/NiAl(110), the effects of bias voltage on molecular-oabienergies
must be considered. As discussed in Sec. 5.3, a ‘minimabcigassumption’ may be
implemented as a realistic constraint on the energies afiblecular orbitals, so that the
molecule maintains the net charge that it has at zero bias.

There is still, however, the question of the detailed depands of the individual molec-
ular orbitals. That is, in what ways do the energies of eacthefindividual molecular
orbitals change such that the molecule remains at its zeodharge? Two approaches to
answering this question are studied in the remainder okt#tion:

6.3.1 Approach A

One approach to treating the bias dependence of molectdaaicenergie; (which will
be called Approach A) is to assume egqual bias dependence for the shifts in energy of
each molecular orbital. This simple approach to charging was found to yield physical
reasonable behaviour of the molecular-orbital energylidevéh bias. However, by itself, it
is insufficient to explain many of the experimentally obsehSTM I-V characteristics and
photon-emission results for Zn-etioporphyrin orp@4/NiAl(110).

The reason for this may be due to Zn-etioporphyrin havitwaold-degenerate LUMO
that is likely to lose its degeneracy when the molecule isgiaon a region of the complex
surface where the molecule-substrate interaction is notdt symmetric. See Fig. 6.1 for
a rough picture of the regions of significance for each LUM8ed Appendix B for a 3-
dimensional representation of each LUMO.) It is likely tHfat cases of non-fourfold sym-
metric molecule-substrate coupling, a splitting in theozieias electronic structure of the
LUMO occurs. After including such a substrate-dependelittisig, this approach yields
interesting results that are consistent with the experiaieata.

6.3.2 Approach B

Another approach (Approach B) is to consider the bias depwedef the different orbital
energies in a slightly more complex way. Since Zn-etiopgrphis a planar molecule and
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Figure 6.1: A broad sketch of each degenerate LUMO of Zrpetiphyrin. The dominant
region of one degenerate LUMO is shown in green, and the damhiregion of the other
LUMO is shown in blue. In the middle of the molecule, both LUMI@re significant. See
Appendix B for a 3-dimensional representation of each LUMO.

all of the relevant orbitals except for the LUMO have foudeglymmetry, the electric field
from the STM tip affects each of the fourfold-symmetric ¢aks similarly, and we adjust
their energies by equal amountscof The LUMO, however, consists of two degenerate or-
bitals with twofold symmetry. Depending on the positionteé STM tip above the molecule
as bias voltage is applied, this may result in a strongetréefteld effect on the energy of
one of the LUMO orbitals and a weaker effect on the other atb#ee Fig. 6.2 for a rough
schematic diagram showing lines of equipotential in a tgtahsystem. Different parts of
the molecule will ‘feel’ the potential differently.

Therefore, for cases where the tip probe is positioned abaegion of the molecule
with a high amplitude for one LUMO and a low amplitude for thier, instead of adjusting
the LUMO energies by equal amountsafthe LUMO energies are adjusted by amounts
of y1 (> a) andy- (< a), respectively. These quantities all change Wifas such that the
total molecular charg® remains constant.

These quantities depend on the electrostatic geometryedytstem. Therefore, for all
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Lines of equipotential

Metal substrate

Figure 6.2: Arough schematic diagram showing the lines offemiential for a system com-
posed of an STM tip and metallic substrate. Notice that difieregions of a horizontally-
placed molecule placed between the STM tip and the metatratbsvill be affected by the
potential differently.

values ofVyias, the ratiosa : y; : y2 are kept the same. This is consistent with the linearity
of electrostatics: In an electrostatic system, Laplaceisaon%¢p = 0, remains satisfied
if the potential throughout the system changes by a numédsactor b: 0%(bg) = 0.

With this phenomenological approach to charging, unlik@pproach A, no zero-bias
splitting of the LUMO degeneracy is assumed.

Itis likely, to some extent, that a combination of both agmtees would most accurately
describe the experimental system. However, it is unknowithvapproackhmore closely
reflects the experimental reality. In the Results sectiorh thapter (Sec. 6.5), both
results obtained using Approach A, and results obtained Miproach B are presented,
and are compared to each other and to experiment.
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6.4 The molecular orbital energy shifting problem

To shift the energies of the molecular orbitals, and paldity the degenerate LUMOSs of
the isolated molecule, presents a technical problem, Isecafithe use of thextended
moleculefor calculations (see Sec. 3.3.2). One can not simply shétenergies of the
‘molecular orbitals’ that are calculated within the exteddnolecular framwework. These
orbitals include one atom from each electrode in additichéamolecular components, and
are thus not physical molecular orbitals but rather mathieadaonstructions to help in the
ease of calculations.

To shift the energies of trectualmolecule in a physically reasonable way, the following
procedure is followed:

Let |[m) represent a molecular orbital of the actual isolated mdée¢uot including
extended molecule’s electrode atoms). This molecule \eiltdferred to throughout as the
isolated moleculas opposed to thextended moleculém) may be represented as a linear
combination of atomic orbitals inside the isolated molecul

m =S cmili). (6.1)

Herel|i) represents an atomic orbital of the isolated molecule. Dedficientsc,j may be
found by solving the Hamiltonian matrix problem for the est@d molecule:

(m[Hiso|M) = En, (6.2)

where the atomic orbital coefficienksso(i,i’) = (i|Hiso|li’) of the Hamiltonian are known.
One may readily solve this matrix problem for the eigenvechm) as well as the eigen-
valuesEy, (molecular orbital energies) using Fortran, by calling éippropriate LAPACK
routine. In this case, the routine DSYGV was called.
Having obtained the isolated molecular orbital energtesy tnay now be shiftedg, —
E, according to the prescriptions for Approach A and ApproaaeBcribed in Sec. 6.3.
Now, the extended moleculelamiltonian is re-constructed, taking into account the
shifted isolated molecular orbital energies. To do thig, Hamiltonian is split into two
parts:H = Hiso + Hext, WhereHey; includes all the terms not included khso. The Hamil-
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tonian matrix elements may then be written as

(iH[I") = (i[Hisoli") (6.3)
when both|i) and|i’ are atomic orbitals inside the isolated molecule; othezvis

(iH[i") = (i[Hexi"). (6.4)

The term(i|Hiso|i’) in Eq. 6.3 is calculated using the newly shiftedlecularorbital ener-
giesEqy:
(ilHisoli") = S (il m)Efu(mi), (6.5)

m

where, applying Eq. 6.Xj|m) may be written as
(iim =S cmir(ili'y =S cmirS - (6.6)
IZ m,| IZ m,| |

Here§ i is the overlap term between atomic orbitajsand|i’).

Matrix elements for the extended part of the Hamiltoni@fex|i’) of Eq. 6.4, must be
further defined, depending on whetleth or only oneof the atomic orbitals in the matrix
is outside the isolated molecular region. For the case df amtmic orbitals being outside
the isolated molecular region, the matrix elements are éneesas originally. (They are
unaffected by energy shifts inside the molecule.) ThesefoiHex|i’) = (i|H|i’), whereH
is the original Hamiltonian. For the case where one atonbdal |i), is inside the isolated
molecular region and ong)), is outside, the Hamiltonian matrix element may be approxi-
mately determined through applying the Wolfsberg-Helmlemjuation (see Eqg. 3.12):

1755

Hiy =
i 2

({i[Hisoli) + (I"[H[i")), (6.7)

where(i|Hisoli) is calculated as in Eq. 6.5.

Knowing all of the matrix elements of the shifted Hamiltamighe total molecular
charge at a given bias is computed (see Sec. 5.3). If the elsugpmputed to be lower
than the zero-bias charge, the orbitals are shifted dowahwaenergy, and the calculation
is performed again. If the total charge is computed to bedri¢iian the zero-bias charge,
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Orbital HOMO-2 HOMO-1 HOMO LUMO1 LUMOZ LUMO+1

HOMO-2 - 0 0 0 0 0
HOMO-1 - 0 0.799 0.799 0
HOMO - 0.872 0.872 0
LUMO1 - 0 0.511
LUMO2 - 0.511
LUMO+1 -

Table 6.1: Transition dipole moments between relevant aubée orbitals of the molecule
Zn(ll)-etioporphyrin 1.

the orbitals are shifted upwards in energy. This procedsioentinued until the charge on
the molecule falls within an acceptable threshold clos@éazkero-bias charge. In this way,
the energies of the molecular orbitals at a given bias aeriehted self-consistently under
the assumption of minimal charging of the molecule.

6.5 Results

Results are presented for the Zn(ll)-etioporphyrin | molecaoupled to a tip probe and
four substrate contacts that are represented for simpbgitCus orbitals. The same geo-
metrical structure is used as is calculated for Chapter 4Appendix A).

6.5.1 Molecular orbital transition dipole moments

In order to calculate molecular electroluminescence, itdsessary to first calculate the
transition dipole moments (oscillator strengths) for teéevant orbitals(@; [x|@;) (see
Eq. 5.13). This calculation is performed with the help of tB®N-EDIT program[72],
that calculates oscillator strengths for molecular otbitaan extended Huckel framework.
Table 6.1 shows the transition dipole moments for the relevebitals.

6.5.2 Strong fourfold-symmetric molecule-substrate coupling

The first case considered is a case where there is strongoglieatnolecule-substrate cou-
pling and where the molecule-substrate interaction isféddisymmetric. By ‘strong cou-
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Figure 6.3: The Zn(ll)-etioporphyrin | molecule showindistrate contactS;, S, Ss, and
S, (open blue circles, into the page) and the tip probe (bluealdtof page). Carbon atoms
are red, nitrogen atoms are green, the zinc atom is yellodvhgidrogen atoms are white.

pling’ what is meant is that the Hamiltonian matrix elemeéMsectrodej DetWeen the rele-
vant molecular orbitals and substrate contacts are abourcken of magnitude greater than
between the molecular orbitals and tip probe.

In Sec. 4.6, it was shown that the out-of-plane ethyl group&metioporphyrin are
likely locations of dominant molecule-substrate coupls8] Therefore, four local sub-
strate contacts (S1-S4) are positioned below the ethylpgrad the molecule, as shown
in Fig. 6.3.[73] For Approach A (described in Sec. 6.3.1,histcase it is assumed that
there isno splittingof the LUMO degeneracylhis is consistent with the fourfold symmetry
of the molecule-substrate coupling in this ca3ée tip probe is positioned (see Fig. 6.3)
above the molecule in a lateral region that has been showa pati of the observed high-
transmission lobe pattern for the STM tip above Zn-etiopgrm.[11, 58]

For this position of the tip probe (and any position corregpong to an experimen-
tally observed high-transmission lobe) the tip probe hasangerelectrostaticcoupling
to one of the degenerate twofold symmetric LUMOSs than to themand an intermediate
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coupling to all other relevant orbitals. [The differenceviseen electrostatic and electronic
coupling should be notedElectrostatic couplingefers to the change in the electrostatic po-
tential that an electron in a molecular orbital feels duéhtdpplied bias voltage, whereas
electronic couplingefers to the Hamiltonian matrix elementiectrodej between an elec-
trode and a molecular orbital. In the rest of this chaptezséhterms will be frequently
used.] Therefore, for Approach B (discussed in Sec. 6.813)rder to model the shift of
molecular orbital energies due to electrostatic effeci phenomenological, qualitatively
reasonable way, the ratio: y; : y» (discussed in Sec. 6.3.2) is assumed to be 3:4:2. Kere,
corresponds to the orbital shift of the LUMO orbital that Ba®nger electrostatic coupling,
andy to the orbital that has weaker electrostatic coupling tdithe

Results presented throughout this chapter are not sensitihe precise values chosen
for this ratio: Changing the ratia : y; : y» affects the energies of the relevant molecular
orbitals when a bias voltage is applied, but does not quiakis change the model results
as long as the conditiopp < a < y; is met. For a ratia : y1 : y2 set to 9:10:8 instead of
3:4:2 (corresponding to smaller differences in the elestatic effects on each orbital), all
of the qualitative features described in Sec. 6.5 remaisanee.

Approach A

For this strong substrate coupling case, with Approach Ac{gised in Sec. 6.3.1), pho-
ton emission is computed to be very weak. (In Sec. 6.5.3 and 6&.4, cases will be
presented where the photon yield is more than an order of iggngreater.) This weak
emission result is consistent with the quenching of emissiiee to asymmetric coupling
of the molecule to the tip and substrate predicted for thegdrtase of current-carrying
molecular wires[13] and observed experimentally[10], ssuksed in Sec. 2.5.2 of this
thesis. The quenching of photon emission due to asymmetheddlectronic coupling can
be understood physically as follows: Looking back to Fify.tn a highly asymmetric sys-
tem where the tip-molecule coupling is much weaker than tbleaule-substrate coupling,
electrons incoming from the tip have relatively low amplés for entering the molecule,
and high amplitudes for exiting into the substrate. Thethésefore a low amplitude;
(see Eq. 5.13) for an electron in its initial state to be on decwdar orbital (even if the
orbital is inside the Fermi energy window and close in en¢oghe energy of the electron),
resulting in a low photon emission rate.
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A further possible consideration is the molecular orbitapéitudec; s of an electron in
its final state. If no allowed molecular orbitals are avdiab receive transitions (ie. inside
the Fermi energy window of the systena),s will be small for all possible final states and
emission will be further quenched. As will be shown laterhistsection, for the strong
fourfold-symmetric coupling situation we consider hers ik in fact the case.

Results for the strong fourfold-symmetric coupling casesai@vn in Fig. 6.4. Fig. 6.4a
shows the electric current, for Approach A, as a function iesbvoltage, with the red
curve showing dl/dV. Fig. 6.4c shows how the molecular atb#nergies shift with bias
voltage, with dashed lingsr andps representing the electrochemical potentials of the tip
and substrate electrodes respectively. Fig. 6.4b and Fg. &e results for Approach B,
discussed later in this section. Photon emission is notided in Fig. 6.4, as it is found to
be extremely weak.

The calculated current-voltage (I-V) curve for this case ba understood by studying
how the molecular orbital energies shift with bias voltagee( Fig. 6.4c): At zero bias,
the energy of the LUMO (assumed to be degenerate in this askyhtly aboveus and
pr, while the HOMO is much further below. At low bias, the tip @®chemical potential
M rises with increasing bias towards the LUMO, causing the lQJtd become partially
(slightly) occupied. This causes an electrostatic shithefmolecular orbital energies (dis-
cussed in Sec. 6.3): The LUMO and HOMO tragk so that the net charge on the molecule
IS maintained.

An approximately linear I-V curve at low bias is seen in Figl& with electron flow
being mediated by the tails of the HOMO and LUMO. There is gtgliow-bias dI/dV
feature due tqur approaching the LUMO energy. At about 1.3 V, the slope of the |
curve begins to increase, resulting in a peak in di/dV. Tlsoa for this I-V behaviour is
as follows: Electrons entering the molecule from the tipichtare inside the Fermi energy
window betweerur ands, contribute to the net current. Ag approaches the HOMO
energy, the high-energy tail of the HOMO mediates electrow firom tip to substrate,
increasing the net current. It is important to also rementbat the molecule-substrate
contact couplings are strong compared to the tip-molecoigling in this case, so the
substrate has a much stronger effect on orbital occupattiamsthe tip, and the high-energy
tail of the HOMO begins to depopulate when the HOMO is stghgiicantly belowus. The
orbital energies are affected slightly, with the LUMO simidt slightly lower relative tqur
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Figure 6.4: Strong fourfold-symmetric coupling betweeneoale and substrate: Electric
current and molecular orbital energies as functions of bidimge. (a) Approach A, vs.
Vpias: Red lines represemntl /dV. (b) Approach BJ vs. Wyias. (C) Approach A, molecular
orbital energies (dashed lines represent tip and substlaterochemical potentials). (d)
Approach B, molecular orbital energies.

(but not visibly in Fig. 6.4c), such that the net charge onrttedecule is maintained. The
slight downward shift of the LUMO energy further increaslks slope of the I-V curve.
Here, electric current is very sensitive to such a shift,iditee LUMO’s energy being very
close topr.

At about 1.4 V, the LUMO fully enters the Fermi energy window,the process be-
coming only slightly occupied due to the much weaker cogpbhthe molecule to the tip
(electron source electrode) than to the substrate (drAirthis point both the HOMO and
LUMO orbital energies shift downwards, in such a way thatdharge on the molecule re-
mains constant (ie. the HOMO energy folloy). The I-V curve flattens, since no orbitals
are entering or approaching the energy window between tsahstrate Fermi energies to

AP/IP

o
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Figure 6.5: From Qitet al. (Ref. [11]). Reprinted with permission from AAAS. Exper-
imentaldl /dV curves for Zn-etioporphyrin/AlD3s/NiAl(110) obtained with the STM for

molecules at different locations on the substrate. (AHFHV curves representative of the
various molecular images observed. The curve seen in B was commmonly observed
(30% of the time). Molecular electroluminescence was oleskfor cases A and B but not

for C-F.

mediate transmission.

The HOMO energy remains below,resulting in quenched photon emissi@mce
there are only weak molecular orbital tails available teeree transitions from the LUMO,
that are inside the Fermi energy window of the system.

This result is now compared with experimental results ole@diby Qiu et al.[11] for the
STM/Zn-etioporphyrin/A}O3/NiAl(110) system. In these experiments, depending on the
location of the molecule on the substrate, the moleculeeeithminesced or did not, with
different dI/dV curves obtained for luminescent and nomiluescent cases. See Fig. 6.5
for the reproduced experimental curves. Here, curve A amdecB are representative of
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molecules that were found to luminesdéolecules with current-voltage curves C-F did not
exhibit observable luminescencExperimentally, molecules that did not luminesce were
found to have only one dlI/dV peak, usually at around 1.4 VsTikiin good qualitative
agreement with the model result presented here, using Appra, which shows only one
significant dl/dV peak that occurs at 1.4 V in Fig. 6.4a, and/weeak photon emission,
that is likely not experimentally detectable.

Approach B

For the case of strong fourfold-symmetric molecule-sutstcoupling, Approach B (dis-
cussed in Sec. 6.3.2) yields I-V results shown in Fig. 6.4t #ne qualitatively similar to
those in Fig. 6.4a that were obtained using Approach A. Rheioission is also computed
to be very weak, for the same reasons as with Approach A.

With Approach B, the LUMO with the weaker electrostatic conglto the tip (which
will be referred to as LUMOZ2) enters the Fermi energy windovow bias (see Fig. 6.4d),
but contributes very little to the electric current (see.Fgib), due to the very weak
LUMOZ2-tip probe electronic coupling. The LUMO2 remains akh completely unoc-
cupied because of the asymmetry of the LUMOZ2-tip and LUM@RBssrate couplings. As
pr approaches the energy of there stronglyelectrostatically and electronically coupled
LUMO (LUMO1), however, the LUMO1 becomes patrtially (sligghtoccupied and shifts
in energy, followingur, so that the net charge on the molecule is maintained. Tl iss
again an approximately linear I-V curve, with electron floairlg mediated by the tails of
the HOMO and the LUMOL1.

At about 1.5 V, the HOMO begins to become partially (slightiypwoccupied, similarly
to Approach A, and the slope of the |-V curve increases. Th#&OA shifts slightly lower
relative toptr, such that the net charge on the molecule is maintained.flitiser increases
the slope of the I-V curve. At 1.6 V, the LUMOL fully enters tRermi energy window, in
the process becoming only slightly occupied due to the asstnyof the coupling. As with
Approach A, the orbital energies then shift downwards, chsauway that the charge on the
molecule remains constant. The HOMO energy remains bgigwesulting in quenched
photon emission, and the I-V curve flattens.

For this case of strong molecule-substrate coupling usimgrdach B, there is found to
be only one significant dI/dV peak (at 1.6 V) and very weak phamission. As for Ap-
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proach A, this compares well with the experimental non-hescent cases (see Fig. 6.5C-
F), where one dl/dV peak is observed (at about 1.4 V).

6.5.3 Localized strong coupling

Next, we consider the case where there is strong electromigling between the molecule
and onlyoneof the four substrate contacts. It was found,[58] as shovw8ein1 4.6, that this
type of electrode configuration is a likely possibility fiwetcommon experimental case of
Fig.2B in the article by Qiu et al.[11] Significant molecukectroluminesce was observed
for this experimental case.

The electrode configuration that is considered is similaséc. 6.5.2 (see Fig. 6.3);
however, in this case the substrate cont&;tsS, and S3 are moderately coupled to the
molecule (coupling less than an order of magnitude gre&gan the coupling to the tip
probe), andy, is strongly coupled.[74] The tip probe is positioned in theng lateral region
as for Sec. 6.5.2, and again with greater electrostaticlowum one LUMO (LUMOL1)
relative to the other LUMO (LUMO?2). It should also be notedttidue to the geometries of
the two LUMO orbitals shown in Fig. 6.1 (see Appendix B), th@sgly coupled substrate
contact is electronically strongly coupled to only one & HUMOs (LUMOZ2, in this case)
and not the other (LUMO1).

Approach A

With Approach A, since the molecule-substrate interact®im this case not fourfold-
symmetric, there is a splitting in the zero-bias degeneohtyge LUMO.[75]

For this case, significant photon emission is computed toirocEig. 6.6a shows the
calculated emission spectrum at high bisigs = 1.94 V). The spectrum corresponds to
HOMO-LUMOL1 (1.94 eV peak) and HOMO-LUMOZ2 (1.44 eV peak) tsdions. The
calculated I-V curve for this case, shown in Fig. 6.6c, hasvelhias di/dV peak and a
high-bias di/dV peak.

To understand the calculated photon emission spectra &dukves for this case, it
IS necessary to pay close attention to the details of thelicgupf the various molecular
orbitals to the electrodes. Looking at Fig.6.6e, at low bresLUMO2 enters the Fermi
energy window, remaining almost completely unoccupiedtdutie strongly asymmetric
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Figure 6.6: Localized strong coupling: photon emissioecelc current, and molecular
orbital energies as functions of bias voltage. (a) Approacphoton emission VSVpjas.
(b) Approach B, photon emission Vgjas. (C) Approach Al vsVpias: Red lines represent
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A, molecular orbital energies. (f) Approach B, molecularitalenergies.
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coupling of the LUMOZ2 to the tip and substrate. In this casmydver, the LUMO2 con-
tribution to the electric current is not negligible. Curréotv mediated by the LUMO2 is
not drowned out by current flow mediated through the tailheftUMO1 or the HOMO,
since in this case the electronic coupling of the substsastrongest to the LUMOZ2. This
creates the low-bias dI/dV peak seen in Fig. 6.6c.

The LUMOZ2 energy followsutr up to 0.2 V (see Fig. 6.6e). In this case, the substrate
contacts have a large influence on the occupation of the LUEM@2 though the LUMO2
is well aboveus, because the coupling between the substrate and LUMO?2 ik sitanger
than between the tip and LUMOZ2. Thus, from 0.2 V to 0.6 V the LORtracksus and the
I-V curve (Fig. 6.6¢) is flat. At 0.6V, the LUMO1 approachgsand begins to populate. In
response, the energies of the orbitals rise such that ngiolgaiakes place. The tip probe
has a large influence on the occupation of the LUMOL1, becdesedupling between the
tip/substrate and LUMO1 is not highly asymmetric. From 0.®\..9 V, The LUMO1 and
the tail of the HOMO are the dominant sources of rising curren

The HOMO reachegs at hias = 1.9 V, causing an electrostatic shift in energy of the
orbitals downwards, so that the LUMOL1 enters the Fermi gnemgdow and populates sig-
nificantly. The HOMO reachgss and depopulates by an equal amount. There is a resulting
sharp increase in current, as both the HOMO and LUMO1 meeiatdron transmission
from tip to substrate.

Close inspection of Fig. 6.6e and Fig. 6.4c shows that, indase, the HOMO energy
comes up tgus (within the resolution of the figure) whereas for the case ef.S6.5.2
(Approach A), the HOMO energy onlgpproaches g Hence, the depopulation of the
HOMO is much greater in this case than in Sec. 6.5.2. Greefomllation of the HOMO
occurs, along with greater population of the LUMOL as it esitee Fermi energy window,
due to the lack of strong coupling asymmetry between the LUM®@d the tip/substrate
electrodes in this case. In this way, the zero-bias chamgaistained. Therefore, above 1.9
V, HOMO-mediated electronic states are available to receansitions from LUMO1 and
LUMO2-mediated states, resulting in photon emission. &there is a stronger coupling
asymmetry between the LUMO2 and the tip/substrate eleesrtithn between the LUMOL1
and those electrodes, LUMO2-HOMO photon emission is wetkan LUMO1-HOMO
emission (see Fig. 6.6a), as explained in Sec. 6.5.2(Appraa

The onset of photon emission in this case occurs as the HOMOnes partially un-
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Figure 6.7: Localized strong coupling: Onset of photon siois at the HOMO-LUMO2
emission peak. (a) Approach A, emission rate vs. photorggrfer three different values
of Wpias around the onset voltage. (b) Approach B, emission rate wstophenergy.

occupied, at about 1.9 V. Fig. 6.7a shows the onset of phattueséon, at the spectrum
peak corresponding to HOMO-LUMO?2 transitions. Notice tifet peak photon energy:(
1.43-1.44 eV) is significantly less than the Fermi gap engfgy us (=~ 1.93-1.94 eV). This
is because the LUMOZ is deep inside the Fermi energy winddiveabnset voltage (see
Fig. 6.6¢). The calculated photon emission peak due to HOM®O1 transitions has
the same onset voltage as the HOMO-LUMOZ2 emission peak hiotransition, however,
photon energy is peaked close to the Fermi gap energy (1.9etjuse the LUMOL and
HOMO have energies close g andps respectively at the onset voltage.
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Figure 6.8: From Qitet al. Reprinted with permission frm AAAS. Experimental photon
emission spectra for molecules corresponding to B in Fig.fér various bias voltages
around the onset voltage.

Comparing results for this luminescent case to experimeeatsimilarities are striking.
Experimentally, molecules that luminesced commonly hamallsdl/dV peak at 0.2 V and
a larger peak at around 2.0 V (see Fig. 6.5A,B). This is in denehualitative agreement
with Fig.6.6¢c, where a small dI/dV peak is seen at 0.2 V andgelapeak at about 1.9
V. Furthermore, experimental results[11] (reproducec herFig. 6.8) show the onset of
photon emission occurring most commonly at about 2.2 V, btht & photon energy peak
in the spectrum about 0.5 eV below the corresponding Fermiegeergy of 2.2 eV. This
is in good agreement with Fig. 6.7, where at onset an emigmak (corresponding to the
HOMO-LUMO?Z2 transition) is found significantly below the reirgap energy. Also, we
see very similar behaviour of the emission spectra taile Aigh-energy tail has a sharp
cutoff, while the low-energy tail does not. As bias voltagereases, the high-energy cutoff
shifts upwards in energy by a similar amount. In the modelltepresented in this chapter,
this behaviour is also seen, because the Fermi energy ofuttetrate provides a sharp
energy cutoff below which there are no available final stébes transition. This cutoff
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reduces the extent of the high-energy tails of the photontsp@. There is no such cutoff
reducing the extent of the low-energy photon tails.

Notice also that, experimentally, there is a shift in theig@s of the high-bias di/dV
peak, depending on whether photon emission is observediglr6/ a peak is observed
at 1.4 V for non-luminescent cases (C-F), and around 2.0 Vulmirescent cases (A,B).
The same sort of bias peak shift is seen theoretically witpréach A: 1.4 V for Sec. 6.5.2
(weak emission case) and 1.9 V for Sec.6.5.3 (strong emigsise). In this way, Fig. 6.4a
is similar to Fig. 6.5C-F, while Fig. 6.6c¢ is similar to Fig4é\,,B.

The model further predicts a stronger HOMO-LUMO1 emissiealp(the 1.94 eV peak
in Fig. 6.6a) with the same onset voltage as the experimgmthserved HOMO-LUMO?2
emission peak, but with a higher peak photon energy, clogetbermi gap energy eias.
The experimental photon spectra in Ref. [11] do not extentiegphoton energy range in
which this emission peak is predicted to occur (2.2 eV phetoergy for the experimental
onset voltage of 2.2 V). An experimental study testing thiedction of the model (that a
second, high energy, photon peak should occur) would bigintig.

Approach B

With Approach B, as with Approach A, significant photon enassis computed to occur
in this case of localized strong molecule-substrate cagplFig. 6.6b shows the emission
spectrum at high bia¥{ias= 1.94 V). The spectrum corresponds to HOMO-LUMOL1 (1.57
eV peak) and HOMO-LUMOZ2 (1.30 eV peak) transitions. The [i¥we for this case,
shown in Fig. 6.6d, has a low-bias dI/dV peak and a high-bi&B/dpeak.

Looking at Fig.6.6f, at low bias the LUMO2 enters the Fernmergy window. It remains
almost completely unoccupied due to the strongly asymmetnipling of the LUMOZ2 to
the tip and substrate, but as with Approach A it still conités to the electric current. This
results in the low-bias dI/dV peak seen in Fig. 6.6d. At 0.2h¥ energy of the LUMOL1
reachequr. This causes an electrostatic shift in the energy levelsangsy as shown in
Fig. 6.6f. From 0.2 V to 1.6 V, the LUMOL1 and the tail of the HOM{(e the dominant
sources of rising current. The HOMO reachgsat 1.6 V, causing an electrostatic shift in
energy of the orbitals downwards, so that the LUMO1 entexd=#rmi energy window and
populates significantly. Similarly to Approach A, the HOM@achegis and depopulates
by an equal amount, resulting in a sharp increase in current.
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For the same reasons as were explained for Approach A, foroagh B at 1.6 V
HOMO-mediated electronic states are available to receasmsitions from LUMO1 and
LUMO2-mediated states, resulting in photon emission. Ashwipproach A, LUMO2-
HOMO photon emission is weaker than LUMO1-HOMO emissioe (Sig. 6.6b). Fig. 6.7b
shows the onset of photon emission, aroMads = 1.6 V, at the spectrum peak corre-
sponding to HOMO-LUMOZ2 transitions. As with Approach A, thieoton peak energy is
significantly less than the Fermi gap energy.

Quialitatively, 1-V and photon emission results for Apprbd@ are similar to results for
Approach A, and compare similarly well to experiment. Thisrene exception: With Ap-
proach B, there is no shift in the position of the high-biasldlpeak depending on whether
or not photon emission is observed: A peak is predicted aVXd both luminescent and
non-luminescent cases, due to the very similar moleculatabenergetics for luminescent
(Fig. 6.6f) and non-luminescent (Fig. 6.4d) cases. Expemialy, there is a shift in the
position of the dl/dV peak: around 1.4 V for the non-lumirestccase and 2.0 V for the lu-
minescent case (see Fig. 6.5)). A similar shift is found tegcally with Approach A, due
to the fact that the HOMO-LUMOL energy difference in the lnescent case (Fig. 6.6e) is
greater than the HOMO-LUMO energy difference in the noniheacent case (Fig. 6.4c).

The physical reason for this difference between Approacimd\Approach B is that in
Approach A the molecule-substrate coupling splits the LUNKEgeneracy in the lumines-
cent case but not in the non-luminescent case and thiseliiterin electronic structure re-
sults in the different bias voltages at which the high biaekga dI/dV occurs. By contrast,
in Approach B the LUMO degeneracy is lifted in both the lunsicent and non-luminescent
cases, so that the electronic structure of the moleculetanbias voltage at which the high
bias peak in dl/dV occurs is similar in the two cases.

Dependence on the zero-bias Fermi level

Experimentally, different dl/dV curves are observed dejiegmon the location of the molecule
on the substrate (see Fig. 6.5)[11]. Even among those nlekethat luminesced (A and B),
there are differences in dl/dV. It should be noted that, enrtiodel results presented here
thus far, a zero-bias Fermi level of -10.1 eV was chosen, hatvariations in the Fermi
level relative to the molecular levels at zero bias are yike¢épending on the location of the
molecule on the surface, due to local work function variai¢discussed in Sec. 6.2).
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The dashed line in Fig. 6.6d shows an I-V curve (using Appgnddcfor analternate
zero-bias valueof Er: -10.3 eV instead of -10.1 eV. Here, the low-bias dI/dV pesk i
at 0.5 eV, corresponding more closely to Fig. 6.5A than Fi§B6It is possible that the
experimental differences in low-bias di/dV peak locatiom&ig. 6.5A and Fig. 6.5B are
due to different zero-bias Fermi levels caused by local wariction variations on the
surface. Other than the change in the low-bias di/dV peadtioe, small changes in the
Fermi level yield qualitatively similar I-V and photon ersisn results. Therefore, for the
rest of this chapter, a Fermi level of -10.1 eV is assumed.

6.5.4 Weak fourfold-symmetric molecule-substrate coupling

The final case considered is weak molecule-substrate caymhere the molecule-substrate
interaction is fourfold-symmetric, along with strongegp-tnolecule coupling than in the
previous cases. In this case, the electronic moleculetisuégoupling is of the same order
of magnitude as the tip-molecule coupling.[76] This sitraimay be achieved experimen-
tally by increasing the thickness of the oxide layer betwtbermolecule and metal substrate
by a modest amount, or by decreasing the tip-molecule distefor the model in this case,
both the molecule-substrate distance is increased angth®olecule distance decreased.

Approach A

Asin Sec. 6.5.2(Approach A), there is assumed to be noigplitf the LUMO degeneracy.
For this case, much more efficient photon emission is preditct occur, with a photon yield
two orders of magnitude higher than for Sec. 6.5.3. Fig. 6favs the emission spectrum
at high biasVpias = 1.95 V). The peak in the spectrum corresponds to the HOMO-LUMO
transition. Fig. 6.9c shows the I-V curve for this case. Ehera high-bias dI/dV peak (at
1.45 V) and no low-bias peak. Looking at Fig. 6.9e, the mdhkacarbital energetics are
similar to those for Sec. 6.5.2(Approach A) (shown in Figld). Since no orbitals enter
the Fermi energy window at low bias, there is no low-bias \Ifskak. In this case, the
I-V curve is quite flat up to about 1.4 V. At 1.4 V, the LUMO fulgnters the Fermi energy
window, becoming partially occupied. The HOMO depopuldigsan equal amount, and
the orbitals electrostatically shift downwards in energghws.

Since the tip has a much stronger effect on the LUMO occupatidhis case than in
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Figure 6.9: Weak fourfold-symmetric molecule-substratepting: photon emission, elec-
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Sec. 6.5.2 and Sec. 6.5.3, the degree of partial populatibe . UMO, and partial depop-

ulation of the HOMO, is much greater. This results in muchatgequantum efficiency for

photon emission. Unlike in Sec. 6.5.3, the initial onsetagé for photon emission due to
HOMO-LUMO transitions matches the HOMO-LUMO emission pealergy.

Approach B

As with Approach A, with Approach B very strong photon emissis predicted to occur.
Fig. 6.9b shows the emission spectrum at high biggd= 1.80 V). Here, there arenvo
peaks in the spectrum, corresponding to HOMO-LUMO1 and HOMMIMO?2 transitions.
Fig. 6.9d shows the I-V curve for this case. There are two-igis dl/dV peaks (at 1.2 V
and 1.6 V) and no low-bias peak.

These results can be understood by studying the behavidineaholecular orbitals
with applied bias voltage (see Fig. 6.9f). At low bias, themrieenergy window approaches
the LUMO1 and LUMOZ2. Unlike the other cases (Sec.6.5.2 ad &&.3), in this case the
LUMO2 coupling to tip and substrate is not strongly asymingand electron states from
the tip have a significant effect on the charge of the orbttayrefore, the LUMO2 elec-
trostatically shifts in energy witlr so that the zero-bias charge on the molecule is main-
tained. Since no orbitals enter the Fermi energy window\atl@s, there is no low-bias
dl/dV peak. At 1.2 V, the HOMO energy reachgs and the HOMO begins to depopulate.
This causes an electrostatic shift in orbital energy dowdsjaand the LUMO2 enters the
Fermi energy window, creating a di/dV peak at 1.2 V. At 1.6 hé LUMOL1 enters the
Fermi energy window, resulting in another di/dV peak. (Tihizease in current is greater
than the increase at 1.2 V, because the LUMOL1 has strongeraglee coupling than the
LUMOZ2 to the tip probe.) The HOMO depopulates significantlgttier, with the LUMO1
populating by an equal amount. (The resulting electrastigviation in orbital energies is
too small to be visible in Fig. 6.9f because the occupatiothefHOMO is very sensitive
to any deviation in energy away frops,.)

As with Approach A, the result is higher quantum efficiency flnoton emission.
Unlike in Sec.6.5.3(Approach B), the initial onset voltage photon emission due to
HOMO-LUMO?2 transitions corresponds to the HOMO-LUMO2 esms peak energy.
The HOMO-LUMO2 emission peak increases further once thetoratage correspond-
ing to the HOMO-LUMOL emission peak is reached (due to thén&rrdepopulation of the
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HOMO).

A signature of this relatively efficient photon emissionineg, found with both Ap-
proach A and Approach B, is thack of a low-bias dI/dV peak. This regime has yet to be
realized in STM experiments; however, it is predicted thaatly enhanced quantum effi-
ciency could be achieved by further weakening the couplirigemolecule to the metallic
substrate, or by bringing the STM tip closer to the molecWhile in the model presented
here, both the molecule-substrate distance is increagkthartip-molecule distance is de-
creased, it may be more experimentally feasible to incrideesthickness of the oxide layer
without bringing the tip closer to the molecule. This wouddise a reduced current through
the molecule. For such an experimental situation, the aglieaminescence observation is
not the absolute photon emission intensity, but the quartificiency, orphoton yieldthe
number of photons given off per electron passing throughtbkecule). This is predicted
to be greatly enhanced.

6.5.5 Discussion of Results

Both Approach A and Approach B yield results consistent wkpegiment. For the case
where the molecule is strongly coupled to the substrateg, weak photon emission, along
with only a single high-bias dl/dV peak, is found with bottlpapaches. Experimentally, all
molecules that did not luminesce had a single high-biasvdpeak signature and no low
bias dl/dV peak.

For the case where only a localized region of the moleculéramgly coupled to the
substrate, both approaches yield much stronger photorsemithan the first case. This
is because, for a HOMO-LUMO transition, the relevant cauplasymmetry (between
the tip-LUMO and the HOMO-substrate) is greatly reduced.o®mission peaks were
found, the lower-energy peak being significantly lower iergy eV at onset than the en-
ergy corresponding to the onset voltage V. As well, in thisechoth a low-bias and high-
bias di/dV peak are found. This is consistent with experimémthe experimental case
where both low-bias and high-bias di/dV peaks are obseipfeoton emission is also ob-
served. Furthermore, there is additional evidence basetbalelling of the molecular STM
images[58] (presented in Sec. 4.6) that this experimeatsé corresponds to a localized
region of strong coupling of the molecule to the substrate.
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One qualitative feature observed experimentally and fabadretically with Approach
A is not found with Approach B: Experimentally, there is a shifthe position of the high-
bias dI/dV peak, depending on whether or not photon emidsiatserved. This shift is
predicted with Approach A but not with Approach B.

There is additional experimental evidence in support of rApph A in the form of
an observed zero-bias splitting in the LUMO degeneracy dfrala molecule (magne-
sium porphine) above the samex®k/NiAl(110) substrate.[77] It should be noted that for
this experiment, only MgP molecules with two-lobe STM imagesre chosen for detailed
study, so thesubstrate-dependencoéthe zero-bias splitting is unknown.

There is, however, a possible physical justification for Aggeh B. When a bias voltage
is applied, the STM tip will electrostatically affect diflent molecular orbitals differently.
The extent of these different effects is unknown. A simpéztbstatic calculation, treating
the tip/substrate as a point charge and a mirror image chauggests small differences
(typically on the order of 100ths of an eV) in the average pti&d energy for the LUMOL1
and LUMOZ2 orbitals. Thus, while the assumptions for ApptoBamay indeed be qualita-
tively correct, the degree to which the orbital energiehefltUMO1 and LUMO2 behave
differently with bias is unknown and may be small.

For the case of very weak molecule-substrate coupling, rhigtter quantum efficien-
cies for photon emission are predicted to occur. This redna® not yet been realized
experimentally, and would be an intriguing avenue for fartresearch.

6.6 Conclusions

The local-electrode framework presented in the last twqtgra coherently explains a
multitude of experimental observations[11] not previgukkoretically studied,[69] for the
STM/Zn-etioporphyrin/A}O3/NiAl(110) system. The following is a summary of these ob-
servations, with explanations based on model results:

(i) The observed molecular-based photon emission is dueattsitions between the
molecular LUMO, whose degeneracy has been split by molesulstrate and/or
molecule-STM tip interactions, and the molecular HOMO.
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(ii)

(i) For some cases, no low-bias di/dV peak is experiméntabserved (see Fig. 6.5C

(iv)

(v)

For some cases, low-bias dI/dV peaks are observed ewpatally (see Fig. 6.5A,B).
The model explains these as being due to a splitting of the OUddgeneracy, with
the lower-energy LUMO entering the Fermi energy window at laias (see Sec.
6.5.3).

F). It is found that this occurs because the molecule is tomngty coupled to the
substrate, with the LUMO either not entering the Fermi epevindow at low bias
(Approach A, see Sec. 6.5.2(Approach A)), or a splittinghdf t UMO degener-
acy and one of the LUMOs entering the window but contributiegligibly to the
current due to very weak coupling of this LUMO to the tip (Appch B, see Sec.
6.5.2(Approach B)).

For cases with no low-bias peak, no photon emission gearentally observed.
This is explained by the model as being due to strongly asymmmigo/molecule
and molecule/substrate couplings. In these cases, whes astapplied, the HOMO
stays almost fully occupied and the LUMO almost completelgacupied (see Sec.
6.5.2(Approach A,B)).

There is an experimentally observed difference in tha&tpm of the high-bias di/dV
peak, between cases where photon emission is and is notvelds@ee Fig. 6.5).
This is explained with Approach A by a breaking of the LUMO dergracy only in
the luminescent case (see Sec. 6.5.2(Approach A) and Se8(Approach A)).

(vi) The experimental peak photon energy is about 0.5 eWWhel,;;s at emission onset

(see Fig. 6.8). This is explained by the model as being dupliiisg of the LUMO
degeneracy, with the lower-energy LUMO being well inside Bermi energy win-
dow as the energy of the HOMO approaches the window. See S28(&pproach
A,B).

(vii) The high-energy photon emission spectra tails areste than the low-energy tails

(see Fig 6.8). This is explained as being due to the subg$teatai energy providing
a sharp energy cutoff below which there are no availablestatreceive a transition
(see Sec. 6.5.3(Approach A,B)).
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(viii) There are significant differences in experimentallyserved positions of di/dV peaks
(see Fig 6.5) depending on the position of the molecule osubstrate. These differ-
ences are consistent with differing local zero-bias Feewels, due to local variations
in the work function of the oxide-coated metal substrate Gec. 6.5.3(Dependence
on the zero-bias Fermi level)).

The model predicts that an additional photon emission pbakld occur at a higher
photon energy (close to the bias voltage at emission ortsa) lhas been studied to date
experimentally, for the case of molecular-based photors&ion presented in Sec. 6.5.3.
Experiments testing this prediction would be of interest.

It is also predicted that greatly enhanced quantum effigi@h@hoton emission could
be achieved by further weakening the coupling of the moketuthe metallic substrate, or
if possible by bringing the STM tip closer to the moleculeg(§ec. 6.5.4).

Studying the STM/Zn-etioporphyrin/AD3/NiAl(110) system using the local-electrode
theoretical framework presented in the last two chaptesy/leded a coherent explanation
of a large body of experimental results for this system. Yshis framework, a much
greater understanding may be gained of single molecul¢releminescence. This is an
important step towards the development of the emergingdiedthgle-molecule photonics.

I hope that this work inspires further experimental and thgcal research in this promising
new field.

While the present theory relies heavily on phenomenolodystallowed the construc-
tion of energy level diagrams of the evolution of the molectHOMO and LUMO orbitals
and of the electrochemical potentials of the electrodes fasi@ion of applied bias that
are physically reasonable and are consistent gththe experimentally observed current-
voltage characteristicand the experimental electroluminescence data. Thus the imple
mentation of this model on an experimental system can alsadveed as a quantitative
interpretation of the experimental data that is unique at thsatisfies more demanding ex-
perimental constraints than previous attempts to modetrax@ntal molecular electronic
data that have focussed on experimental current-voltageacteristics alone. Therefore,
as well as contributing to a better understanding of simgédecule photonics the present
work provides much needed benchmarks for the developmeatairate first principles
theories of the evolution of the electronic structure of eolar nanowires under bias that
do not yet exist at this time.



Chapter 7
Summary and Outlook

This thesis has helped to ‘shine a light’ on molecular etatts and photonics, by inves-
tigating theoretically the electroluminescence and sicantunneling microscopy of single
molecules in a unique way: not only through theorizing onghgsics of the experimental
phenomena, but, as an essential part of the investigatioexémining the nature of the
experimental system itself. Among the important theoattcontributions of this thesis
are the development of a local electrode framework to desalectron behavior in cer-
tain STM-molecule-substrate systems, an illustrativargda of how this framework may
be utilized to better understand the underlying experialesystems, and ultimately the
achievement of a coherent unified explanation of a large lod@ectroluminescence and
conductance data in an experimental system of currenesiter
The work in this thesis was carried out very much with an eyteomoprecisely mod-

elling ana priori known system, but rather from a starting point where mosigthiwere
unknown. The first step to understanding the phenomenon tdaular electrolumines-
cence in a system with many unknowns was to understand treralgghenomenon using
as simple a model as could be conceived that retained thertampghysics. This model
formed the basis of my Master’s thesis and was outlined in @nh&p From this beginning
came a somewhat more sophisticated two-electrode apptodiod scanning tunneling mi-
croscopy of single molecules. This approach was found toessfully account for various
different STM images observed for the Zn-etioporphyrin @sole, and as well provided
evidence for the likely nature of the molecule-substratgptiag for the system. From this
point, the model was enhanced again, into a local electrpgeoach with which both sin-
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gle molecule electrical conductance and electrolumineseeould be studied in a coherent
framework. Finally, this model was applied to the same arpamntal system of STM/Zn-
etioporphyrin/AbOs/NiAl(110), and a wealth of previously unexplained obséores were
explained using the framework of local electrodes.

The various models presented in this thesis were all relgtsimple out of necessity
(due to a lack of knowledge of the precise geometry of theesy)st consisting of tight
binding chains of atomic orbitals for electrodes and a mdkacorbital framework that
uses extended Huckel theory. The result is a real advancerimmmerstanding of the
specific Zn-etioporphyrin experimental system, as wellg®ater physical intuition for the
behaviour of single molecule systems in general. Thealdgchniques with a high degree
of sophistication are often automatically assumed to besoipy and capable of greater
physical insight. It is a hope of mine that this thesis hasaestrated that sometimes the
opposite may be true.

Variants of the local electrode approach outlined in thissit will likely be used in
future theoretical models, not only for experimental syseavith irregular ‘spacer’ layers
as are analyzed here, but as well for systems intentionallygded with the idea of ‘local
electrodes’ in mind. As experimental techniques contimugdvance, single molecule sys-
tems with a known composition of local electrodes will beeoimcreasingly accessible to
experimentation. Advances in nanoelectronic and nanopimtevices may take the form
of single molecule switches, transistors, other electr@md photonic circuitry, and cir-
cuitry utilizing the interplay of electrons and photons. Birig on the work of this thesis,
and comparisons to further experimental advances, theakreiodels of local electrodes
will become much more sophisticated. By including both etet and photons in a coher-
ent theoretical framework, the fields of single molecule®tnics and photonics are set
for many intriguing discoveries.

Molecular electronics is a field with a lot of potential forwméechnologies, and the
emergence of photonics adds a whole new dimension for aiglits and understanding.
However, some of the biggest technological jumps are or@uin nhanoscopic systems
where we still do not really understand the details of whagoisig on, with one prominent
example today being the field of nanoscale biotechnologghielogy can progress, to a
certain point, beyond physical understanding using ‘ara error’ techniques in achieving
desired effects. The past has shown us, however, that wbhbndgy surpasses under-
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standing there may be unintended consequences.

With this thesis, we begin to understand the basics of simglecule electrolumines-
cence. Moving forward from this point, we will hopefully skegther vigorous experimenta-
tion inspired by this work, involving molecular electrolurascence on both systems with
more well-understood molecule-surface interactions, syglems that may not be well-
understood but are within theoretical reach. On the theailetide, there is near limitless
room for improved techniques, as well as the developmenewaf approaches to studying
electrons and photons together in a nanoscale system.

Regardless of potential applications and technologicabacement, | hope that this
thesis moves us in the direction of increasing our basic rtataieding of the nanoscale
world.



Chapter 8

Appendices

8.1 Appendix A

As discussed in Sec. 4.2, the geometrical structure of gatibporphyrin | was obtained[59]
by relaxing an approximate structure of the molecule ineoghometry that has the lowest
total energy. Table 8.1 shows the 'relaxed’ geometry of tlodecule, in Cartesian coordi-
nates.
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Element

X

Y

Z

Zn

IITIIIIIIIITIOOOOOOOOOZ

0.000000
2.061348
1.115364
2.889468
0.697170
4.289785
2.443502
1.632512
5.478538
5.854234
3.209543
2.250299
2.316148
1.084235
6.344926
5.283275
5.017506
6.715931
6.111513

0.000000
0.000000
2.884249
1.111123
4.284513
0.685821
2.439207
5.458822
1.607806
2.050617
3.209476
5.482045
5.429495
6.405051
1.113025
2.498735
2.567211
2.730174
1.183341

0.000000
-0.003388
0.000701
-0.002251
0.002650
-0.000279
0.002554
0.002632
-0.038673
-1.472201
0.010088
-0.905397
0.861513
0.049687
0.418987
0.573334
-1.956715
-1.458090
-2.091606
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Table 8.1: Geometrical structure of Zn(ll)-etioporphyrmbtained by an energy minimiza-
tion scheme based on density functional theory[59]. Theemde has fourfold-symmetry.

This table shows atomic coordinates (in Angstroms) for ointhe four quadrants of the

molecule. The other quadrants are obtained by rotationeo€tordinates by 90, 180, and
270 degrees about the Z axis.
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8.2 Appendix B

The electronic structure of the HOMO (highest occupied ke orbital) and the two
degenerate LUMOs (lowest unoccupied molecular orbitalshiown in Fig. 8.1, Fig. 8.2
and Fig. 8.3.[78] LUMOL refers to the lowest unoccupied molar orbital having stronger
electrostatic coupling to the STM tip in Chapter 6, and LUM@#£ers to the orbital with
weaker electrostatic coupling to the tip. In each figure niodecule is in the same orienta-
tion as in Fig. 4.1.

Figure 8.1: A 3-dimensional representation of the eledtratructure of the HOMO of
Zn-etioporphyrin. Red regions indicate positive amplitsidgdue regions indicate negative
amplitudes. C, H, N and Zn atoms are coloured red, white, gaadrgrey, respectively.
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Figure 8.2: A 3-dimensional representation of the eledtrstructure of the LUMO1 of
Zn-etioporphyrin. Red regions indicate positive amplisiddue regions indicate negative
amplitudes. C, H, N and Zn atoms are coloured red, white, gaadrgrey, respectively.
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Figure 8.3: A 3-dimensional representation of the eledtrstructure of the LUMO?2 of
Zn-etioporphyrin. Red regions indicate positive amplisiddue regions indicate negative
amplitudes. C, H, N and Zn atoms are coloured red, white, gaadrgrey, respectively.
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