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Two-dimensional metal-organic frameworks (2D MOFs) are single-atom-thick
porous lattices comprising coordinating metal atoms and molecular ligands on
an atomistically flat surface. Every component in the system can be varied, re-
sulting in diverse structures exhibiting numerous different lattice symmetries as
well as a rich variety of physics. 2D MOFs have been predicted to host exotic
quantum-mechanical phenomena, perhaps most interestingly topological phases
which make them especially appealing for applications in e.g. spintronics and
quantum computing. However, despite numerous theoretical predictions, the re-
alization of topological electronic states in 2D MOFs remains elusive.

This thesis focuses on a 2D MOF of gold centers and 9,10-dicyanoanthracene
(DCA) molecules in a kagome lattice symmetry — a structure predicted to be a
topological insulator. The synthesis of the Au-DCA lattice onto a Au(111) surface
was demonstrated and the structure was characterized by scanning tunneling mi-
crosopy (STM) and scanning tunneling spectrosopy (STS). The results obtained
point towards an extensive electronic system throughout the lattice, perhaps even
band formation. However, challenges in synthesis resulting in limited sample size
as well as the metal substrate used prevent from drawing further conclusions.
After this first step, the future research towards realizing the topological phase
in the Au-DCA lattice is outlined by enhancing the lattice growth as well as
synthesis onto a weakly interacting substrate.
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Kaksiulotteiset metalli-orgaaniset runkorakenteet (2D MOFit) ovat yhden atomi-
kerroksen paksuisia huokoisia hilarakenteita, jotka koostuvat metalliatomikeskuk-
sista seké niihin koordinoituneista molekyyleistd atomistisen tasaisella pinnalla.
Koska jokainen rakenteen komponentti on vaihdeltavissa, 2D MOFit ovat paitsi
hilarakenteiltaan moninaisia myos fysikaalisilta ominaisuuksiltaan monipuolisia
materiaaleja. Eksoottisten kvanttitilojen on ennustettu esiintyvian 2D MOFeissa,
néistd kenties mielenkiintoisimpina topologiset faasit, joiden sovelluskohteisiin lu-
keutuvat mm. spintroniikka seké kvanttitietokoneet. Lukuisista teoreettisista en-
nusteista huolimatta kokeellinen tutkimus ei kuitenkaan ole vield onnistunut rea-
lisoimaan topologisia elektronisia tiloja 2D MOFeissa.

Tama diplomity6 keskittyy Au-DCA 2D MOFiin, jonka kagome-hila koostuu
kulta-atomeista ja 9,10-disyanoantraseenimolekyyleistd (DCA) ja jonka on en-
nustettu olevan topologinen eriste. Au-DCA-hilan synteseesi Au(111)-pinnalle
demonstroitiin ja rakenne karakterisoitiin tunnelointimikroskoopilla (STM) seka
tunnelointispektroskopialla (STS). Tulokset viittaavat kauttaaltaan hilaan le-
vinneeseen laajaan elektroniseen systeemiin, mahdollisesti jopa vyorakenteeseen.
Enempien pédtelmien tekeminen on kuitenkin haastavaa johtuen kiytetystd me-
tallisubstraatista sekd synteesihaasteista, jotka rajoittivat hilan kokoa. Taméin
ensimmadisen askeleen jélkeen hilan koon kasvattaminen sekd synteesi heikosti
vuorovaikuttavalle pinnalle viitoittavat tulevaa tutkimusta topologisen faasin saa-
vuttamiseksi Au-DCA-hilassa.

Asiasanat: metalli-orgaaninen runkorakenne, topologinen faasi, topologi-
nen eriste, tunnelointimikroskopia (STM), tunnelointispekt-
roskopia (STS)
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Abbreviations and Acronyms

2D MOF
B7
DCA
DFT
DOS
FCB
hBN
HOMO
IS
IQHE
LDOS
LT
LUMO
S0C
STM
STS
TI
TRS
UHV
QAHE
QSHE

Two-dimensional metal-organic framework
Brillouin zone
9,10-dicyanoanthracene

Density functional theory

Density of states

Flat Chern band

hexagonal boron nitride

Highest occupied molecular orbital
Inversion symmetry

Integer quantum Hall effect

Local density of states

Low temperature

Lowest unoccupied molecular orbital
Spin-orbit coupling

Scanning tunneling microscopy or microscope
Scanning tunneling spectroscopy
Topological insulator

Time reversal symmetry

Ultra-high vacuum

Quantum anomalous Hall effect
Quantum spin Hall effect
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Chapter 1

Introduction

Two-dimensional metal-organic frameworks (2D MOF's, also known as metal-
organic coordination networks, MOCNSs) are the single-atom-thick counter-
part of three-dimensional MOFs — crystalline and porous structures consist-
ing of metal atoms and organic ligand molecules coordinated to them. These
versatile and easily tunable organic-inorganic hybrid compounds are a unique
mixture of coordination chemistry and condensed-matter physics.

The history of MOFs began with porous and crystalline 3D coordination
polymers in 1990.2° 3D MOFSs have applications in storage, separation and
catalysis as porous materials but they also have potential in biomedical appli-
cations and as sensor materials.?®> However, after the experimental isolation
of graphene — the first truly 2D material to be isolated — in 2004%” the surge
of research in 2D materials steered a branch of MOFs towards 2D structures.
The research related to 2D coordination chemistry on solid surfaces can also
be seen to have taken its first steps in 2002.13

The current interest in the 2D MOF research is justified by two facts:
the rich physics and chemistry they exhibit as versatile and easily tunable
materials, and their potential advantages as partially organic structures. In
comparison to inorganic materials, organic materials often have the benefits
of low cost, easy fabrication and mechanical flexibility,”® not to mention the
environmental aspects in replacing scarce rare-earth elements by abundant
organic elements accompanied by greener chemistry.4® Over the years many
physical phenomena originally found in inorganic materials have also been
found in organic structures.

While not overlooking the possibilities of 2D MOFs in chemical appli-
cations, such as heterogeneous catalysis,!® this thesis focuses on the rich
physics of 2D MOFs instead. The understanding of the topological phases
of condensed matter initially spurred on by the realization of the quantum
Hall effect in 2D electron gas in 1980*! and later on by the realization of the
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quantum anomalous Hall effect in graphene in 20057 has been an advance in
fundamental physics. The exotic quantum phenomena resulting from these
topological phases exhibited by some 2D MOFs are very compelling for appli-
cations in spintronics, dissipationless or low-power electronics and quantum
computing. 45871

1.1 Problem statement

While the quantum anomalous Hall effect was first demonstrated in graphene
already in 2005 as mentioned above, as well as the first topological insula-
tor realized in HgTe quantum wells in 2007,% the theoretical predictions of
topological states in 2D MOFs have greatly outpaced their experimental real-
ization. Despite countless synthesized 2D MOF's, several of those ones which
the predictions concern, the realization of topological states in 2D MOFs
remains elusive to this day.

A set of 2D MOFs sharing the same molecule 9,10-dicyanoanthracene
(DCA) as well as the same lattice symmetry have been predicted to ex-
hibit topological electronic states.®”™ One of these structures, the Au-DCA
kagome lattice presented in Fig. 1.1, has been predicted to be a topolog-
ical insulator by Zhang et al.™® The goal of this thesis was to synthesize
the Au-DCA lattice on a Au(111) substrate and to characterize the result-
ing structures with scanning tunneling microscopy and scanning tunneling
spectroscopy.

~
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Figure 1.1: A schematic of Au-DCA 2D MOF on hexagonal boron nitride.
(Adapted from Ref. 76)
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1.2 Structure of the Thesis

The next chapter of this thesis will begin by studying different 2D MOF
structures, their synthesis in general as well as the methods of characteriza-
tion. The subsequent part will outline the different properties of 2D MOF's as
well as explore various topological electronic states and quantum-mechanical
phenomena. These include the quantum anomalous Hall and quantum spin
Hall effects and the respective Chern and topological insulators as well as su-
perconductivity. Examples of experimental realization and theoretical pre-
dictions for these phenomena concerning 2D MOFs are presented as well.
Lastly, the second chapter motivates the decision to choose the Au-DCA
lattice as the subject of this thesis.

The third chapter will introduce the reader to scanning tunneling mi-
croscopy (STM) and its extension scanning tunneling spectroscopy (STS),
the methods used for characterization in this thesis. In addition to the theory
behind the general operation principle of STM and STS, STM of molecules
on surfaces is discussed in more detail.

The fourth chapter presents the results obtained in this thesis followed
by discussion. Finally, the fifth and last chapter concludes this thesis.



Chapter 2

Background

2.1 Structure of 2D MOFs

Two-dimensional metal-organic frameworks (2D MOF's) are 2D supramolec-
ular structures comprising of molecules and metal atoms on an atomistically
flat surface. The metal atoms and molecular ligands coordinated to them to-
gether form a porous, periodic structure of sub-monolayer coverage adsorbed
on the substrate. In this section we go through the different components of
a 2D MOF system and present some examples on different 2D MOF lattice
symmetries.

The ability to coordinate is the main requirement of the center metal
atoms used in 2D MOFs. Thus most of the atoms are metals also widely-
used in coordination chemistry: d-block transition metals (particularly third
row metals such as Cu, Fe and Co) and also f-block rare-earth lanthanide
metals (e.g. Ce, Euand Gd).' In coordination chemistry, the oxidation state
of the metal atom determines the coordination motif, meaning the number
and geometric orientation of the ligands around it. In 2D MOFs, the metal
atom may also be electronically coupled to the substrate, which alters the
oxidation states.'® Due to the 2D confinement, the number of ligands is also
reduced compared to 3D, and the coordination motifs restricted to different
planar structures, such as linear (twofold), triangular (threefold) and square
(fourfold) (Fig. 2.1).1?

The molecular linkers or ligands link the metal atoms together on the
surface. The molecules can coordinate to the metal atom with a functional
group or a heteroatom. Denticity describes the number of these groups in
a single ligand. Alternatively, molecules that can form a strong covalent
bond to the metal atom can also be used. Additionally, to ensure that the
absorbed molecules lie flat on the substrate, flat molecules with aromatic,
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Figure 2.1: Examples of (a) twofold (b) threefold and (¢) fourfold coordina-
tion motifs in 2D MOFs. (Adapted from Ref. 13)
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Figure 2.2: A few examples of the linker molecules mentioned in this assign-
ment. (a) 1,3,5-tris(pyridyl)benzene (TPyB) (b) phenylene (dashed bonds in-
dicate covalent bonds to the metal atoms), (c¢) 9,10-dicyanoanthracene (DCA)
(d) 2,3,6,7,10,11-hexaiminotriphenylene (HITP) and (e) tetracyanoquin-
odimethane (TCNQ).
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Figure 2.3: Examples of different 2D MOF lattice symmetries: (a) rectangu-
lar,®? (b) square,® (c) hexagonal ,*® and (d) kagome®! lattices.

conjugated backbone are used.!®* Some examples on linker molecules also
mentioned later in this assignment are presented in Fig. 2.2. The versatile
properties of MOF's in general owe to the fact that ligands with very different
functional groups can be chosen.!?

The surfaces used for assembling 2D MOFs are atomically flat single crys-
tals. Noble metal surfaces are the most widely used ones, such as Au(111),
Ag(111), Cu(111), Cu(110), Cu(100), Au(100) and Ag(100).* However, a
metallic surface couples electronically to the rest of the structure, altering
the electronic properties of the 2D MOF. For many applications relying on
specific electronic states and properties this is a serious impediment.3®

Electronic coupling can be avoided by using weakly interacting surfaces.??
Using bulk insulating surfaces poses the problem of characterization as STM,
the main method for imaging the electronic states of the 2D MOFs, cannot be
used. Furthermore, using a weakly interacting surface with low surface energy
is a challenge for molecular self-assembly and surface reactions.* Schiiller et
al.4? studied the self-assembly of biphenyl-4,4’-dicarboxylic acid molecules
and Fe atoms on the (10.4) surface of bulk calcite with non-contact atomic
force microscopy (NC-AFM), reaching the first stages of a 2D MOF.

The solution to the problem in imaging the electronic states is to use
ultrathin insulating films or inert 2D materials on top of the conducting bulk
material so that tunneling through the insulating layer is still possible, while
the 2D MOF is still decoupled from the metallic substrate.®® 2D MOFs on
graphene® as well as on a monolayer of hexagonal boron nitride (hBN)®
both on bulk metals have been successfully synthesized and imaged with
STM.

The challenges in the surface chemistry on insulating surfaces could be
overcome by the synthesis the 2D MOF on top of a metal substrate where
the self-assembly is easier to control followed and the subsequent transfer
of the monolayer onto a desired insulating surface. Although this has been
widely applied for e.g. graphene,?® its application to 2D MOF's has proved to
be challenging. Unlike graphene, 2D MOFs are not trivially free-standing as
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Figure 2.4: (a) A Japanese bamboo basket.! (b) and (c) The kagome lattice
in real and reciprocal space, respectively.?? (d) The band structure exhibiting
a flat band and two Dirac bands.??

the metal-ligand bond is their weakest link.?* However, it has been proposed
that the strength of a 2D MOF could be tuned by varying the rigidity of the
ligand through its chemical structure.?

Fig. 2.3 demonstrates the structural flexibility of 2D MOFS. It is possible
to synthesize many different lattice structures with e.g. square and rectangu-
lar lattices having been demonstrated. Out of these, the honeycomb lattice
(Fig. 2.3¢) and the kagome lattice (Fig. 2.3d) symmetries are especially
noteworthy due to their peculiar band strucures with Dirac cones (as seen
with graphene) and flat bands.

The kagome lattice (named after a Japanese basket with similar structure
in Fig. 2.4a) is a trihexagonal lattice with exceptional properties arising
from its band structure in 2D MOFs. The ideal band structure of a kagome
lattice exhibits a dispersionless flat band and two Dirac bands with linear

dispersion.®®® Looking at the definition of the effective mass m*,*

11 d2E(k)
mr k2 dk2

(2.1)

it can be seen that the m* of an electron on a flat band approaches infinity,
making the electron ”"super heavy”. In the real space the kinetic energy of
the particle is suppressed, resulting in strong localization. The case for linear
dispersion is the opposite: electrons are "massless” with zero effective mass
and they are strongly delocalized. Examples of some interesting 2D MOF's
with kagome lattice symmetry and their properties are discussed in more
detail in Section 2.3.3

The 2D MOF lattices can also exhibit 2D chirality which means that the
2D lattice cannot overlap its mirror image unless it is flipped over in 3D.?
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achiral

lust: chiral domain

Figure 2.5: A chiral 2D MOF formed by chiral arrangement of achiral
molecules and achiral coordination motifs.%

Three mechanisms can produce 2D chirality: chiral molecules, chiral coordi-
nation motifs and chiral arrangement of the achiral coordination complexes.
An example of a structure formed by the last mechanism can be seen in Fig.
2.5.

The 2D MOF structures are very versatile. They can also be polymor-
phous, exhibiting two or more phases of different lattice symmetries with
the same ligands and metals.'"3” An example on a 2D MOF exhibiting two
phases is presented in Fig. 2.6. It is also possible to form 2D MOFs from sev-
eral different ligands in the same structure, forming multi-component struc-
tures.® Furthermore, the size of the nano-sized pores can be tuned by varying
the ligand molecule,*”** and guest species can also be deposited into these
pores.?® Further functionalization, both organic and inorganic, offers count-
less possibilities to tune the properties of the 2D MOFs.

2.2 Synthesis and characterization

2D MOFs are typically synthesized in ultra-high vacuum (UHV) to keep the
contamination of the structures at minimum.'® The organic molecules usu-
ally in high-purity powder form are sublimed onto an atomically flat surface.
The metal atoms in turn are deposited by evaporation using electron beam
or resistive sources. The state-of-art equipment allows for accurate control
over the vital parameters in the deposition process: the deposition rate and
sequence of the molecules and atoms, their concentrations on the surface, as
well as the substrate temperature. As a result, thermodynamic or kinetic
control over the formation of the structure can be achieved.

However, not all molecules are compatible with the required higher tem-
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Figure 2.6: A 2D MOF of Fe atoms and 1,2,4-benzenetricarboxylic acid on
Cu(100) exhibiting two phases labeled o and 5. (a-¢) STM images of the
structures. (d,e) Schematics showing arrangement of the molecules in the
two phases.!!

peratures. First of all, the absorption energy of the molecules to the surface
may limit the available temperature range. With insufficient adsorption en-
ergy, the molecules will evaporate from the surface when heated. Further-
more, the thermal stability of the molecules themselves may be a limitation
in the sublimation and evaporation processes.?! However, as a workaround
to this problem, the decomposition of molecules with high sublimation points
during deposition can in some cases be avoided via their on-surface synthe-
sis. 3¢
2D MOFs can also be synthesized by in-solution assembly on a liquid-solid

interface as opposed to the vacuum-solid interface of the UHV deposition.™
The in-solution technique is technically easier and lower-cost than the UHV
deposition but the assembly process tends to suffer from solvent effects, mak-
ing the surface-confined coordination difficult .1%7™

The organic molecules and the metal atoms interact with the surface they
are adsorbed onto. The surface offers an atomically corrugated energy land-
scape resulting in energetically favored adsorption sites and molecular orien-
tations with respect to the atomic lattice.!®* Especially strongly interacting
surfaces, such as metal surfaces, can even direct the growth like templates,
making the 2D MOFs deviate from their "ideal’ coordination structures. Fur-
thermore, the surface sets energy barriers for the movement of the molecules
and atoms on it, affecting the kinetics of the self-assembly process. Lastly,
the deposited metal atoms may alloy with or diffuse into metallic substrates
at elevated temperatures.!?

As 2D MOFs are surface structures, various surface science tools are an
obvious choice in studying them. STM is the most commonly used technique
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to image 2D MOF's, or to be more precise, the local density of states (LDOS)
in the structures. Its extension scanning tunneling spectroscopy (STS) is used
to acquire energetically more detailed information about the LDOS. Another
scanning probe method, atomic force microscopy (AFM) or more precisely
its non-contact mode (NC-AFM) is a valuable tool especially where STM
cannot be applied. Lastly, density functional theory (DFT), a computational
quantum-mechanical modeling method is used to study various properties of
the 2D MOFs. DFT can also be used to simulate STM and AFM images to
assist in the interpretation of experimentally acquired images.

2.3 Properties and potential applications

As was seen in the previous two sections, 2D MOFs are structurally quite
versatile. This versatility in turn converts to versatility in their proper-
ties. Although 2D MOFs have also plenty of interesting chemical properties
and applications in e.g. catalysis, the central focus of this assignment is in
physics. This assignment covers the physical properties in 2D MOF's such as
electrical conductivity, magnetism and half-metallicity but also more intri-
cate quantum-mechanical phenomena such as the Chern and and topological
insulators and the accompanying quantum anomalous Hall and quantum spin
Hall effects, respectively, and lastly superconductivity. Experimental realiza-
tion has been elusive in some topics but experimental results are presented
where possible.

2.3.1 Electrical conductivity

Electrically conductive porous materials are rare?* and electrical conductivity
of 2D MOFs is not trivial. Most MOFs in general are electrical insulators.?®
Electrical conductivity is however a critical requirement for many applica-
tions of 2D MOFs and a prerequisite for many exotic quantum phenomena.

High density of charge carriers is the first requirement for high conductiv-
ity.® The charge carriers, electrons or holes, originate both from the metal
centers and the organic ligands.”® Generally in MOFs holes can be inserted
for example via mixed redox states, e.g. introducing metal centers of lower
oxidation state as defects in the lattice,”® or via formation of organic holes
through oxidation*? or through introduction of other redox active species as
guest molecules.®®

The second requirement for achieving high conductivities is the high mo-
bility of the charge carriers reflecting the efficiency of the charge transport.®®
Here both the energetic and spatial matching between the orbitals of the
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metal atom and the ligand are of paramount importance.®® The metal-ligand
interface occurs periodically in the structure, further magnifying the effects
of mismatching.?*

There are two main charge-transport mechanisms: the charge-hopping
and the band-conduction mechanism.®® In the charge-hopping mechanism,
the charge carriers are localized with discrete energy levels and hop between
adjacent localized sites. The charge mobility depends on the spatial distance
and the density of states between the two sites.

In the band conduction mechanism the charge carriers are delocalized in
the structure.® The charge mobility is determined by the frequency of the
scattering events and the effective mass of the charge carriers which is in turn
dictated by the band curvature. Small effective mass of the charge carriers
and a minimal number of scattering events are the keys to high mobility.

Bands with significant dispersion are not only a result of good metal-
ligand orbital overlap but also of delocalized molecular orbitals in the ligands
which is achieved by using aromatic, conjugated molecules. These bands with
large band width in turn lead to small effective mass (see again Eq. 2.1)
and band conduction. In general, mainly due to the charge delocalization
over the whole structure, band conduction naturally leads to higher charge
mobility and overall conductivity than the charge-hopping transport, and is
thus desired.® Unfortunately, the charge-hopping regime is more common.

MOF's in general exhibit two different spatial charge-transport pathways:
through-space and through-bond pathway.’® In the through-space pathway
the charge carriers are transported in the structure via non-covalent interac-
tions, whereas in the desired through-bond pathway the metal ion and ligand
orbitals have favorable spatial and energetic overlap and have thus covalent
interactions between them. In the through-bond pathway, high conductivi-
ties can be achieved by using conjugated ligands and metal ions with loosely
bound electrons.

To summarize, good spatial and energetic orbital overlap in the metal-
ligand junction is an essential requirement for good electrical conductivity in
2D MOFs. Desired band conduction requires high-mobility charge carriers
with small effective mass in bands with significant dispersion. The through-
bond pathway for charge transport benefits from conjugated ligands, metal
atoms with delocalized electrons and covalent interaction between these two
components.

Potential applications for electrically conductive 2D MOFs include var-
ious types of sensors,”1%%¢ electrocatalysts, thermoelectrics®® and photo-
voltaics.?
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2.3.2 Magnetism

Organic and molecule-based magnets combine magnetism with other tech-
nologically useful properties attributed to organic materials. Additionally,
instead of using scarce rare-earth elements to fabricate magnets, low-cost and
abundant elements can be used instead.*® Although 2D MOFSs still contain
metals, the amount needed is smaller than in completely metallic magnets,
and often more sustainable metals can be used.

The aim in forming magnetic 2D MOFSs is to magnetically couple metal
centers exhibiting magnetic moments via organic linker molecules. Individual
metal ad-atoms on a metal surface interact very strongly with the substrate
which dominates their magnetic properties, leading to a decrease or even
quenching of their magnetic moment.!%!¥ Furthermore, individual atoms are
hard to arrange in regular patterns and they tend to form clusters instead.®-1#
However, these individual metal atoms can be separated using the organic
linker molecules to form a regular structure. Strong lateral bonds to the
ligands lift up the metal atoms from the surface, reducing the coupling to
it. 1

However, just linking the metal atoms together via ligands does not yet
mean that they are magnetically coupled. To enable electron delocalization
from the metal ions to the molecules, strong electron acceptor molecules with
low lowest unoccupied molecular orbital (LUMO) are used.!” This is achieved
by using conjugated molecules with electron accepting groups such as ~CN
and —COOH. In addition to this, the interaction of the metal orbitals with
the molecule LUMO plays a crucial role.

Faraggi et al.'® reported on the magnetic properties of Ni-TCNQ and
Mn-TCNQ both on Au(111). In the structures both Ni and Mn atoms bear
a magnetic moment but only Ni orbitals hybridize with the LUMO of the
ligand. This affects the charge transfer from the metal center to the ligand,
resulting in this case in a spin polarized TCN@Q LUMO in the Ni structure
but not in the Mn structure. The Ni structure is also metallic whereas the Mn
structure is insulating. Faraggi et al. proposed that the Ni-TCNQ structure
exhibits ferromagnetism through the coupling of both localized spins and
itinerant spin density in the whole structure via the Heisenberg exchange
mechanism, whereas the Mn-TCNQ structure exhibits antiferromagnetism
via superexchange interaction between the localized spins of Mn centers.

In addition to the exchange interaction (with delocalized spin density
throughout the structure) and the superexchange interaction (between lo-
calized spins on the metal centers), metal substrate mediated ferromagnetic
coupling via Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction has also
been proposed to be one possible mechanism for magnetism in 2D MOFs.!?



CHAPTER 2. BACKGROUND 13

The substrate has a major impact on the magnetism of the structure.
In 2D MOFs the screening by surface electrons may considerably reduce or
even remove the magnetic moment of the central atom, as is the case with
Cu(100) for example.!® The substrate may also even affect the charge state
of the ligand.?

Examples of more exotic magnetic 2D MOFs will be presented later in
Section 2.3.3.4.

2.3.3 Topological electronic states

The integer quantum Hall effect (IQHE) is the quantum-mechanical version
of the classical Hall effect which refers to a conductor with a longitudinal
current placed in a vertical magnetic field exhibiting transverse voltage due
to the Lorentz force (Fig. 2.8). The IQHE exhibits exact quantization of Hall
conductance as integer multiples of a fundamental constant of nature e?/h."™
This quantization is remarkably precise and robust against the geometry
or microscopic details of the experiment. This phenomenon would be very
attractive for many applications if it was not for the fact that it surfaces only
under very challenging conditions: in a 2D electron gas under strong external
magnetic field at low temperatures.” However, there are other similar and
more convenient quantum-mechanical phenomena that could be used for the
same purposes.

In the following three sections we proceed to lay out the theory for Chern
and topological insulators and the quantum anomalous and spin Hall effects,
respectively, following the derivation by Weng et al.™ The theory is followed
by examples, both theoretical and experimental, of how 2D MOFs exhibit
these exotic quantum-mechanical phenomena.

2.3.3.1 Berry connection, curvature and phase

For a crystalline solid with discrete translational symmetry, the Schrodinger
equation can be written as™

H(r)tb(r) = nctbac(r) (2.2)

where H(r) is the Hamiltonian, and e, and ¢,k (r) are the eigenenergy and
the eigenfunction, respectively. n describes the band index. Due to the
translational symmetry, the crystal momentum k in the equation can be
restricted to the first Brillouin zone (BZ). Furthermore, using the Bloch’s
theorem, the wavefuction can be written as ¥ni(r) = e* u,(r), where
Uunk(r) is the periodic part of the wavefunction. Rewriting the Hamiltonian
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as Hy = e~*T [T Fq. 2.2 can be rewritten as
Hie(r)ttnae(r) = ncttnc(r) (2.3)

We then define an important quantity, the Berry connection, in the k
space:
An(k) = i(unk|Vk|unk> (24)

The Berry connection can be viewed as an effective vector potential in the
k space. It is however gauge dependent and is not physically observable. It
can be used in the definitions of other gauge invariant and useful quantities,
however.

The Berry curvature is defined as the curl of the Berry connection:™

Qn(k) e Vk X An(k) e i(Vkunk| X |Vkunk> (25)

This quantity in turn is gauge invariant, representing the local manifestation
of geometric properties of the wave function in the k space.

With the help of two previous quantities, we define the Berry phase -,
as the integral of the Berry connection along a closed loop C' in the k space,
rewritten using the Stoke’s theorem as surface integral of the Berry connec-
tion over the surface S (C' = 95):™

%%CAn(k).dk/Sﬂn(k)-dS (2.6)

The Berry phase can in turn be regarded as the magnetic flux passing through
the surface S, and it is also gauge invariant.
Some important symmetries need to be considered, namely inversion sym-
metry (IS)™
Q,k) =Q,(-k) (2.7)

making the Berry curvature €2,,(k) an even function of k, and time reversal
symmetry (TRS)™
Q.(k) = = (-k). (2.8)

making the Berry curvature in turn an odd function of k. We can see that
for a system with both IS and TRS €, (k) = 0.
2.3.3.2 Chern insulator and quantum anomalous Hall effect

Chern insulator is the simplest topological electronic state, and it exhibits
the quantum anomalous Hall effect. Let us consider a 2D insulating system
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with broken TRS (for example due to ferromagnetism) at a low enough tem-
perature. The Hall conductivity resulting from the Berry curvature can be
written as’?

¢ d?’k
Oxy — _ﬁ Z B2 fn(k)Qn,Z(k)W

122

_%hAME:Q“&M% (2.9)

n(occ)

— 2 [ a.mdk
27Th /BZ ( )d ’

where we have used the fact that f,(k) = 1 (= 0) for an occupied (unoccupied
state)

To evaluate the above integral we first make some symmetry consider-
ations. Under periodic boundary conditions for the Bloch states, the 2D
Brillouin zone takes the shape of a torus (Fig. 2.7). The integral of the
Berry curvature €2, over the BZ in Eq. 2.9 can be rewritten as an integral
over the surface of the torus:

/ Q. (k)d*k = / Q(k) - ds, (2.10)
BZ s
where the Berry curvature (k) defined over the torus surface satisfies Q(k)-
n = ,(k), n being the unit vector along the normal of the surface S. Ac-
cording to the Chern’s theorem, this integral over the torus surface must be
an integer multiple of 27,7

/n¢y£%z (2.11)

where 7 is an integer called Chern number. With Eq. 2.10 and 2.11 we can
finally see that the Hall conductivity of Eq. 2.9 is quantized as

2 2
aw:—z-%Z:—%Z, (2.12)

giving us the quantum anomalous Hall effect. We finally define a Chern

insulator to be a 2D insulator with an electronic structure resulting in a
non-zero Chern number Z.”? The Chern number is a topological invariant
describing the topological electronic structure of the system. It will not
change unless the bulk gap (where the Fermi level lies) of the insulator is
closed by external perturbations.”™
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kx

Figure 2.7: The first BZ becomes a torus under periodic boundary condi-
tions.™

Figure 2.8: (a) The integer quantum Hall effect (IQHE), (b) the quan-
tum anomalous Hall effect (QAHE) and (c¢) the quantum spin Hall effect
(QSHE).™

For 2D Chern insulators, the Chern number is also physically related to
the number of edge states.” The edge states result topologically from the
bulk electronic structure due to the bulk-edge correspondence phenomenon.
Due to the broken TRS, the edge state must be chiral, meaning the electrons
of the edge state must move only in one direction along the boundary, left- or
right-handed (Fig. 2.8b). The charge transport of the state is robust against
weak disorders of any form: nonmagnetic, magnetic, short- or long-range.
Back-scattering is also absent due the one-way propagation of the electrons,
resulting in dissipationless charge transport.

2.3.3.3 Topological insulator and quantum spin Hall effect

Even if an insulating system has TRS and thus a vanishing Chern number,
it does not mean that it has no topological properties. There is another
topological invariant, the Z, number, describing topology of the insulating
systems with TRS, defined with both Berry connection A(k) and Berry cur-
vature 2, (k) as™

1
Ty = — <7§ Ak) - dk — / Qz(k)d2k> mod 2. (2.13)
2m 8(BZ/2) BZ/2
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momentum

Figure 2.9: The band structure of a T1. The edge states connect the conduc-
tion band (CB) and the valence band (VB).4

With this 7, invariant, we define that a TRS insulator with Z;, = 0 is a
trivial insulator and with Z; = 1 a non-trivial topological insulator.”

2D Z, topological insulators are especially interesting because they can
exhibit the quantum spin Hall effect (QSHE), and are thus also called quan-
tum spin Hall insulators (QSHI). The peculiarity of a QSHI lies in its edge
states. In bulk it has a band gap arising from spin-orbit coupling (SOC),
separating the valence and conduction bands and thus making it an insula-
tor. However, on the edges there is an odd number of Dirac-like conducting
gapless edge states energetically within the bulk band gap, connecting the
conduction and valence edges at certain k-points (Fig. 2.9).

These spin-helical metallic edge states counter-propagate along the same
boundary, forming two spin-polarized chiral channels. This results in a van-
ishing Hall conductance but at the same time quantized spin-Hall conduc-
tance of opposite signs for both spin channels, respectively, resulting in a
phenomenon known as the quantum spin Hall effect (QSHE) (Fig. 2.8¢)

Furthermore, the topological and TRS origin of these states forbids elec-
tron scattering by nonmagnetic impurities, and makes them robust against
weak disorder, resulting in dissipationless edge states — a very appealing
property from the point-of-view of applications in spintronics and quantum
computation devices.”

2.3.3.4 Calculated topological electronic states in 2D MOFs

While QAHE was first realized in graphene in 2005, followed by the demon-
stration of QSHE in HgTe quantum wells in 2007, the progress made in the
theoretical prediction of topological electronic states in 2D MOFs has been
considerably faster than in their experimental realization. One of the reasons
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Figure 2.10: Top and side view of the general kagome lattice symmetry for
three-fold coordinating metal atoms (M) and phenyl ligands (Ph), forming a
M,Ph; lattice. The dashed lines indicate the unit cell.

behind this may be the fact that structures synthesized onto metal surfaces
are strongly coupled to the substrate, interfering with the electronic states
of the 2D MOF.

Lead-triphenyl (Pb(CgHs)3) and bismuth-triphenyl (Bi(CgHs)s) lattices
were the first 2D MOFs to be predicted Tls in 2013.%° The metal atoms form
a hexagonal lattice while the phenyl molecules linking them form a kagome
lattice (Fig. 2.10). The band structures of both lattices (Fig. 2.11a-e, Fig.
2.12a-c) exhibit a Dirac cone at the K point. For the Pb(CgHs)s lattice
without SOC the Fermi level is located exactly at the Dirac point, and SOC
induces a gap of ~8.6 meV in the Dirac cone. In the Bi(CgHjs)s lattice the
SOC-induced Dirac-cone gap is ~43 meV, but the Fermi level is ~0.31 eV
above the Dirac point without SOC. The nontrivial topological gapless edge
states can be seen for Ph(CgHs)s and Bi(CgHs)s in Fig. 2.11f and 2.12d,
respectively.

The kagome lattice of Ni-bis-dithiolene (NizC13S12, Fig. 2.13a) has both
been predicted to be a TI'! and synthesized® but the phenomenon has yet
to be experimentally observed. The band structure near the Fermi level
consists of one flat band and two Dirac bands (Fig. 2.13b). SOC induces
gaps of Ay = 13.6 meV and Ay = 5.8 meV between the Dirac bands and
between the flat band and the upper Dirac band, respectively (Fig. 2.13c).
However, the Fermi level does not lie in the SOC gap. The topologically
nontrivial edge states in the SOC gap can be seen in Fig. 2.13d,e.
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Figure 2.11: The band structure of the PbyPhs lattice (a,b) without SOC
and (c¢,d) with SOC.%
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(d) The calculated edge states inside the Dirac gap.

The Au-bis-dithiolene (AuzCi2S12) lattice sharing the same symmetry as
Ni3C12S15 above has as well been predicted to be a TI™! with SOC band gaps
of Ay = 22.7meV and Ay, = 9.5 meV. As in the case of NizC5S;,, the Fermi
level does not lie in the SOC gap. The calculated Dirac edge states can be
seen in Fig. 2.14b.

The Ni3(2,3,6,7,10,11-hexaiminotriphenylene)s (Nis(HITP),) lattice (Fig.
2.15a) has also been synthesized® but despite predictions®! the TT state has
not been experimentally observed. The Fermi level does not naturally lie in
the SOC band gap between the Dirac bands (Fig. 2.15b) but by doping two
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Figure 2.13: (a) The Ni3C5S15 lattice and (b) its band structure. (¢) SOC-
induced gaps of A; = 13.6 meV and A; = 5.8 meV. (d,e) The semi-infinite
edge states for the spin-up and spin-down components, respectively.”
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Figure 2.14: (a) The band structure of the AuzC13S15 lattice near the Fermi
level with SOC-induced gaps of A; = 22.7 meV and Ay = 9.5 meV. (b) The
topologically nontrivial edge states in the SOC gap.™
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Figure 2.15: (a) The Niz(HITP), lattice and (b) its band structure with SOC
interactions. (c¢) The band structure after doping two electrons into the unit
cell !

electrons per unit cell, it lies in the Dirac gap (Fig. 2.15¢).

T1Is can be turned into Chern insulators by breaking the TRS via substi-
tution of the center atoms by a magnetic species, e.g. Mn. Breaking the TRS
induces a spin channel imbalance in the edges, resulting in QAHE. Whereas
the TI edge states are susceptible against backscattering by TRS breaking
impurities (e.g. magnetic impurities), in Chern insulators this backscattering
is also forbidden, making the Chern insulators more promising for applica-
tions than the TIs.

Organic TIs for realizing QAHE — a family of triphenyl-transition-metal
compounds sharing the symmetry of the lattice in Fig. 2.10 — were first
predicted by Wang et al. in 2013.7° Concentrating on the model system of
Mn(CgHs)s they predicted that the lattice has nontrivial topological Dirac-
gap states due to both intrinsic SOC and strong magnetization from the
Mn atoms. The ground state was found to be ferromagnetic, splitting the
spin-up and spin-down bands completely (Fig. 2.16a,c). The spin-down
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Figure 2.16: The band structure of the Mn(CgHs)s lattice (a) without and (b)
with SOC. (¢,d) Magnification of (a) and (b) at the Fermi level, respectively.
(e) The semi-infinite edge states inside the Dirac gap.™

band exhibiting Dirac cones remains around the Fermi level, the Fermi level
crossing the band exactly at the Dirac point. A similar spin-up band is below
the Fermi level. Including SOC opens a bulk band gap of 9.5 meV at the
Dirac points around the Fermi level (Fig. 2.16b,d). A Chern number of
Z =1 is obtained by integrating the Berry curvature over the first BZ. This
nonvanishing Chern number confirms quantized Hall conductivity and the
QAHE in this lattice. Furthermore, Fig. 2.16e presents the calculated edge
states for one edge, the other edge being symmetric to this one.

2D MOFs with the general structure Xs(HITP),, where X = Ta, Re or Ir
and where the N atoms in the HITP (C13H3Ng) groups have been fully or
partially replaced by O atoms, have also been proposed to exhibit QAHE.
A FM ground state is favored in lattices where the metal atom X has an
odd number of valence electrons (e.g. Ta, Re or Ir) whereas a non-magnetic
ground state is favored if even number of valence electrons (e.g. Hf, W, Os
or Pt). The Fermi level is adjusted via replacing N atoms for O atoms so
that the occupied bands have a nonzero Chern number.

The Taz(C1gH1204)2 lattice with a FM ground state has all of its N atoms
replaced by O atoms and as a result the Fermi level resides in a large SOC
gap of 24 meV (Fig. 2.17a-c).'* The Irs(C1gH1203N3), lattice is also ferro-
magnetic but half of its N atoms have been replaced by O atoms.!* The SOC-
induced band gap is 8 meV (Fig. 2.18a-c) and the Fermi level can be tuned
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Figure 2.17: The band structure of Taz(Ci1sH1206)2 (a) without and (b,c)
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Figure 2.18: The band structure of Irs(CisH1203N3)s (a) without and (b,c)
with SOC. (d,e) The corresponding calculated Hall conductivity o,

via electric gating, enabling a gate-voltage tuned QAHE. The Hall conduc-
tivities for both structures exhibit the plateaus characteristic to QAHE (Fig.
2.17d,e and 2.18d,e). The structures are estimated to exhibit QAHE at the
temperature ranges of 81 to 277 K and 104 to 208 K, respectively. The Curie
temperatures for both structures are also high enough to retain the QAHE
in these temperatures. Furthermore, similar structures of Niz(HITP), and
Cuz(HITP);, have already been synthesized.®® QAHE was also predicted in
gold-1,3,5-triethynylbenzene (Au-TEB) 2D MOFS.1°
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2.3.3.5 Flat Chern bands

Flat bands are bands with no dispersion where the kinetic energy of the
charge carriers is strongly suppressed. As a result, any infinitely small inter-
action can be significant, resulting in interesting many-body states such as
ferromagnetism and superconductivity.®® Combining this exotic dispersion
and nontrivial topology, the resulting flat Chern band (FCB) in 2D struc-
tures may exhibit strongly correlated topological states. Furthermore, it has
been discussed that if a nearly flat band with a nonzero Chern number is
fractionally filled and is well separated from other bands, the system could
be a high-temperature fractional Chern insulator exhibiting the fractional
quantum Hall effect (FQHE).®?

A FCB is a result of the careful balance between three effects: lattice
hopping (lattice structure), spin-orbit coupling (SOC) and ferromagnetism.®’
A well-defined FCB requires a bandwidth smaller than both the interaction
energy scale and the energy gap between the FCB and the other bands.®®
Additionally, a large enough energy gap is required for applications at room
temperature.

An indium-phenylene 2D lattice (InyPhs, In in hexagonal lattice, Ph in
kagome lattice) has been proposed to have a nearly flat band with a non-
trivial Z; number in the vicinity of the Fermi level (Fig. 2.19).*® By p-
type doping, the spin degeneracy of the flat band is lifted, resulting in a
ferromagnetic top flat band with a nontrivial Chern number. This FCB has
the band width of 60 meV, and the direct and indirect gaps between it and
the nearest dispersive band are 90 meV and 30 meV, respectively.

By maintaining the same symmetry and topology, but replacing indium
by thallium which has a stronger SOC, the top flat band of the TI;Phs
lattice still exhibits nonzero Chern number but with bandwidth of 140 meV
and direct and indirect band gaps of 248 meV and 143 meV to the nearest
dispersive band, respectively (Fig. 2.20).57

A trans-Au-trihydroxytriaminophenalenyl (trans-Au-THTAP) lattice has
been proposed to have a half-filled and spin-polarized nearly flat band near
the Fermi energy with a band gap of 7.8 meV gap to the dispersive band
above it.”® While the nearly flat band is both ferromagnetic and topologically
nontrivial, the system itself is metallic and thus does not have quantized Hall
current.

2.3.4 Half-metallicity in 2D MOF's

A half-metal is a ferromagnetic material that acts as a conductor for one
spin orientation but as an insulator for the opposite spin orientation.”” It
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Figure 2.19: (a) The band structure of the InyPhj lattice. Two Dirac bands
are sandwiched by two flat bands (dashed red curves). (b,c) SOC opens band
gaps. (Adapted from Ref. 38)
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Figure 2.20: Flat bands in the Tl,Phs lattice (a) without and (b) with SOC.*7

can be used to filter a charge current into a single spin channel, producing
spin-polarized current — a general requirement for spintronics applications.
The structurally perfect hexagonal network of Cu atoms and 1,3,5-tris-
(pyridyl)-benzene (Cu-TPyB) (Fig. 2.21) has been proposed to exhibit ro-
bust half-metallicity.” The Curie temperature for the ferromagnetic order
in the structure is about 137-151 K. At the Fermi level, the band structure
exhibits abundant states for the spin-up and a large (2.66 eV) band gap for
the spin-down channel (Fig. 2.22). The spin-up states near the Fermi level
consist of two Dirac bands sandwiched by two flat bands. The Fermi velocity
of the electrons in the Dirac cone was calculated to be of the same order as
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Figure 2.22: The spin-polarized band structure of the Cu-TPyB lattice ob-
tained from DFT calculations with (a) General Gradient Approximation
(GGA) and Perdew-Burke-Ernzerhof (PBE) functional (b) Heyd-Scuseria-
Ernzerhof (HSE) fuctional.”™”

the electron saturation velocity in semiconducting silicene (about 10° m/s).
Additionally, the structure is topologically nontrivial, the top flat band hav-
ing a nonzero Chern number. Furthermore, the Cu-TPyB structure has been
previously synthesized and shown to exhibit remarkable thermal stability.
A 2D manganese bis-dithiolene (Mn3C5S15) kagome lattice — a Mn-
substituted ferromagnetic counterpart of the already-synthesized nonmag-
netic NigC2S12 lattice in Fig. 2.13a — has been predicted to be a half-metal.®?
The Curie temperature for the long-range ferromagnetic order is estimated
to be 212 K. The band structure (Fig. 2.23) suggests high carrier mobil-
ity (estimated average velocity of electrons at Fermi level 0.2 x10% m/s) for
the spin-up channel and exhibits a band gap of 1.54 eV for the spin-down
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Figure 2.23: (a) The spin-resolved band structure of the Mn3zC15S15 lattice.
The spin-up and spin-down channels are indicated with solid and dashed
lines, respectively. (b) The electron wavefunction isosurfaces of a state at the
band crossing the Fermi level. (¢) A zoomed view of the Dirac cone closest to
the Fermi level. (d) First-principles (DFT) and single-orbital tight-binding
(TB) calculated Dirac bands.®?

channel. The intrinsic SOC of d orbitals of Mn atoms opens a SOC gap
of 2.4 meV between the Dirac bands. The top and bottom Dirac bands
have the Chern numbers of 7 = 0 and Z = 1, indicating that the lattice is
also topologically nontrivial.

2.3.5 Superconductivity

Superconductivity is a phenomenon where electrical resistance of a material
vanishes, usually at very low temperatures. A superconductor also expulses
magnetic field, known as the Meissner effect.5?

The Bardeen-Cooper-Schrieffer (BCS) theory explains the rise of super-
conductivity by the formation of Cooper pairs sharing the same quantum
mechanical state.*® A Cooper pair is a pair of electrons with antiparallel
spins and momenta bound together by extremely weak interaction mediated
by the surrounding, positively charged lattice. This interaction is long-range,
and the distance of two electrons in a Cooper pair is a few hundred nanome-
ters, far larger than the size of an atom.

A Cooper pair has an integer spin and thus acts like a boson: the same
state can be occupied by many Cooper pairs. Just below the critical tem-
perature T, the formation of Cooper pairs is energetically favorable, and a
gap opens due to the binding energy of the Cooper pairs able to occupy the
same state below the gap as a Bose-Einstein condensate.*® However, ther-
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mal energy hinders the formation of the Cooper pairs: if a Cooper pair gains
enough energy to cross the gap it breaks. When the temperature is above T,
Cooper pairs cannot form. Consequently when the temperature is lowered,
less Cooper pairs can cross the gap, increasing the number of Cooper pairs
which in turn increases the size of the gap.

The energy gap prevents the Cooper pairs from scattering to higher en-
ergy levels and thus hinders the collision interactions which would lead to
ordinary resistivity, giving rise to superconductivity.*® The Cooper pairs in
a superconductor all have the same drift speed.

The 2D Cu-benzenchexathiol (Cu-BHT) kagome lattice has been pre-
dicted to be a BCS type superconductor with 7. — 4.43 K.™ Although the
critical temperature is low, this discovery of superconductivity in a kagome
lattice would be very interesting as the kagome lattice can also host other
exotic quantum mechanical phenomena as discussed before.

2.4 The M-DCA kagome lattice

The kagome lattice formed by metal atoms and 9,10-dicyanoanthracene (DCA)
molecules (Fig. 2.24) ties together a group of 2D MOFs exhibiting many in-
teresting properties. The lattice comprises two sublattices: a honeycomb
lattice of metal atoms as well as a kagome lattice of DCA molecules. Substi-
tution of the metal center for different transition metals, such as Mn, Co, Cu,
Ir or Au, is predicted to realize different physical phenomena in the structure.

Figure 2.24: Cu-DCA kagome lattice following the general symmetry of the
M-DCA kagome lattice. Indicated in the schematic are the honeycomb lat-
tice of metal (Cu) atoms (red-dashed line), the kagome lattice of the DCA
molecules (blue dashed line) as well as the unit cell (black line).™
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Figure 2.25: (a) Band structure and projected density of states (PDOS) of
Cu-DCA lattice, the top right inset indicating the spatial charge distribution
around the Fermi level. (b) Zoom-in around the two SOC gaps of A; = 2.9
meV and Ay = 2.1 meV. (¢) The semi-infinite Dirac edge states within the
SOC gaps.™

The Cu-DCA kagome lattice in Fig. 2.24 has been predicted to be a T1.7
Its band structure near the Fermi level consists of a flat band and two Dirac
bands (Fig. 2.25a,b), the structure exhibiting two SOC gaps of Ay = 2.9
meV and Ay = 2.1 meV. The Fermi level has been calculated to naturally lie
inside the SOC gap A; and semi-infinite Dirac edge states (Fig. 2.25¢) were
found in the SOC gap, making the Cu-DCA lattice an intrinsic TI.

The Au-DCA kagome lattice has as well been predicted to be an intrinsic
TT with a band structure and topology very similar to the Cu-DCA lattice
(Fig. 2.26), except for larger SOC gaps of Ay = 11.3 meV and Ay = 10.6
meV."® Furthermore, the nontrivial topological properties of both Au-DCA
and Cu-DCA have been predicted to persist on hBN surfaces, promising for
the future experimental confirmation organic TTs.

Additionally the Mn-DCA kagome lattice has been predicted to exhibit
intrinsic QAHE with a Curie temperature up to near room temperature at
around 253 K.5" Furthermore, the state is predicted to persist on hBN, mak-
ing Mn-DCA a promising candidate for realizing low-dissipation quantum
and spintronics devices.
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Figure 2.26: (a) The band structure of Au-DCA kagome lattice exhibiting
two SOC gaps of A; = 11.3 meV and Ay = 10.6 meV, and (b) the semi-
infinite edge states within the gaps.™

Figure 2.27: (a) Cu-DCA lattice on Cu(111). (b) Co-DCA lattice on
graphene/Ir(111). (Adapted from Ref. 75 and 35, respectively.)

Co-DCA, Rh-DCA and Ir-DCA lattices have been predicted to be fer-
romagnetic and to have high magnetic anisotropy energy (MAE), meaning
that they have a high energy barrier against random spin reorientation due
to thermal fluctuations.®® For Ir-DCA, calculations show a giant MAE of
180 meV compared to the the thermal excitation energy at room tempera-
ture (~ 26 meV). Additionally, Ir-DCA is predicted to retain its giant MAE
on a hBN surface, making it a very promising platform for applications in
high-temperature spintronic devices.

The M-DCA lattices that have already been synthesized include the Cu-
DCA lattice on Cu(111)*™ and Co-DCA lattice notably synthesized on
graphene/Ir(111),%® both presented in Fig. 2.27. With plenty of predicted
interesting and exotic physical properties as well as promising demonstrations
in synthesis, the M-DCA lattices are a topic worth to study. The focus of this
thesis is on the Au-DCA kagome lattice examined with scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy (STS) — methods
which we will concentrate on in the next Chapter.



Chapter 3

Methods

Scanning tunneling microscopy (STM) is a method for imaging conduct-
ing and semiconducting surfaces. Its operation is based on the quantum-
mechanical tunneling of electrons across the gap between a conducting sample
and a metal tip scanning over the sample.® The extreme distance-sensitivity
of the tunneling phenomenon provides STM atomic resolution (Fig. 3.1)
which has revolutionized our ability to study and manipulate solid surfaces
to the last atom. Binnig and Rohrer who developed the STM in 1980s°® were
awarded the 1986 Nobel prize in physics for their groundbreaking invention.
This chapter first introduces the general operation principle of STM and
then proceeds to derive expressions for the tunneling current and the differ-
ential tunneling conductance in the frame of the Bardeen tunneling theory
and the Tersoff-Hamann model. The resolution of STM measurements is also
considered. Lastly, we pay attention to STM of molecules on surfaces.

104

Figure 3.1: An STM image of DCBP3Co; MOF on graphene/Ir(111). Com-
parison to the simulated geometry of the structure demonstrates the high
resolution and power of the imaging method.?®
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3.1 General operation principle

The general operation principle of STM is presented in Fig. 3.2. A metal
tip, most often made out of tungsten (W), raster scans over the conducting
sample surface as controlled by three piezoelectric transducers that account
for the extremely precise movement in x, y and z directions. The tunneling
current depends exponentially on the distance between the tip and the sam-
ple, leading to the fact that almost all of the tunneling current crosses this
gap of several A only between the very last atom of the tip and the sample,
providing the atomic resolution of the imaging method.

The tunneling current is not only determined by the tip-sample distance
but also by the bias voltage between the tip and the sample, and the proper-
ties of the sample surface. The bias voltage typically varies from 10 to 1000
mV and its sign determines the tunneling direction of the electrons: from tip
to sample or vice versa. The tunneling current of typically several pA to 10
nA is fed to the amplifier and is then used to control the piezos and to form an
image of the surface. However, despite having atomic resolution, STM does
not strictly speaking image atoms but rather their electron clouds, the local
electronic states in the sample. This leads to the fact that STM topographs
cannot simply be interpreted as actual atomic of molecular structures.

Although STM is also operational under ambient conditions, both UHV
and low temperatures (LT-STM, down to 77 K with liquid nitrogen and
to 5 K with liquid helium) are often applied to enhance measurements by
minimizing the effects from impurities and thermal motion.

Scanning tunneling spectroscopy (STS) is an extension of STM used to
probe the electronic states of the structure as a function of energy. The basic
principle to study the local density of states (LDOS) of the sample is to keep
the tip located at the point of interest in the structure and then vary the
tip-sample bias V' while measuring the tunneling current I. This I-V curve
can be derived to yield a differential tunneling conductance curve (dI/dV),
which in turn is directly proportional to the LDOS of the sample given that
the tip DOS is flat (constant).? It is also possible to set the tip-sample voltage
to a certain value to spatially image the states at the corresponding energy.

3.2 Theory behind STM

3.2.1 The Bardeen theory of tunneling

Quantum-mechanical tunneling is a phenomenon without a classical counter-
part. The electron wavefunction ¥ penetrates through a classically forbidden
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Figure 3.2: The general operation principle of an STM instrument. (Figure:
Michael Schmid, TU Wien).4®

Figure 3.3: Quantum-mechanical tunneling: the wavefunction W penetrates
a classically forbidden area while decaying exponentially as a function of the
distance z inside the potential barrier.

area, a potential barrier, allowing the electrons to tunnel through this area
to reach another classically allowed area (Fig. 3.3). However, inside the for-
bidden area, the electron wavefunction decays exponentially as a function of

the distance z:
V(z) = V(0)e "™ (3.1)

with the decay constant

K = (3.2)
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Vacuum level

Figure 3.4: The tunneling junction between the tip and the sample in STM.
By applying a bias voltage V' the sample states from Er — eV to Ep can
tunnel into the unoccupied states of the tip, creating a tunneling current.
The state 1, with the energy F, tunnels over the vacuum barrier.?

where m is the electron mass, F is the energy associated with the electrons
and Uy is the potential barrier. The electrons also tunnel equally to the
opposite direction, the wavefunction then decaying as W(z) = W(0)e*.

In STM, electrons tunnel between the tip and the sample, crossing the
potential barrier of the vacuum gap between them (Fig. 3.4). The barrier is
formed by the work function ¢ of both the tip and the sample, the energy
needed to remove an electron from the Fermi level Er to the vacuum level.
By applying a bias voltage V' to the sample, the sample Fermi level can be
displaced to favor tunneling to one direction over the other, forming a net
current. This tunneling current /(z) depends on the tip-sample distance z.
The transmission coefficient T" then shows exponential dependence on the
tip-sample distance as

I [OER
210 wor

where, assuming that the work function ¢ is the same for both tip and sample,
the decay constant x is
V2meo

K= —ﬁ . (3.4)

The leading idea in the Bardeen theory of tunneling is in bringing two
separate systems of the two electrodes together (Fig. 3.5) and solving the
resulting tunneling current using time-dependent perturbation theory.

The Hamiltonian of the standalone electrode A can be written as

(3.3)

+ Uy, (3.5)
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Figure 3.5: (a) Two separated electrodes A an Y, and y,
and energies U4 and Up, respectively. (b) By bringing the two electrodes
together tunneling can take place as dictated by the density of states (DOS)
pa and pp of the two electrodes, respectively.®

where Uy is the potential of electrode A. The wavefunction of electrode A
satifies the following time-dependent Schrodinger equation

h(‘Q\Tr N
h-. = HaV 3.6
? ot A, ( )
where '

U — ¢;1Eut/h’ (37)
where the spatial wavefunctions ¢, and energy eigenvalues I, satisfy

Hatpy = B, (3.8)
Correspondingly, for the standalone electrode B the Hamiltonian is

- h? 92

where Up is the potential of electrode B. Similarly

AN

ih o = fIB\I/, = X;iE”t/h and ﬁBXV = FE,xu. (3.10)

Bringing these two electrodes together into a combined system the Schrodinger
equation is
L O0v R o2
th— = | ———
ot 2m 022
At time ¢ = 0 the state 1, of the A electrode behaves according to Eq. 3.8
but will not evolve according to Eq. 3.6. Instead, electrons can transfer to
the states of electrode B. We thus assume the wavefunction of the combined

system to be of the form?

+UA+UB} v (3.11)

v = wue_iE“t/h + Z c,,(t))(,,e_iE”t/h, (3.12)

v=1
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where the coefficients ¢, (t) are determined by Eq. 3.11 with ¢, (0) = 0, since
in the beginning we assume that the electron is at the A electrode. Neither of
the two sets wavefunctions v, and x, are eigenfunctions of the Hamiltonian
of the combined system. A basic assumption of Bardeen’s tunneling theory
is that these wavefunctions are approximately orthogonal:®

/w;ixyd?’r ~ 0. (3.13)

Inserting Eq. 3.12 into Eq. 3.11, making a first-order approximation and
considering the energy-dependence of tunneling apparent in the equations we
can obtain the following probability of having the v-th state of electrode B
at time ¢, starting with the u-th state of electrode A:°

O
() = ey (OF = = [Myw[*ps (B, (3.14)

where pp(FE,) is the DOS of electrode B at energy F, and’
M,, = ¥, Upx,d’r (3.15)

z>2z

is a tunneling matrix element. Additionally, the number of states in electrode
A where the electron can tunnel from is

na = pa(B)(EY — BYY ~ pa(Ep)eV. (3.16)
The tunneling current from state u to state v is thus

d@ ) 2702
I;w - E - dt (GPMVTLA) - 7ﬁ |M;w|2pA(EF)pB(EF)V- (3'17)
The total tunneling current can be evaluated using Eq. 3.17 by summing
over all relevant states and at finite temperatures taking into account the
Fermi distribution of electrons:*

1
f(E) = PR (3.18)
1+ exp (@T’”)
This gives us the following integral:
2 [e @]
1= =5 | 2f(Br—eV+e) =2/ (Brt0lpa(Er—eV +)pp(Ep+)| M[de,

(3.19)
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where the electron spin accounts for the coeflicient of two in the Fermi distri-
butions. In the case that kgT' is smaller than the required energy resolution
of the measurement, the Fermi distributions can be approximated by a step
function, yielding

Ape [V

1
hJo

pa(Bp — eV + pp(Ep + ¢)| M|2de (3.20)

Finally, assuming that the tunneling matrix element |M| does not change
appreciably in the energy interval of the integral, the tunneling current is
determined by the convolution of the DOS of two electrodes:

eV
I x / pa(Ep — eV 4+ €)pp(FEp + €)de (3.21)
0

3.2.2 Differential tunneling conductance

To derive an expression for the differential tunneling conductance df/dV
we start by making several assumptions. We use the two assumptions from
above: the tunneling matrix element M does not vary appreciably with en-
ergy and the sample DOS does not vary appreciably compared to kgT'. Addi-
tionally, we assume that the tip state is both spatially spherically symmetric
as well as the tip DOS is constant over the energy interval of interest.

Starting from the tunneling current from Bardeen’s tunneling theory in
Eq. 3.20 and making approximations based on above assumptions:®

v

dre [°
=T p(Er— eV 4 )ps(Ep + )| M|*de

I =
hJo

4

) v (3.22)
~ 5 orlMP [ pslEe 1 e
0

where pp(F) and pg(FE) are the DOS of the tip and the sample, respectively.
For a spatially spherical tip, the Tersoff-Hamann expresses the tunneling
matrix element as proportional to the tip-state®

M o< 9p(rp) (3.23)

where rg is the center of curvature of the tip. Inserting this to Eq. 3.22 yields

eV
I x pT|¢(ro)|2/O ps(Ep + €)de. (3.24)
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Figure 3.6: The electronic structure and the corresponding I-V and df /dV
curves for (a) a metallic sample and (b) a structure with a gap.

We recognize the local density of states (LDOS) defined at energy E and
location r as’

p(E,1) = [ (r)]p(E), (3.25)
giving us finally the tunneling current as
eV
I x pT/ ps(Ep + €,1p)de. (3.26)
0

where ps(Ep + ¢,19) is the LDOS of the sample at energy E at the center
of curvature of the tip ry. Differentiating the above equation with respect to
bias voltage V yields the differential tunneling conductance at bias voltage V*

d/
< > x ps(Ep + eV, rg). (3.27)
U=v

dV

This is the basis of STS.
Fig. 3.6 illustrates the formation of the df/dV spectra of three different
electronic structures probed with STS. Each time the Fermi level aligns with
new empty states, a new tunneling channel is opened, resulting in a step
increase in the I-V curve. The comparison between the electronic states
and the resulting d//dV spectra illustrates Eq. 3.27. The schematic also
illustrates the importance of a flat tip DOS — if the tip DOS has non-flat
features in the energy interval of interest they are be visible in the measured



CHAPTER 3. METHODS 39

current as the tunneling junction is symmetric. This can also be seen in Eq.
3.21.

STS can be further utilized to form df/dV maps where the LDOS at
fixed energy is mapped as a function of position on the sample surface. The
interpretation of d//dV maps is however not completely straightforward as
the topography of the sample has influences the height of the tip strongly
and can reduce or enhance certain features in the spectra.

3.2.3 The resolution of STM

While the exponential decay of the wavefunction over the vacuum gap easily
provides STM atomic spatial resolution, the energy resolution of the method
is not as straightforward.

To obtain spectroscopic data with high signal to noise ratio, a realis-
tic high-resolution STM setup utilizes the modulation technique where the
tunneling voltage is modulated with a small sinusoidal voltage V,, sin(w,,t)
and a Lock-In amplifier is used to measure the modulation of the tunnel-
ing current.*%" The main goal of the method is to electronically measure
dI/dV and to transpose the signal from zero up to the modulation frequency
fm = wm/2m, filtering out noises with broad frequencies and uncorrelated
phases.

As a drawback, the voltage modulation limits the energy resolution of
the STM.%! Fig. 3.7a,b demonstrate the effect of the method, a perfectly
flat DOS turning into a half-sphere 2eV/,, in width. However, as long as the
modulation voltage V,, is significantly smaller than the feature of interest,
the voltage modulation broadening can be neglected.
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Figure 3.7: (a) A perfectly flat DOS (a d-like peak), and the same peak (b)
after modulation broadening and (c) after thermal broadening. (Adapted
from Ref. 61)
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Thermal broadening caused by the Fermi distribution of electrons de-
pending on temperature (Eq. 3.18) can have a considerable effect on the
measured d/dV spectra.®! Fig. 3.7c illustrates the effect of finite tempera-
ture on a perfectly flat DOS, resulting in Gaussian-like broadening with the
full width at half maximum (FWHM) of AE = 3.2kpT %! In ambient condi-
tions (1" = 300 K) this means a resolution limit of AE ~ 80 meV, whereas
the temperatures T'= 5.0 K and 7" = 500 mK correspond to the resolutions
of AE &~ 1.4 meV and AFE ~ 140 peV, respectively.

The lifetime broadening mechanism is in turn dictated by the Heisenberg
uncertainty principle

AEAt > 2 (3.28)
where At is the lifetime of the short-lived state after tunneling and AFE the
resulting uncertainty in the energy of the state. The magnitude of lifetime
broadening varies greatly by system and its underlying physics. The energy
resolution can also be limited by other factors, such as noise from the electri-
cal setup.®! Especially periodic signals (e.g. telecommunication transmitters)
may couple to the tunneling current or voltage.

Spatial resolution is in turn largely affected by the tip. While the assump-
tion of spherical tip states is most often a good approximation, a so-called
double tip, the tip having two (or more) last atoms where electrons leave the
tip, obviously affects the spatial resolution of STM and STS.

3.3 STM of molecules on surfaces

Individual molecular orbitals are typically energetically well separated and
imaging them at low temperatures provides sufficient energy resolution for
imaging individual orbitals. The LDOS of a molecule can be microscopically
interpreted in terms of individual wavefunctions ; at energy F; as®

LDOS(eVi, z,y) = > [thi( B, )], (3.29)
oF

where 0 F is the energy resolution.

We start our considerations with the ideal case that the molecule is elec-
tronically decoupled from the substrate. As long as the tip Fermi level is
not energetically aligned with the molecular orbitals, the molecule simply
alters the tunneling barrier for the electrons tunneling between the tip and
the substrate.®® By increasing the bias voltage the tip Fermi level will align
with one the unoccupied molecular orbitals and tunneling to the molecule
becomes possible (Fig. 3.8a). Conversely, hole tunneling through occupied
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Figure 3.8: (a) and (b): The tunneling junction with positive (nega-
tive) bias resulting in electron (hole) tunneling through an unoccupied
(occupied) molecular orbital. (c¢) Measured current I (black) and differ-
ential conductance dI/dV (red) of a single naphthalocyanine molecule on
NaCl(2ML)/Cu(111). The dI/dV spectrum shows the PIR/HOMO and
NIR/LUMO peaks. (Adapted from Ref. 60)

molecular orbitals can happen at a sufficiently negative bias voltage (Fig.
3.8b).

These both tunneling processes correspond to opening a new tunneling
channel and result in a step increase in the tunneling current and thus a peak
in the df/dV signal (Fig. 3.8¢). The first positive ion resonance (PIR) at
negative bias corresponds to the highest occupied molecular orbital (HOMO)
and correspondingly the first negative ion resonance (NIR) at positive bias
corresponds to the lowest unoccupied molecular orbital (LUMO). For map-
ping all other orbitals the total current is the sum of the tunneling current
from all contributing tunneling channels, resulting in all other contributing
orbitals appearing in the image.%

This is how far the model based on an ideal system goes. In principle
the bias voltages corresponding to the HOMO and LUMO peaks yield the
fundamental energy gap between the orbitals but in reality the spectra are
affected by the Coulomb energy of temporarily charging the molecule by
adding or removing one electron.® If the molecule is small enough, the
energy needed to overcome the Coulomb repulsion by the charge carriers of
the neutral molecule can be substantial. Thus the measured STM gap is not
equal to the actual HOMO-LUMO gap AExomo-rumo or the optical gap
AFE,,: of exciting an electron-hole pair, but the relations are described as®

nAVerm = AEpomo-rumo + Xe + Xn = ALy — Jep (3.30)

where Y is the Coulomb energy associated with the addition of an elec-
tron (hole) on the LUMO (HOMO) and .J., is the electron-hole attraction
energy. The factor n results from the potential distribution in the double-
barrier junction and the finite bias difference between the molecule and the
underlying conducting substrate.®
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Figure 3.9: An electron tunneling to a molecular state exciting molecular
vibrations causes phonon replicas with the spacing of hw in the differential
tunneling conductance.?®

The assumption we made in the beginning was that the substrate is
not electronically coupled to the molecule. This is in reality seldom the
case. STM requires a conducting substrate as the other electrode, and
most conducting substrates such as metals couple strongly to molecules. A
workaround to this problem is to use ultrathin insulating films of a few mono-
layers between the metallic substrate and the molecule, forming a double-
barrier tunneling junction.®® This method usually provides sufficient decou-
pling but still allows for a measurable tunneling current. In this case, due to
the insulating film, in Eq. 3.30 the factor n is usually close to unity, meaning
that the bias voltage scale is almost equal to the real energy scale.!® However,
despite the insulating layer, the charge carriers in the metallic substrate may
still dynamically screen the temporary charging of the molecule, altering the
terms Y. and Y, in Eq. 3.30 and reducing the measured STM gap AVsry.

However, combining an ultrathin insulating layer and molecular struc-
tures is not always experimentally straightforward and often a metallic sub-
strate has to be chosen instead. The fact that the metallic substrate cou-
ples strongly to the molecule has a substantial effect on the system. If the
molecule is in a charged state as a result from a tunneling event, the metallic
states minimize total energy and relax. This results in dynamical screening
of the charge in the molecule by the substrate electrons.'® The molecule may
also become polarized and form a dipole. Additionally, charge transfer be-
tween the metallic substrate and the molecule may be present. As a result,
the molecular energy levels can be modified significantly compared to those
of a decoupled molecule.!® The energy levels may be hybridized, shifted or
broadened due to couplings, and most notably, the HOMO-LUMO gap of
the molecule is substantially decreased.!®43
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Besides the LDOS and molecular orbitals, STM can be used to probe
inelastic excitations as well. In the case of molecules on surfaces, probing
molecular vibrations results in phonon replicas in the d7/dV spectra.®® An
electron tunneling through a molecular orbital with sufficient energy can
simultaneously excite one or more molecular vibrations. Thus tunneling
through one orbital can happen at different bias voltages, creating peaks
spaced by the energy of the molecular vibrational mode Aw in the df/dV
spectra (Fig. 3.9). In the case of aromatic molecules the aromatic C-C-
stretch modes typically strongly couple to the electrons on the delocalized
molecular orbitals and their phonon replicas may be visible in the d//dV
spectra.®
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Results and discussion

All the STM experiments were carried out using a Createc LT-STM/AFM
(Createc GmbH.) at T = 4.5 K under UHV conditions. The set-up included
several chambers as well as an annealing system and a Net-ion bombard-
ment system for sputtering. The sample was prepared by first cleaning an
Au(111) single crystal by 10 cycles of sputtering each followed by anneal-
ing at 800 K yielding the expected "herringbone” surface reconstruction of
the Au(111) surface*! with a small amount of impurities residing in certain
expected positions in the reconstruction (Fig. 4.1a,b)

The 9,10-dicyanoanthracene (DCA) molecules (Fig. 4.1¢) were then de-
posited onto the substrate. The molecule source was held at 50°C for 10
min prior to deposition in order to maintain a constant flux of molecules
during deposition. The sample was then transferred from the 4.5 K scanner
to the deposition chamber and held in the flux for 30 s. The sample was then
directly transferred back into the LT scanner.

Figure 4.1: (a,b) Cleaned Au(111) exhibiting the herringbone reconstruction
as well as some minor impurities. (¢) 9,10-dicyanoanthracene (DCA) which
was deposited onto the surface.

44
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Figure 4.2: (a) DCA molecules forming supramolecular structures on Au(111)
after deposition. Examples of the close-packed phase and of the disordered
and partially complexed porous phase are indicated in red and yellow as well
as zoomed in in (b) and (c), respectively.

4.1 STM

Scanning over the sample revealed three different kinds of structures (Fig.
4.2): close-packed DCA structures, disordered and partially complexed struc-
tures as well as some small areas of Au-DCA kagome lattice of varying quality.
These structures are studied in more detail in later paragraphs.

As the vast majority of the structures found on the sample consisted of
the close-packed as well as disordered but partially complexed structures,
the sample was annealed with the aim to give the molecules and Au adatoms
sufficient thermal energy to move on the surface and to further self-assemble
into a kagome lattice. The sample was first gently annealed overnight at room
temperature but no changes were detected in the structures. The sample was
further annealed for 15 min at 40 °C, 70 °C and 100 °C, scanning between the
annealing cycles (Fig. 4.3). However, no significant changes in the structures
— not even in the surface coverage of the close-packed phase — were detected
between or after these annealing cycles.
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Figure 4.3: The sample imaged with V' = 1.0 V after annealing (a) overnight
at room temperature, and for 15 min at (b) 40°C, (¢) 70°C and (d) 100°C.

Different types of structures found on the sample are presented in Fig.
4.4. Scanned at certain lower voltages, in this case V= 0.5 V and 1.0 V,
the DCA molecules appear as bright ovals, whereas scanned at certain higher
voltages, in this case V = 1.4 V and 2.0 V, the DCA molecules appear as
narrower ovals with a brighter area in the middle.

Fig. 4.4a-c displays the close-packed phase where a DCA monolayer forms
a supramolecular 2D lattice with an interleaved pattern, each cyano group
pointing towards a gap between two other molecules. The electronegative
nitrogen atom of the cyano group forms hydrogen bonds with two hydrogen
atoms of two other molecules. One DCA molecule thus forms eight hydrogen
bonds to in total four other molecules. The Au herringbone reconstruction
is visible through the molecular monolayer which further indicates that no
Au adatoms are present in this close-packed phase.

In the disordered structure in Fig. 4.4d, the bidentante molecules are
linked to each other either via one Au adatom exhibiting three-fold coor-

























































