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Zusammenfassung

Im Rahmen dieser Dissertationsschrift wurden organometallische Komplexe, genauer
spin-crossover-Komplexe, in direktem Kontakt mit Metalloberflichen mit Hilfe von
Tieftemperatur-Rastertunnelmikroskopie im Ultrahochvakuum untersucht. Ver-
schiedene Komplexe wurden durch Sublimation auf metallische Einkristalle aufge-
bracht. Strukturelle, elektronische und magnetische Eigenschaften wurden auf der
Einzelmolekiil-Skala untersucht. Die in dieser Dissertation untersuchten Molekiilsys-
teme werden in den folgenden Abschnitten kurz zusammengefasst.

Die erste Untersuchung befasst sich mit Fe(H;B(pyrazole)(pyridylpyrazole))s adsor-
biert auf einer Ag(111)-Oberfliche. Fiir Submonolagen-Bedeckung kondensieren die
meisten Komplexe in gitterférmige Tetramere auf der Silberoberfliche. Zwei Kom-
plexe pro Tetramer konnen durch Injektion von elektrischem Strom zwischen zwei
Zustanden geschaltet werden. Schalten von strukturell analogen Zn(HyB(pyrazole)
(pyridylpyrazole)),-Komplexen auf Ag(111), wo aufgrund der vollbesetzten 3d-Schale
kein Spiniibergang erwartet wird, war nicht moglich. Aus diesem Grund ordnen
wir dem Schalten einzelner Fe(H;B(pyrazole)(pyridylpyrazole)),-Komplexe einem
Spintibergang zwischen low-spin- (LS) und high-spin- (HS) Zustand zu. Einzelne
Komplexe wurden tausende Male ohne Anzeichen von Abnutzung geschaltet. Eine
Vielzahl von Schaltereignissen wurde in Zeitreihen des Tunnelstroms aufgenommen,
welche Zwei-Niveau-Fluktuationen bei hoheren elektrischen Spannungen aufwiesen.
Hierbei entsprach jedem Niveau einem Spinzustand. Schaltraten und Schaltausbeuten
konnten aus diesen Messungen ermittelt und analysiert werden. Die Schaltausbeuten
liegen zwei Groflenordnungen hoher als bei anderen Spin-Crossover-Systemen.
Durch Stromfluss in die tibrigen nicht schaltbaren Komplexe in einem Tetramer kann
fernausgelostes Schalten der schaltbaren Nachbarkomplexe verursacht werden. Der
Zustand des schaltbaren Nachbarkomplexes beeinflusst geringfiigig die scheinbare
Hohe des nicht schaltbaren Komplexes. Aufgrund dieser Tatsache kann das fernaus-
geloste Schalten mit recht hoher Zeitauflosung detektiert werden. Die Schaltrate des
fernausgelosten Schaltens ist lediglich eine GrofSenordnung kleiner im Vergleich zur
Schaltrate des durch direkte Anregung ausgelosten Schaltens.



Wir prasentieren ein Modell fiir die im Experiment beobachteten Tetramere, welches
aufgrund von sterischer Abstofung erklaren kann, warum zwei Molekiile reversibel
geschaltet werden konnen und zwei nicht. Berechnungen auf der Basis von Dichte-
funktionaltheorie unterstiitzen unser vorgeschlagenes Modell. Ein vorlaufiges Modell
eines Mechanismus basierend auf Elektronentransfer zwischen benachbarten Kom-
plexen kann in guter Naherung die Effizienz des fernausgelosten Schaltens repro-

duzieren.

Das Schaltverhalten von Fe(HsB(pyrazole)(pyridylpyrazole))s-Molekiilen bei an-
gelegter negativer Probenspannung ist komplizierter und beinhaltet einen dritten
Schaltzustand. Dieser dritte Zustand kann in Strom-Spannungs-Kurven, gemessen
an schaltbaren Komplexen, beobachtet werden. Desweiteren ist dieser Zustand bei
geringem Tunnelstrom und geringer Probenspannung in aufgenommenen Topogra-
phien sichtbar. In einem spezifischen Spannungsintervall ist der Zustand stabil,
wohingegen er bei erh6hten positiven Spannungen in den HS-Zustand iibergeht. Wir
erarbeiteten eine Routine, die es ermoglichte, diesen dritten Zustand gezielt an einem
schaltbaren Komplex zu préparieren. Hierdurch konnten wir die Dynamik des Uber-
gangs in den HS-Zustand bei verschiedenen Spannungen und Stromen untersuchen.
Experimente an den strukturell analogen Co(HyB(pyrazole)(pyridylpyrazole))s-Kom-
plexen auf Ag(111), zeigten in den aufgenommenen Topographien &hnlichen inter-
molekularen Bildkontrast. Wir interpretieren den neuen dritten Zustand als negativ
geladenen HS-Zustand, welcher die gleiche elektronische 3d-Konfiguration besitzt wie

die Co-Komplexe.

Experimente an spin-schaltbaren Co(HyB(pyrazole)(pyridylpyrazole))s-Komplexen
auf Ag(111) fithrten zum tieferen Verstdndnis des Schaltmechanismus ausgelost
durch Injektion von Elektronen. Die Co(H2B(pyrazole)(pyridylpyrazole))s-Komplexe
ordnen sich in Tetrameren auf der Oberfliche an, dhnlich den Tetrameren, welche Fe-
Komplexe beinhalten. Sowohl bei positiver als auch bei negativer Probenspannung
sind jeweils zwei Komplexe in einem Tetramer zwischen zwei Zustédnden schalt-
bar. Die Schaltrate ist linear vom Tunnelstrom abhéngig. Dies offenbart, dass das
Schalten durch einen Ein-Elektronen-Prozess herbeigefiihrt wird. Die zwei tibri-
gen Komplexe konnen nicht geschaltet werden. Wir ordnen einen der bistabilen
Zustande den S=1/2- und den anderen den S=3/2-Spinzustand des Co-Zentralions
zu. Bei positiver Probenspannung ist die Schaltausbeute des Ubergangs HS zu
LS drei Gréflenordnungen grofler, im Vergleich zum Schaltiibergang LS zu HS. Wir
préasentieren ein Modell fiir den Mechanismus des ,electron-induced excited spin-state
trapping® (ELIESST), welcher die grofle Abweichung der Schaltausbeuten qualitativ

erklaren kann.
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Der SCO-Komplex Fe(neoim ), aufgedampft auf Ag(111) und Au(111) wurde mit Hilfe
von Tieftemperatur-Rastertunnelmikroskopie untersucht. Auf der Ag-Oberfliche
adsorbiert der Komplex intakt. Ohne Manipulation erscheint der Komplex zunachst
im HS-Zustand. Einzelne Komplexe konnen ausgelost durch Injektion von Elektronen
zwischen HS- und LS-Zustand reversibel geschaltet werden. Im Gegensatz zu der
Situation auf Ag fragmentieren die Komplexe auf der Au-Oberfliche. Berechnun-
gen mit Dichtefunktionaltheorie zeigen, dass die adsorbierten Komplexe vor allem
durch Van-der-Waals-Kréfte zwischen Substrat und Komplex stark deformiert wer-
den. Desweiteren zeigen die Berechnungen, dass Wechselwirkungen aufgrund von
Dispersion fiir die relativen Stabilitaten des HS- und LS-Zustands von adsorbierten
Fe(neoim), entscheidend sind. Weiterfiihrende Berechnungen zeigen die Ausbildung
kritischer kovalenter Bindungen zwischen Fragmenten von Komplexen und dem
Au-Substrat. Diese deuten wir als Ursache fiir die Instabilitdt der Komplexe. Oft
wird die Au-Oberflache als weniger reaktiv als Ag betrachtet. In diesem vorliegenden

Fall zeigen unsere Ergebnisse das Gegenteil.

Die letzte Untersuchung présentiert die Forschungsergebnisse des auf Cu(111) adsor-
bierten SCO-Komplexes Fe(HB(1,2,4-triazol-1-yl)3)2. Die Komplexe ordnen sich auf
der Oberflache zu grofien Inseln an. Einzelne Molekiile konnen durch Injektion von
Elektronen zwischen zwei Zustdnden geschaltet werden. Eine Vielzahl von Molekiilen
in einer Insel kann durch Strompulse in das Cu-Substrat neben der Insel reversibel
geschaltet werden. Mit und ohne angelegtem Magnetfeld weisen Tunnelspektren an
geschalteten Molekiilen Merkmale um die Fermi-Energie auf, welche auf inelastische
Prozesse hinweisen. Dies deutet auf ein magnetisches Moment des Molekiils hin.
Gemessen an einem ungeschalteten Molekiil zeigen Tunnelspektren keine Merkmale.
Mit Hilfe von spin-flip-Spektroskopie ordnen wir dem ungeschalteten Grundzustand
der Komplexe den LS-Zustand und dem geschalteten Zustand den HS-Zustand zu.
Zusétzlich zeigen die Tunnelspektren der Komplexe im HS-Zustand eine magnetische

Anisotropie.
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Abstract

In this thesis metal-organic complexes, more specifically spin-crossover (SCO) com-
plexes, in direct contact with metallic surfaces were investigated with low-temperature
scanning tunneling microscopy (LT-STM) in ultra-high vacuum (UHV). Several com-
plexes are deposited by sublimation on metallic single crystals. Structural, electronic
and magnetic properties are explored on the single molecule scale. The different
molecular systems investigated in this thesis are briefly summarized in the following
paragraphs.

The first study focuses on Fe(HyB(pyrazole)(pyridylpyrazole))s on Ag(111). At
submonolayer coverage most of the complexes condense into gridlike tetramers on
the surface. Two complexes per tetramer can be switched between two states by
injecting current. Switching of the analogue Zn(H,B(pyrazole)(pyridylpyrazole)),
complex on Ag(111), where no spin transition is expected due to the fully occu-
pied 3d shell, was unsuccessful. Therefore we assign the switching of individual
Fe(H,B(pyrazole)(pyridylpyrazole))s complexes to a spin transition between a low-
spin (LS) and a high-spin (HS) state. Individual complexes were switched thousands
of times without any signs of fatigue. Numerous switching events were monitored
in the tunneling current time series, which exhibits a two level fluctuation at large
voltages, where each level corresponds to a spin state. Rates and yields of the
switching were analyzed from these measurements. The yields exceed by 2 orders of
magnitude those of other SCO systems.

The remaining two non switchable complexes in a tetramer were used to trigger
remote switching of the neighbor molecule by current injection. The state of the
switchable neighbor affects slightly the apparent height of the non switchable complex.
This allows sensing the remote switching and extracting rates and yields. The yield
of the remote switching is only lower by one order of magnitude compared to the
switching triggered by direct stimuli.

We present a model of the tetramers observed in the experiment, explaining why
two molecules can be reversibly switched and two not, because of steric repulsion.
Density functional theory (DFT) calculations support our suggestion.



A preliminary model of a mechanism based on electron transfer between neighboring
complexes can approximately reproduce the efficiency of the remote switching.

The switching behavior of the Fe(HyB(pyrazole)(pyridylpyrazole))s molecules at
negative bias voltage is more complex and involves three states. A third state is
observable in current-voltage (I-V') curves acquired at a switchable complex and
can be imaged under mild tunneling conditions. It is stable in a specific sample
voltage range, but decays at elevated positive sample voltage into the HS state. We
elaborated a protocol to prepare a given switchable molecule in that third state, from
which we could further analyze the decay dynamics at different voltages and currents.
Experiments on the analogue Co(H2B(pyrazole)(pyridylpyrazole)), complexes on
Ag(111) revealed similar intramolecular image contrast. We interpret the new third
state as a negatively charged HS state that has the same electronic 3d configuration

than the Co complex.

Experiments on the spin switchable Co(HyB(pyrazole)(pyridylpyrazole))s complexes
on Ag(111) lead to deeper understanding of the switching mechanism triggered
by electron injection. These Co(HyB(pyrazole)(pyridylpyrazole)), complexes self
assemble in tetramers on the surface, similar to the tetramers containing the Fe
based complexes. Two Co complexes in a tetramer are switchable between two stable
states at positive and negative sample voltages. The switching rate is linear with the
current, revealing that the switching is induced by a single electron process. The
remaining two complexes are stable and cannot be switched.

We associate the two bistable states to the S=1/2 state and the S=3/2 state of
the Co central ion. At positive sample voltage the switching yield of the HS to LS
transition is three orders of magnitude larger compared to the LS to HS switching
yield. We present a model for the mechanism of electron-induced excited spin-state
trapping (ELIESST), that can qualitatively explain the drastic difference in yield.

The SCO complex Fe(neoim), deposited on Ag(111) and Au(111) is investigated
with LT-STM. The complex remains intact adsorbed on the Ag surface. Without
manipulation, the complexes are initially in the HS state. Individual complexes
are reversibly switched between the HS and the LS state, triggered by electron
injection. In contrast to this situation on Ag, the complexes fragment on the Au
surface. Density functional theory calculations reveal that particularly due to van
der Waals forces between the substrate and the complex, the adsorbed complex is
strongly distorted. Furthermore, the calculations show that dispersion interactions
are crucial for the relative stabilities of the HS and LS states of adsorbed Fe(neoim)s.

Extended calculations show a critical covalent bonding between the fragments of
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the complex and the Au substrate. We attribute this as being the reason for the
instability of the complex. Au has so far often been considered as a noble surface,
less reactive than Ag. In this case, our results suggest the opposite.

The last study involves the SCO compound Fe(HB(1,2,4-triazol-1-yl)3)s adsorbed
on Cu(111). The complexes self assemble in large islands. Individual molecules can
be switched between two states by injecting electrons. Several molecules within an
island can be reversibly switched via current pulses on the Cu substrate, next to
the molecular island. Inelastic features around the Fermi energy in the tunneling
spectra acquired with and without magnetic field evidence a magnetic moment in
the switched molecule. The tunneling spectra of the pristine state remain featureless
around the Fermi energy. With this spin-flip spectroscopy we assign the initial state
of the complex to the LS state and the switched state to the HS state. Additionally,
the HS spectra reveal a magnetic anisotropy of the molecule, that implies a preferred

orientation of the molecular magnetic moment.
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Introduction

Since decades scientists aim for making electronic circuits more efficient. One main
goal is to significantly increase the spatial density of such circuits. Miniaturization
down to the molecular and atomic scale is desired [5]. The construction and investi-
gation of such nanostructures are of high interest, especially to explore design criteria
and functionality. The use of single molecules as electronic components triggered
lots of research activity in recent years. Such microscopic systems rely on quantum
effects, which makes it more difficult to predict their behavior and properties, but
also gives room for a lot of new physical effects to be discovered. One of the key
quantum property used in such systems is the spin. The field of spintronics deals
with components, e.g. single molecules, that use spin to store, transport or compute
information. In particular, spin-crossover (SCO) complexes are promising candidates
for the use as building blocks for spintronic devices.

SCO molecules consist of a transition metal ion surrounded by organic ligands.
Such molecules can be switched between two states with different conformations
as well as different optical, electronic and magnetic properties. Switching can be
triggered by external stimuli such as light, pressure, current and temperature. These
characteristics make them promising for use in various applications such as actua-
tors [6, 7], data storage [8-13] or sensors [14-17]. For technological application as
devices, contacting the complexes with metal electrodes is required. This usually
leads to a drastic deviation of the functionality of the complexes compared to the
bulk material [18-26]. Contacting the complexes with metal electrodes can lead to
fragmentation and the loss of the switching ability [21, 23, 27-30]. In particular,
strong deformation of the complex, change of the molecules electronic structure,
immobilization of important subunits and the weakness of the coordination bond
are problems [21, 23, 27-31]. To overcome these obstacles, a better understanding
of the molecule substrate interaction is required. To obtain design criteria for SCO
complexes and their networks on surfaces, understanding cooperative effects and
switching mechanisms is important.

By now, a few examples of successful deposition of functional complexes investigated

with transport measurements [9-13, 32-37] and scanning tunneling microscopy (STM)



1 INTRODUCTION

[20-22, 25, 38-43] were reported. Low-temperature STM is a powerful instrument
to investigate individual molecules in direct contact with a metal surface and can
give a deep insight into e.g. switching, assembly, electronic and magnetic properties.
Improving the understanding of switching mechanisms of SCO complexes and their
cooperative effects assembled in grids on a surface is desired.

Overview of this Thesis

In this thesis, various spin-crossover complexes adsorbed on metal surfaces were
investigated using LT-STM, operated at ~ 4.6 K or below in ultra-high vacuum.
The complexes were successfully deposited on surfaces with submonolayer coverage.
Switching, cooperative effects, magnetic moment and molecule substrate interactions

were investigated in detail.

The following paragraphs summarize the chapters of this thesis and some aspects
are highlighted. Chapter 2 "Fundamentals" presents a brief introduction into the
basic principles of STM and basic concepts needed for understanding this thesis. In
Chapter 3 "Experimental Setup' the used instruments and sample preparation are
briefly explained.

Chapters 4 to 6 are the main parts of this thesis, presenting the investigations
of the different SCO complexes. Chapter 4.1 reports the investigation of a Fe
based SCO molecule that self assembles into tetramers on a Ag(111) surface. Highly
efficient electron induced SCO is presented. Two molecules per tetramer cannot
be switched, but can be used to excite their neighbors. A structure model of the
tetramer is suggested that can explain key observations in the experiment.

Chapter 4.2 deals with further investigations of the same SCO complex as in
chapter 4.1. A third state has been identified by performing the switching at negative
sample voltage. This state is associated to a negatively charged HS state. The decay
dynamics of this third state, in particular at positive voltage, was analyzed in detail.

Chapter 4.3 focuses on a cobalt based SCO complex, that is isostructural to the
complex investigated in chapter 4.1 and 4.2. Reversible switching between a LS and
HS state can be triggered at positive and negative sample voltage. The switching
yields at positive sample voltage are suprisingly different by three orders of magnitude.
These were rationalized in a model describing electron-induced excited spin-state
trapping (ELIESST).



Chapter 5 presents results of experiments on another Fe based SCO complex in
direct contact with a Ag(111) and Au(111) surface. On the Ag(111) surface, the
complex appears intact and functional. Switching between the HS and LS state
is induced by injection of the tunnel electrons. In contrast the complex fragments
on the Au(111) surface. With the help of DFT calculations, the fragmentation is
suggested to be due to strong van der Waals interactions combined with a strong
affinity of the Fe ion on the Au(111) surface. We suggest this as being the reason
for the fragmentation on gold. Au(111) has often been considered as a less reactive
surface than Ag(111), especially in the field of SCO. Our investigation shows that
the trend is reversed.

In Chapter 6, an investigation of the SCO complex Fe(HB(1,2,4-triazol-1-yl)3)s
on a Cu(111) surface is presented. The complexes self assemble into large islands
and exhibit SCO. Tunneling spectra of the HS molecules reveal inelastic features
around the Fermi energy, these can be associated with magnetic excitations. Spectra
measured at the pristine LS state are featureless around the Fermi energy. Using
spin-flip spectroscopy the magnetic state of the molecule can be identified. Further-
more, these spectra evidence a magnetic anisotropy of the molecule.

Chapter 7 summarizes the main findings and interpretations of this thesis. Chapter
8 and 9 report a list of my publications and the acknowledgements.

The parts of this thesis written below are based on publications in peer-reviewed

journals as indicated at the beginning of each chapter:
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1 INTRODUCTION

Chapter 6 of this thesis is based on a manuscript with supplemental information
that is prepared for publication.



Fundamentals

This chapter provides a brief introduction into the fundamentals for understanding
the present work. Within the scope of the thesis, spin-crossover (SCO) complexes in
direct contact to metallic surfaces were investigated with low-temperature scanning
tunneling microscopy (LT-STM). Consequently, the basic theory of STM and SCO
will be explained in the following sections. The chapter "Experimental Setup" will
point out details of the STM setup and the sample preparation.

2.1 Scanning Tunneling Microscopy

The scanning tunneling microscope was invented by Gerd Binnig and Heinrich Rohrer
in the 1980s [44, 45]. In the same decade, both received the Nobel Prize in Physics for
its invention. The STM is a powerful tool in surface science and allows a deep insight
of surface systems by investigating conducting or semi-conducting solid samples.
Since decades, the STM is a widely spread instrument in research with a large user
community. Thus, STMs are continuously refined and nowadays allows performing a
large variety of different experiments.

With STM, samples can be investigated in air, vacuum or liquid environment. It
allows imaging of surfaces down to the atomic scale. Furthermore, STM enables the
user to manipulate single individual atoms and molecules and gain information about
the electronic, magnetic and chemical properties of the sample surface. In LT-STM,
cryogenic cold samples can be investigated at temperatures down to a few mK.

Here, I will briefly explain the basic principle of STM. A very sharp metallic tip, e.g.
made of tungsten, lead or platinum, is brought very close to a (semi-)conducting
sample surface. The distance between tip and sample is usually on the order of a
few nm or below. When a bias voltage between tip and sample is applied, a small
tunneling current occurs, due to the quantum mechanical tunneling effect. The
tunneling current is usually on the order of pA to nA.
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The current decays exponentially with the tip-sample distance. Hence, the tunneling
current is extremely sensitive to changes of the tip-sample distance. Regarding this
sensitivity, STM can image surfaces with a high spatial resolution of the order of pm.
Figure 2.1(a) shows a simplified model of an STM setup.

a Scan Piezo b

Feedback
Control

Figure 2.1: Simplified model of an scanning tunneling microscope. (a) Simplified shematic
of an STM setup. A voltage source is connected to the tip and sample. The tip is mounted
at the bottom of a piezoelectric scanner tube, that allows to move the tip controllably in
xyz-directions. The tunneling current is measured and used as input signal of a feedback
control. With this, the z tip height can be adjusted to keep the tunneling current constant.
(b) Simplified picture of the tunnel junction. Grey and orange circles show the atoms of the
tip and sample, respectively. An adsorbate on the sample surface is shown as a red object.
If the tip is moved e.g. from left to right and the tunneling current is kept constant, the tip
height z represents the profile of the surface as indicated with the magenta dotted line.

A voltage supply is connected between tip and sample, that provides the bias voltage.
The tip is mounted at the end of a piezoelectric scanner. It can move the tip
controllably in zyz-directions. The tunneling current is measured and guided as an
input signal in a feedback control. This can control the z height of the tip, such
that the tunneling current stays constant. Figure 2.1(b) shows a simplified picture of
the tunnel junction, where the atoms of the tip and sample are presented as circles.
At the top, the tip is shown where ideally only a single atom is at the apex. At
the bottom the substrate is shown, represented by ordered atoms. On top of the
substrate, an adsorbate is shown as a red object. Here, electrons can tunnel from
the tip into the sample. If the tip is moved from e.g. left to right and the tunneling
current is kept constant by the feedback loop due to control of the tip height, a profile
z(x,y) of the sample surface can be acquired, as indicated with magenta dotted line.



2.1 SCANNING TUNNELING MICROSCOPY

Basically, there are two ways to map the sample surface, briefly explained in the

following paragraphs:

Constant-height topographs. In the constant-height mode the tip height z is
kept constant and the tip is only moved laterally (x,y) over the sample surface. Due
to the roughness of the surface, step edges or adsorbates, a change in the lateral
position of the tip will lead to different tip-sample distances. As a consequence, the
tunneling current [ will change and reveal a profile I(z,y) of the sample surface.
Another important component that contributes to the tunneling current dependent
on the lateral position of the tip, is the number of electronic states that are involved
in the transport of electrons through the tunnel junction.

Constant-current topographs. In the constant-current mode a feedback loop
controls the tip height and thereby the tip-sample distance so, that the tunneling
current is kept constant at a chosen setpoint. The tip height depends on the geometric
and electronic structure of the sample surface. In this operating mode, the z-channel
as tip height is acquired in dependence of the lateral xy tip position. By processing
these data, a topograph of the sample surface can be created. In this thesis, all

topographs were acquired in the constant-current mode, unless indicated otherwise.

2.1.1 Tunneling Current

When the distance between tip and sample is sufficiently small, the wave functions of
both electrodes overlap through the vacuum barrier. This allows electron transport
from one electrode to the other. Figure 2.2 shows a simplified schematic energy
scheme of the tunnel junction between two normal conducting electrodes, tip and
sample. Between tip and sample a vacuum is assumed. When there is no bias voltage
applied between the electrodes (Figure 2.2(a)), both Fermi energies of tip Ep; and
sample Er ¢ are identical. When a bias voltage V' is applied, the Fermi energies are
shifted by eV with respect to each other. Depending on the polarity of the applied
voltage, electrons can tunnel from the sample to the tip (Figure 2.2(b)) or vice
versa (Figure 2.2(c)). Usually the experimentalist can choose the polarity of the bias
voltage. Here a flat density of states is assumed for the tip.
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Figure 2.2: Schematic energy diagram of the tunnel junction between two normal con-
ducting electrodes. (a) The density of states (DOS) for tip (DOS; left) and sample (DOSg
right) are plotted as green solid curves over the energies E¢ and Eg. Both DOS are filled
with electrons up to their respective Fermi energy Eg t and Eg g, visualized by blue colored
regions. The work function ®; (®g) of the tip (sample) is the energy difference between
Er (Ers) and the vacuum level Eyac. The tunnel barrier is approximated as trapezoidal
shown as a solid magenta line between tip and sample. When no bias voltage is applied
at the tunnel junction, both Eg ¢ and Eg ¢ are at the same energy marked by a dotted
line. (b) A bias voltage V' is applied at the tunnel junction with the sample being on a
more negative electric potential than the tip electrode. The Fermi energy Ep g is elevated
by eV relative to Ep . In this scheme electrons from occupied states of the sample (red
region) can tunnel to unoccupied states of the tip. (c¢) The polarity of the applied bias
voltage V is reversed compared to (b). Now the tip is on a more negative electric potential.
Electrons from occupied tip states are tunneling to unoccupied sample states. In contrast
to (b), a tunneling current flows from tip to sample.

WKB Approximation

The transmission probability 7 of an electron to pass through the tunnel junction
can be estimated with the Wentzel-Kramers-Brillouin (WKB) approximation. In
this, a one dimensional approximation with the assumption of a trapezoidal barrier
of width z, 7 can be written as [46-48]:

7(z,V, E) x exp (—22\/2?:? (fIJ + e;/ — E)) ) (2.1)

In expression (2.1) m is the electron mass, h the reduced Planck constant, ® the

average work function of tip and sample, e the elementary charge, V' the applied

bias voltage and E the energy of the electron.
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Within the WKB approximation, the tunneling current density can be expressed
using the transmission probability as follows [48]:

2
J(=V.T) 2me ( h

o 21 ) [ HCVB)HE - eV.T) = J(E.T)ps(BYplE - V) dE,

—00

2m

(2.2)

where f(F,T) is the Fermi-Dirac distribution, T is the temperature, ps(E) and
pi(E) are the surface and tip densities of electronic states, respectively. At the limit
of low temperatures kpT < eV (kp: Boltzmann constant), expression (2.2) can be

simplified in the following form:

ore [ B2
J(2,V) m(

“Th

2 eV
2) /T(Z,V, E)ps(E)p(E — eV) dE. (2.3)
m
0
Expressions (2.2) and (2.3) show that the density of the tunneling current is not
only sensitive to the tip sample distance z, but also to the densities of electronic

states of tip and sample, p; and pg, respectively.

Bardeen Approach

The Bardeen approach [49-51] estimates the tunneling current between two electrodes
as follows [50]:

—+o0
4rre

[=— [[[(E=eV.T) = J(E,T)lp(E = eV)ps(E)| M[*dE, (2.4)

—00

where e is the elementary charge, f(F,T) is the Fermi-Dirac distribution, V' the
applied bias voltage, T' the temperature, p; and pg are the densities of states of the
tip and sample, respectively. The Bardeen tunneling matrix element M describes the
overlap of the wave functions of tip and sample. Expressions (2.3) and (2.4) show
that the tunneling current is sensitive to the densities of states of tip and sample.
These densities of states can have a large influence on the acquired topographs and
usually have to be taken into account for interpretation of the data.

Typically, the density of states of the tip is unknown. In the Tersoff-Hamann
approximation [52] the electronic structure of the tip is approximated by a spherical

s like orbital wave function located at the tip apex.
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2.1.2 Tunneling Spectroscopy

STM provides the opportunity to gain information on the electronic structure of the
investigated sample, besides imaging the sample surface. In this thesis, adsorbed
spin-crossover (SCO) complexes on metal surfaces were investigated by STM. With
scanning tunneling spectroscopy (STS), valuable information on the density of states
of the adsorbed molecules can be extracted. Especially, information about the
energetic position of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are of great interest. Furthermore, for some
SCO systems, spectral features around the Fermi Energy may reveal information on
the magnetic state of the adsorbed complex.

By using the WKB approximation, the first derivative of the tunneling current with
respect to the applied bias voltage reads [48]:

dl
W xe T(Za V7 €V) pg(€V) pt(o)
eV
dp(E —€eV)
+O/T(Z,V,E) ps(E) ————dE
@
dr(2,V, E)
+ / T E) (B) (B — eV)dE. (2.5)
] dV
@

The tunneling transmission probability 7(z, V, F) is a continuous exponential function.
Hence, it will not contribute peaks or dips, but a background to the d7/dV. Usually
the DOS of the tip p; is assumed as constant. As a consequence, term (@) is in
general neglected. Term (2) may become significant for elevated voltages, but is often
neglected as well [53]. From this it follows that:

dI
v ps(eV)T(z,V, eV). (2.6)

Expression (2.6) implies that the differential conductance dI/dV is proportional to
the density of states of the sample pg at bias voltage V' multiplied by the transmission
probability 7.

10
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2.1.3 Inelastic Electron Tunneling Spectroscopy

When an electron passes the tunnel junction, e.g. from tip to sample, part of the
energy of the tunneling electron may be exchanged with the investigated system,
causing an excitation. The inelastic electron tunneling process is sketched in Figure
2.3(a). For the corresponding process, the energy of the tunneling electron has to
be larger than the excitation energy E.,. Inelastic electron tunneling spectroscopy
(IETS) is able to monitor this process. If the absolute value of the voltage applied
at the tunnel junction overcomes |Eg/e|, an inelastic conduction channel opens,
that leads to a steeper slope in the I(V') curve (Figure 2.3(b)). This causes step
features at |Eex /€| in the dI/dV spectrum (Figure 2.3(c)). By acquiring such dI/dV

spectrum for an appropriate sample system, inelastic processes can be explored.
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Figure 2.3: Schematic concept of inelastic electron tunneling spectroscopy. (a) Energy
diagram of a tunnel junction with two normal conducting electrodes tip and sample. If the
energy of an electron from an occupied state of the tip is larger than a certain excitation
energy Eey, it can transfer part of its energy and occupy an energetically lower unoccupied
state of the sample. (b) Schematic I(V') curve of the tunnel junction with inelastic electron
tunneling process. If the absolute value of the applied voltage V is larger than |Eex /e, an
inelastic conduction channel opens. As a consequence the slope in the I(V) curve becomes
steeper. (c¢) The corresponding dI/dV spectrum exhibits steps at |Eex/el.

11
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2.2 Spin-Flip Spectroscopy

Depending on the spin state of a SCO complex (LS or HS), the central ion may
have a non zero net magnetic moment. When the complex is adsorbed on a metal
surface and imaged by a LT-STM, it is in general not straightforward to identify
the magnetic state of the molecule. Usually, the central ion is a transition metal
ion with partially filled d orbitals, depending on the actual electronic state. Elec-
trons in these d orbitals can undergo spin-flip processes under certain conditions.
Energy and angular momentum of the tunnel electrons are exchanged with the spin
system, which induces transitions between magnetic states of the spin system. With
the spectroscopic capability of the STM, it is possible to detect spin-flip processes
using inelastic tunneling spectroscopy (IETS) [54]. Under certain conditions, this
so called spin-flip spectroscopy provides the opportunity to identify the spin state
of an adsorbed SCO complex on a metal surface. Hence, LS or HS states can be
distinguished. This phenomenon was used in chapter 6 to characterize the magnetic
properties of a molecule in the HS state. So far spin-flip spectroscopy has been
used to investigate single atoms on surfaces [54-57], linear chains of atoms [58] and
molecular magnets [59-61].

At certain values of the applied bias voltage, transitions of the z-component of the
spin S, may be excited. As a result, step features become observable in the dI/dV

spectrum.

A simple system to introduce spin-flip processes is the spin-1/2 system shown in
Figure 2.4(a). Here two states |S.) (S, = £1/2) are present, which are degenerate
in the absence of magnetic field.

When a magnetic field is applied, both states are energetically split by the Zeeman
energy. The energy is necessary to induce excitation from state | — 1/2) to | + 1/2).
The energy is given by E.. = gugB, where g is the Landé g-factor, ug Bohr mag-
neton and B is the applied magnetic field. When the applied voltage is sufficiently
high (JeV| > |Eex/€]) tunneling electrons may induce the transition from | — 1/2) to
| +1/2). A tunneling conduction channel opens, that causes symmetric step features
in the d//dV spectrum as illustrated in Figure 2.4(b).

Figure 2.4(c) shows the energy scheme for a spin-3/2 system without magnetic
anisotropy. At zero magnetic field, all 25 4+ 1 = 4 states are energetically degenerate.
With applied magnetic field, all states split linearly in energy according to the
Zeeman splitting. Here, only transitions between neighboring states are allowed, as
indicated by red arrows. A tunneling electron can only flip its spin by AS, = 1.
Higher excitation, e.g. to next-next-neighboring states, are not possible because of

conservation of angular momentum.

12
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Figure 2.4: Schematic diagrams of spin excitation processes. (a) Energy of the two states
|S.) (S, = +£1/2) of a spin-1/2 system as a function of the applied magnetic field. At zero
magnetic field both states are energetically degenerate. When a magnetic field is applied,
the energy difference Eqy between both states increases linearly with increasing magnetic
field. Eex corresponds to the Zeeman energy. (b) Schematic dI/dV spectrum showing
step features corresponding to the excitation energy Ee. (c) For a spin-3/2 system, only
transitions between neighboring states are allowed, indicated by red arrows. The energy
of the states |S,) depends linearly on the magnetic field as in the spin-1/2 system. (d) If
magnetic anisotropy is present, not all states are energetically degenerate at zero magnetic
field. For this case, an energy splitting Eg between states | +3/2) and | +1/2) is indicated.

At zero magnetic field, not all states are energetically degenerate if there is a mag-
netic anisotropy, as shown in Figure 2.4(d). In this situation, even without applied
magnetic field excitation steps can be found in the d//dV spectrum.

To quantitatively describe the energy of the magnetic states, the following phe-

nomenological spin Hamiltonian can be used [55]:

H=DS82+E (52— 582) +gusB - §, (2.7)

where D and FE are the uniaxial and transverse anisotropy parameters, S = (S’x, Sy, S'Z)
the spin operator, g the Landé g-factor, p1p the Bohr magneton and B = (B,, B,, B.)
the applied magnetic field. The first two terms of the Hamiltonian describe the zero
field splitting. The third term describes the Zeeman energy.

13
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2.3 Spin-Crossover

Spin-crossover (SCO) is the switching phenomenon between spin states of a molecule.
It can occur under certain conditions in transition-metal coordination complexes with
3d*" electronic configuration [4]. By external perturbation such as light, temperature
change, pressure change, electron transport or electric field, the spin state of the
central metal ion may be switched. The state of the molecule can be characterized
as a low-spin state (LS) or a high-spin state (HS). The presence of SCO depends on
the relationship between the strength of the ligand field, that means the electrostatic
field acting at the central ion, and the mean spin pairing energy. This corresponds
to the energy cost for filling two electrons into the same orbital. If the strength of
the ligand field is stronger or weaker than the spin pairing energy, the central ion
may be in the LS or HS state, respectively. Depending on the spin state, structural,
electronic, magnetic and optical properties of the compound can drastically change.

In this thesis, predominantly SCO molecules with a Fe!l central ion in an octahedral
ligand field were investigated. An example of such a SCO complex is shown in Figure
2.5(a). Here, the central Fe!' ion is surrounded by 6 nitrogen atoms in an octahedral
geometry. In a simplified model, the 5 d orbitals of the Fe'l split into 3 ¢y, and 2 e,
orbitals, as shown in Figure 2.5(b).

LS

ALS

S=0

Figure 2.5: (a) Spin-crossover (SCO) complex Fe(HoB(pyrazole)(pyridylpyrazole))s with a
Fe!l central ion surrounded by two orthogonal ligands, adapted from ref. [1]. This complex
has an octahedral ligand around the central metal ion. For clarity, in the lower right corner,
the sketch shows the octahedral geometry of the nitrogen atoms (blue circles) surrounding
the Fe'l ion (orange circle). (b) Simplified d-electron configuration of the central Fe!! ion
in an octahedral ligand field.

The e, orbitals are elevated in energy compared to the ty, orbitals. If the energy

difference AHS is smaller than the spin pairing energy, the d orbitals are filled accor-

ding to Hund’s rules. Consequently, one t, orbital is fully occupied with electrons.
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2.4 SWITCHING RATE AND YIELD

2 t9, and 2 e, orbitals are only filled with a single electron each. This scenario
corresponds to the HS state with S=2. In the other case, the energy splitting ALS
is larger than the spin pairing energy, leading to fully occupied ¢y, orbitals. This
situation corresponds to the LS state with S=0. The perturbations, mentioned at
the beginning of this chapter, may lead to transitions between LS and HS state.

Adsorption of SCO molecules on a metal electrode has often lead to dissociation
or loss of the switching capability [21, 23, 27-30]. Therefore, investigating these
molecules in direct contact with metal surfaces is not a trivial task. Ref. [18] is a
useful publication that provides an overview of SCO complexes in direct contact with
surfaces. In this thesis, successful deposition of submonolayers of SCO molecules and
their investigation by LT-STM is presented. In one chapter, the role of the electrode
material, gold and silver, is investigated in the view of fragmentation of the adsorbed

SCO complexes.

2.4 Switching Rate and Yield

Analyzing switching rates and yields can reveal information about the effective trig-
ger (tunneling electrons/electric field) and on the underlying microscopic switching
mechanism of reversibly switchable molecules adsorbed on a metal surface.

If the STM tip is placed above the molecule and the bias voltage and setpoint current
is changed, frequent reversible switching may be induced, e.g. by electron injection
and/or a change of electric field within the tunnel junction. Figure 2.6(a) shows a
sketch of this situation. The molecule can be switched between two states A and
B, exhibiting different electrical conductance. Here, state A has a lower electrical
conductance and B a higher one. If the tip height Z is frozen and the bias voltage
is at a selected value, the tunneling current will exhibit two level fluctuations. The
tunneling current in state B will be larger compared to state A, since the electrical
conductance in B is larger. The two level fluctuations can be monitored in the time
series of the tunneling current shown in Figure 2.6(b).

In the shown time series are Ny_,g5 = 3 switching events from state A to B and
Ng_, A = 3 switching events from state B to A. A switching rate may be calculated
for the switching from state A to B and vice versa as follows:

NA%B Rate _ NB—)A
TA ) B—A TB )

Ratep_,p = (2.8)

where T and Ty are the residence times in the states A and B, respectively. This
switching rate usually varies with the applied bias voltage and tunneling current.
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Figure 2.6: (a) Sketch of a tunnel junction with an adsorbate on the sample surface.
Switching between states A and B, sketched as blue and red objects, is indicated. Transitions
can be induced by electrons tunneling from the tip into the adsorbate. The tip height Z is
kept constant. (b) Time series of the tunneling current. Two level fluctuations between
states A and B are presented. Jumps from level A—B (B—A) are marked with red (blue)
arrows. (c) Histogram of the tunneling current trace shown in (b). The average currents
(Ip) and (Ip) are marked.

A rate proportional to the tunneling current I (rate o< I') is indicative of switching
due to a one-electron process. If this is the case, a switching yield can be defined as
the probability of a single electron to induce switching:

e Ratea_,p . e Rateg_a
—ASB Yieldp_,p = — 028
(In) poh (In)

where e is the elementary charge, (Ix) and (Ig) are the corresponding average

Yields_,p = (2.9)

currents of the levels within the tunneling current time series. Figure 2.6(c) shows
the histogram of the tunneling current. The average current of each level is indicated
by (Ia) and (/). The switching yield may reveal valuable information about the
efficiency of the switching and the switching mechanism. Further information about
the analysis of current time series, switching rates and yields can be found in chapter
4.1.6 section "Analysis of current time series".
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Experimental Setup

In this chapter, the experimental setup used to acquire the STM data is briefly intro-
duced. Furthermore, the in vacuo preparation of the samples to achieve submonolayer
coverage of SCO molecules on metal substrates is summarized.

3.1 Low-Temperature STM

The instrument used for STM measurements in chapter 4 and 5 is a cryogenic
(~ 4.6 K) STM from CreaTec operated in ultra-high vacuum (UHV). The apparatus
consists of 3 UHV chambers separated by gate valves. One chamber contains the
microscope and has a base pressure of ~ 1.2 - 1071 mbar. The other chamber is
the preparation chamber for in vacuo preparation. It has approximately the same
base pressure as the STM chamber. After preparation of the sample, it can be
directly transferred into the cooled STM. The third chamber is a load-lock chamber,
where samples, STM tips and crucibles with powder of molecules are inserted from
ambient conditions. After pumping the load-lock chamber, inserted items are directly
transferred into the preparation chamber without breaking the vacuum of the other
chambers. UHV is obtained using rotary vane, scroll, turbomolecular, ion getter
and titanium sublimation pumps. A pneumatic damping system lifts the whole
instrument during measurements, in order to damp the external vibrations. The
microscope is based on a Besocke beetle type design and operated with Nanonis
electronics.

The STM data presented in chapter 6 were in parts measured with a different
instrument. In particular, the presented dI/dV spectra were acquired at ~ 1.7K
with an Unisoku USM1300 STM. Also for this instrument, a preparation chamber
and a load-lock chamber were accessible. In vacuo preparation of the sample before
inserting into the microscope was performed in the preparation chamber. The STM

was also operated with Nanonis electronics.
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3 EXPERIMENTAL SETUP

3.2 Sample Preparation

In this thesis, individual molecules in direct contact to metallic surfaces were investi-
gated with STM. Metallic single crystals, such as gold, silver and copper, exhibiting a
defined (111) surface were used as substrates. In the preparation chamber, the single
crystal surfaces were cleaned by repeated cycles of Ar™ sputtering and annealing to
~ 500 °C. For sputtering, a sputter source is mounted in the preparation chamber
and connected to an argon gas cylinder. For the annealing process, single crystals
are mounted on a button heater, that can be operated as a resistance heater. The
temperature is monitored with, a thermocouple attached to the button heater. The
single crystal, button heater and thermocouple are mounted on a metallic sample
holder. This setup can be moved with a manipulator inside the UHV chambers.

To obtain molecular submonolayers on single crystal surfaces, molecules were ther-
mally sublimated in the preparation chamber under UHV conditions. The molecules
are stored inside a crucible that is mounted on a button heater. The evaporation
setup is located under a quartz balance. The molecules sublimate into the gas phase
if the crucible is heated and hit the detection area of the quartz balance. With a
read-out device attached to the quartz balance, deposition rates depending on the
temperature of the crucible can be measured. If a sufficient rate is detected, clean
metallic single crystals are moved in front of the crucible and molecules cover the
(111) surface. The amount of molecular coverage on the surface can be controlled by
varying the time the sample is held in front of the evaporator. The distance between

evaporator and sample is of the order of a few centimeters.
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Spin Switching in Self-Assembled
Tetramers

Chapter 4.1 is based on a publication in ACS Nano from 2021. Reprinted with
permission from:

S. Johannsen et al., “Electron-Induced Spin-Crossover in Self-Assembled Tetramers”,
ACS Nano 15, 11770-11778 (2021) DOI: 10.1021/acsnano.1c02698.

The layout of the text, figures and tables has been adapted to this thesis without
changing their contents. Copyright 2021 American Chemical Society.
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4.1 Electron-Induced Spin-Crossover in Self-Assembled Tetramers

The spin crossover compound Fe(HyB(pyrazole)(pyridylpyrazole)), was investigated
in detail on Ag(111) with scanning tunneling microscopy (STM). A large fraction of
the deposited molecules condenses into gridlike tetramers. Two molecules of each
tetramer may be converted between two states by current injection. We attribute this
effect to a spin transition. This interpretation is supported by control experiments
on the analogous, magnetically passive Zn compound that forms virtually identical
tetramers but exhibits no switching. The switching yields were studied for various
electron energies, and the resulting values exceed those reported from other SCO
systems by 2 orders of magnitude. The other two molecules of a tetramer were
immutable. However, they may be used as contacts for current injection that leads

to conversion of one of their neighbors. This "remote" switching is fairly efficient
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4 SPIN SWITCHING IN SELF-ASSEMBLED TETRAMERS

with yields reduced by only one to two orders of magnitude compared to direct
excitation of a switchable molecule. We present a model of the tetramer structure
that reproduces key observations from the experiment. In particular, sterical blocking
prevents spin crossover of two molecules of a tetramer. Density functional theory
calculations show that the model indeed represents a minimum energy structure.
They also reproduce STM images and corroborate a remote-switching mechanism

that is based on electron transfer between molecules.

4.1.1 Introduction

Magnetic molecules may be used as building blocks for spintronic devices. While
current devices rely on the material properties of molecular films, further miniatur-
ization down to the molecular scale is desirable [5]. Spin-Crossover (SCO) molecules,
whose magnetic states may be controlled by external stimuli, may manifestly be used
to implement memory or processing functions. Their magnetic properties are also
influenced by cooperative effects. In molecular crystals and films, intermolecular
interactions mediate cooperativity and often affect the steepness of temperature-
controlled transitions between different spin states [62-64]. In the limit of ultimate
miniaturization as realized in grid complexes with a few magnetic centers, the in-
teractions between the centers can stabilize certain magnetic patterns [65-68]. It
has been suggested that such grid compounds may be used to implement quantum
cellular automata [69].

In direct contact with metal electrodes, however, SCO molecules may dissociate or
otherwise lose their switching capability [21, 23, 27-30]. Nevertheless, examples of
successful deposition of functional ultrathin SCO films exist [18, 21, 24, 30, 70-81].
Using scanning tunneling microscopy (STM), a few studies of mononuclear complexes
demonstrated that selective spin switching of single molecules may be achieved
[20-22, 25, 38-43]. Indications of cooperativity were observed in two ultrathin layers
in direct contact with substrates [72, 79]. While models reproduce some of the
observations [73], obtaining a detailed picture of the microscopic effect is challenging.
Conductance switching of SCO compounds has also been reported from transport

measurements [9-13, 32, 33, 35-37].

As for SCO compounds with more than a single magnetic ion, fragmentation has
been observed [29, 82]. A notable exception is ref [83], which reported a controllable
geometrical isomerization of a binuclear complex. Interestingly, the isomerization of

one subunit could be "remotely" triggered by injecting current into the other.
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4.1 ELECTRON-INDUCED SPIN-CROSSOVER IN SELF-ASSEMBLED TETRAMERS

Here, we present results from the compounds M(HsB(pz)(pypz))s (M = Fe or Zn,
pz = pyrazole, pypz = pyridylpyrazole) (Figure 4.1a) deposited on Ag(111) single
crystal surfaces.

Length (nm)

Figure 4.1: M(H2B(pz)(pypz))2 complexes and STM images from a submonolayer coverage
of Fe(HaB(pz)(pypz))2 on Ag(111). (a) Structure of the synthesized complexes. The central
metal ion (M = Fe or Zn) is surrounded by two orthogonal HyB(pz)(pypz) ligands. (b)
Constant-current STM topograph of Fe(HaB(pz)(pypz))2 on Ag(111) (sample voltage 0.5V,
current 10 pA) showing primarily tetrameric islands. Each protrusion corresponds to an
intact complex. The false colors represent a height range of 300 pm. (c) Constant-current
topograph (0.5V, 10pA) of a tetramer. Close inspection reveals that the cluster is not
4-fold symmetric. Red and green lines indicate the positions of crosssectional profiles
parallel to the edges of the tetramer. White lines (lower-left corner) indicate densely packed
directions of the Ag(111) surface. (d) Separations of the topographic maxima in the profiles
differ by approximately 250 pm.

The main results of our investigation with scanning tunneling microscopy were
obtained with the Fe compound [84]. We find that these SCO molecules arrange
themselves into gridlike tetramers that are composed of two identical subunits. One
of the molecules in each subunit may be switched between two conformations that
we attribute to the high-spin and low-spin states. The switching is induced by
single electrons with a yield on the order of 10~7, which is 100 times larger than
previously reported from other SCO systems [39, 40]. While the other molecule
of the subunit does not exhibit switching itself, it serves as a contact for current

injection to induce switching of its neighbor. The efficiency of this "remote" switching
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is smaller than observed for direct current injection into a switchable molecule by
factors of 30 to 130. The variation in these factors is due to a configuration-dependent
electronic coupling between molecules , which is quantitatively corroborated by DFT
calculations. We extended the experiments to the analogous Zn compound. The
complexes self-assemble into tetramers that are virtually identical to those of the Fe
molecules. The magnetically passive Zn compound does not exhibit any switching,

corroborating the interpretation of the Fe data in terms of SCO.

4.1.2 Results and Discussion

Self-Assembled Tetramers

Fe(H2B(pz)(pypz))s is a neutral and vacuum-evaporable SCO complex based on
linear tridentate organoborate ligands [84]. The M(II) cation is coordinated by two
tridentate N-binding anionic HoB(pz)(pypz) ligands in a distorted octahedral arrange-
ment. On Ag(111), the deposition of a submonolayer amount of Fe(HsB(pz)(pypz))2
leads to the formation of tetramers. Figure 4.1b shows a typical STM topograph
with several tetramers. In addition a dimer, a trimer, and monomers attached to a
corner of tetramers are observed. Along with the size of the tetramers, the presence
of these smaller structures indicates that the tetramers are indeed clusters of four
molecules rather than fragments of the deposited complex.

Closer inspection (Figure 4.1c) reveals that the topographic maxima are arranged in
a rectangular array which leads to the visual impression of two dimers. According
to cross-sectional profiles (Figure 4.1d), the separations of the maxima differ by
~ 250 pm.

Current-Induced Local Switching

Before developing a model of the tetramer structure, we present results on current-
induced switching process. As demonstrated in Figure 4.2, two of the four molecules
in a cluster may be switched between two states whose apparent heights differ by
~ 50 pm. These molecules are located along a diagonal of the tetramer. Switching
of the molecule under the tip is induced by changing the bias voltage, and as a
consequence, the tunneling current. Intriguingly, we did not succeed in inducing a

comparable change of the two molecules on the other diagonal.

To further characterize the switching process, we recorded a time series of the tun-
neling current, initially with the tip placed above a molecule that is amenable to
switching (Figure 4.3a). At suitable voltages, the current exhibits two-level fluctua-
tions (Figure 4.3b) that correspond to the low and high states of the molecule in

topographs as verified by subsequent imaging. The fluctuations occur on a time scale
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Figure 4.2: Reversible local switching of a complex under the tip. (a) Initial state of a
tetramer. After imaging, the STM tip was placed above the complex 1ndlcated by a white
arrow, the current feedback loop was disabled, and the sample voltage was changed from
0.5 to —1 V. We note in passing that switching may also be induced at positive polarity.
This leads to a rapid rise of the current and triggers switching of the complex directly
under the tip. (b) Image recorded after switching. The apparent height of the manipulated
molecule has increased by ~50pm. (¢, d) By repeating the manipulation procedure the
same molecule is switched back and forth to its low and high state. The process may be
repeated dozens of times without fatigue of the molecule. (e~h) The sequence described
above is demonstrated again for the molecule at the lower right corner (arrow). Switching
of the other two constituents (upper right and lower left corners) of the tetramer was never
observed independent of the tip positions. All images were recorded at 0.5V and 10 pA.

of ~1s and depend on the bias voltage and the current. Parts ¢ and d of Figure 4.3
summarize data for the transitions from low to high and vice versa. The procedure
to analyze the time series is described in chapter 4.1.6. The rates are proportional to
the current (dashed lines show fits, see chapter 4.1.6 for the plot with linear scale),
which implies that the switching is due to a one-electron process, and increase at
slightly higher sample voltages. The tunneling currents used for conversion are on the
order of a few picoamperes in contrast to currents on the order of nanoampere used
in previous SCO studies [39, 40]. It may be worth mentioning that, in principle, the
switching rate can be further increased by increasing the sample voltage. However,
the tetramer become mobile on Ag(111) for voltages above ~1.1V.

The induced switching is attributed to SCO. We performed closely related experi-
ments with the compound Zn(HyB(pz)(pypz))2. These molecules arrange themselves
into tetramers on Ag(111) that are virtually identical to those found for the Fe
complex (see chapter 4.1.6). The Zn ion is not expected to exhibit SCO because of
its full d-shell ([Ar] 3d'® configuration). In the experiments, despite many attempts
at various voltages and currents, we did not observe switching events that would
be indicative of SCO. We note in passing that at excessive voltages or currents we

observed destruction, lateral hopping or rotation of the tetramers.
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Figure 4.3: Local Switching: time series and rates. (a) Constant-current topograph (0.5V,
3pA) of a tetramer. For recording a time series of the current, the tip was positioned
over a switchable complex (cross). (b) After disabling the feedback at 1V and 2pA, the
current exhibits rapid jumps between levels that corresponds to the low (blue) and high
(red) states in topographs. Switching rates (c) from low to high and (d) vice versa, inferred
from time series such as shown in (b) (with open feedback loop). The values of the current
and error margins were obtained from the mean and three time the standard deviation of
the current over the entire time series when the molecule is in (c) in the low state and (d)
in the high state. We used time series with durations between 30s and 7 min with 40 to
2370 switching events. The error margins of the rates were obtained assuming a Poisson
process for the switching (see chapter 4.1.6) and represent three standard deviations. Data
were acquired for sample voltages 0.95V, 1.00V, and 1.05V. Dashed lines are linear fits
demonstrating that the rates are proportional to the current. The yields extracted from
linear fits are approximately 2x107%, 1x10~7, and 4x10~" for low to high and 8x1078,
1x1077, and 3x10~7 at 0.95V, 1.00V, and 1.05V, respectively.
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We expect that the pristine complex is in a low-spin (LS) state and is converted to
a high-spin (HS) state upon switching. This scenario is typical of Fe-based SCO
complexes, which are in a S=0 state at low temperatures and converted to S=2 at
elevated temperatures [85], as was observed for the title complex in the bulk [84]. In
addition to an increased molecular volume, the HS state exhibits a drastically reduced
gap between the highest occupied and lowest unoccupied molecular orbital (HOMO,
LUMO). The low temperature (5 K) of our sample and the increased conductance
of the switched (observed over the fairly wide bias range -0.6 to 1.1 V) suggest that
the pristine (switched) state is a LS (HS) state. On the other hand, SCO complexes
in the HS state adsorbed on a surface exist and the conductance depends on the
spatial extent and the symmetry of the molecular orbitals [18]. The identification of
the spin state consequently is ambiguous. In the following, we assume that the low
and high states correspond to the LS and HS states, respectively. This assumption
is motivated by the comparison to DFT simulated STM images (see chapter 4.1.6),
suggesting that the switched state is a HS state. This is further supported by a
smaller calculated HOMO-LUMO gap of HS monomers on Ag(111) compared to
the corresponding LS state. This assignment leads to a consistent description of all
data. We note that our spectroscopic data alone do not provide an unambiguous

fingerprint of the molecular spin states (see chapter 4.1.6).

Figure 4.4 displays the switching yield, i.e., the probability of a single electron to
induce SCO, as a function of sample voltage.
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Figure 4.4: Voltage dependence of local switching yields. Yields as a function of voltage
for switching from low to high (red) and high to low (blue) along with Gaussian fits. The
uncertainty margins represent one standard deviation of the mean value (10, see chapter
4.1.6).
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The yield evolves smoothly with the voltage and with Gaussian-like shape. In
particular, we do not observe a threshold, which suggests that switching with a
very low yield may be possible for voltages below 0.9 V. The smallest voltage at
which we effectively observed switching is 0.9 V. We exclude a switching mechanism
involving the direct excitation of vibrational modes decaying into a change of the
spin state for two main reasons. First, the energies of vibrational modes involved in
reactions are typically lower than 0.4 eV [86], while we observe substantial yields at
significantly higher electron energies. Second, a (broadened) steplike increase of the
yields is expected with increasing voltage for direct excitation of vibrational mode
[87]. The Gaussian-like evolution of the yield observed in the present case suggests
that molecular orbitals are involved in the switching process. In addition, SCO is
associated with a change of molecular-orbital energies, which is in agreement with the
observation of different yield evolution for low-to-high and high-to-low switching. We
note that lateral hopping and the high switching yields prevented us from recording
dI/dV spectra revealing molecular-orbital energies (see chapter 4.1.6). Light-induced
switching of SCO complexes often involves a metal-to-ligand charge transfer, i.e.,
an excited electronic state, which decays to the LS or HS state [88, 89]. A similar
mechanism may be at play in the present study, yet involving another excited state
(charged molecule). It may be worth mentioning that different excited states are
involved in low-to-high and high-to-low switching in this scenario. Otherwise, the
evolution of the yields would reflect the decay probabilities into the HS and LS states,

which appears incompatible with the crossing of the yields observed in Figure 4.4.

The observed yields are unusually high. For SCO complexes on surfaces, the largest
reported yields are on the order of 107 (refs [39] and [40]). In the present study, the
switching from low to high at 1.1V has a yield of ~ 9 x 1077, which is almost 3 orders
of magnitude higher. The observed yield is also larger than that of spin switching of
Ni complexes assembled into chains on Au(111) (~ 6 x 1078, ref [90]), rotation of
CyHy on Cu(100) (~ 2 x 1079, ref [91]), and tautomerization of Hy phthalocyanine
on Ag(111) (~ 2 x 1078, ref [92]) but comparable to that of the rotation of a Cu
phthalocyanine on Cu(111) (3.5x1077, ref [93]) and of the rotation of an ethoxy
group on a molecular platform adsorbed on Au(111) (5x1077, ref [87]). Furthermore,
Figure 4.4 suggests that we probe only the tails of the involved molecular orbitals.
Significantly larger yields may be expected at voltages corresponding to the molecular-
orbital energies. However, measuring those yields is challenging because of lateral
mobility of the adsorbed tetramer that has so far prevented the recording of useful

time series.
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Next, a structure model of the tetramers will be presented. In this context it will
be important to consider the geometrical changes between the LS and HS states.
From our gas-phase DFT calculations we find that the most significant change is an
increase of the angle between the terminal pyrazole subunit and the pypz plane of
the HoB(pz)(pypz) ligand its belongs to.

Structure of the Tetramers

To arrive at a model of the tetramer structure, we start from the structure of
crystalline Fe(HoB(pz)(pypz))2 as derived from X-ray diffraction data [84]. The
crystal structure is stabilized by strong pyridine-pyridine and weaker pyridine-pyrazole
interactions between neighbor complexes. Tetramer subunits of this structure,
however, do not lend themselves to the self-terminating aggregation of four molecules
per cluster that is observed on the Ag(111) surface. We therefore slightly modified
the structure to the model of Figure 4.5.

Figure 4.5: Model structure of a tetramer. (a) Schematic top view of a tetramer assembled
from four Fe(HyB(pz)(pypz))2 molecules in their calculated gas-phase geometry. Blue and
red complexes show the LS and HS structures, respectively. Lighter colors are used for the
ligands at the bottom. While the same enantiomers are used per diagonal of the cluster,
the chiralities on the two diagonals are different. Arrows and crosses indicate mobility
and steric blocking of pyrazole moieties. (b) Relaxed model of a tetramer on Ag(111)
superposed onto a measured topograph. Colors used in the model: gray = C, white = H,
blue = N, rose = B, and orange = Fe.

This structure is stabilized by 7-7 interactions between neighbors, while the less
strongly 77 interacting pyrazole subunits are at the exterior of the cluster. In addi-
tion, the dipole moments of the molecules point toward the center of the tetramer,
which corresponds to a negative partial charge at the circumference of the cluster. It
is important to realize that M(HyB(pz)(pypz))s is chiral. The two enantiomers differ
by a 180° rotation of one of the HyB(pz)(pypz) ligands. The proposed structure is
composed of both enantiomers with identical enantiomers located on the diagonals of
the tetramer. One ligand of each molecule touches the Ag substrate. The highest area
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of each molecule is two hydrogen atoms in the central pyrazole of the HyB(pz)(pypz)
ligand. In view of the exponential current-distance relation of the tunneling current,
the highest area is a likely candidate for explaining the maxima in topographs. The
rectangular shape of the STM images and the apparent division into two dimers
is reflected by the C, symmetric model of the cluster, e.g., the positions of the
interacting pyridine subunits are on the lower (upper) side of the tetramer along
two opposite edges and the pyrazole subunits are bent toward (away from) each
other. In this model, the bent pyrazoles, which display the largest structural change
during SCO transition, are on the upper side of the cluster. In particular, two of
these pyrazole subunits are close to the lower pyridine units of a neighbor and are
therefore sterically blocked, whereas the other two pyrazoles are at the edges of the
cluster and remain free to move. We experimentally observed two enantiomers of
the tetramers (see chapter 4.1.6) in agreement with the chirality of the proposed
structure in Figure 4.5.

In summary, this model is consistent with all main experimental observations. We
used it as a starting point for further geometry optimizations of the tetramer on
Ag(111) as detailed in chapter 4.1.6. We find that the formation of gas-phase
tetramers is energetically favorable with a calculated formation energy of 3.9¢V.
In addition, the adsorption of tetramers on Ag(111) is energetically stable with an
adsorption energy of 5.7 eV. Generally, the monomers preserve their internal geometry
in both the gas-phase tetramer and when adsorbed on Ag(111), although the pyrazole
subunits bending toward a neighbor molecule are slightly straightened. Both LS
and HS monomers preserve their spin configuration on Ag(111), and the HOMO-
LUMO gaps are only slightly reduced compared to the gas-phase monomer. For the
structurally relaxed tetramer, the calculated cluster is rectangular (e.g., distances
between the highest points of 1.03 and 0.923 nm), in agreement with experimental
topographs.

In addition to tetramers, isolated dimers were occasionally observed. All these dimers
matched one of the short sides of the rectangular tetramers (e.g, top left and right
molecules in Figure 4.5a), i.e., they were composed of complexes with their pyrazole
groups oriented in opposite directions. The steric blocking we propose to occur in
tetramers should be absent in these dimers. This is indeed the case (Figure 4.6).
Pristine dimers are comprised of two molecules in their LS state, i.e., they appear low
in topographs. By current-induced switching a HS state may be obtained on both
constituents of the dimer. This observation lends further support to the proposed

and calculated structure of the tetramers.
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Figure 4.6: Topographs of Fe(HyB(pz)(pypz))2 dimers. (a) Dimer in its pristine confor-
mation (0.5V). Both molecules are in a LS state. (b, ¢) A dimer with its left or right
molecule converted to the HS state demonstrating that both constituents may be switched.
Toggling of a molecule between its LS and HS states was induced by placing the tip above
it and applying a sample voltage of 1.2V at 5 pA with feedback enabled. A rapid change
of the tip height occurred after a few seconds signaling the transition from LS to HS or
vice versa. In addition to the change of the spin-state, the manipulation often leads to a
lateral motion of the dimer as verified by subsequent imaging.

Finally, we also attempted switching of single complexes. To obtain stable topographs,
we used single molecules that were attached to a corner of a tetramer. These molecules
also exhibited switching as expected (see chapter 4.1.6).

Current-Induced Remote Switching

In addition to the switching of a molecule under the tip, we also observed another
surprising effect. When the tip is placed above a molecule that does not switch
itself, its neighbor in a "dimer" subunit may switch with considerable probability
(Figure 4.7a,b). The voltages required to induce this 'remote" switching are similar
to those used for "local" switching. We verified that the nonswitchable molecule is
essential for the remote switching process. In fact, we did not observe any switching
when applying various stimuli with the tip located above the substrate close to a
switchable molecule. The excitation is apparently transmitted directly between the
molecules rather than via the substrate.

Quantifying the remote switching effect seems tedious at first glance, because imaging
of the tetramer is involved. As Figure 4.7 shows, however, the state of the switchable
molecule of a subunit affects the apparent height of the inactive neighbor, where
current is injected. Although the height change is fairly small, it corresponds to
marked jumps in time series of the current. We used this opportunity to acquire
data on the probabilities of local and remote switching. The height change of the
nonswitchable molecule does not depend on the point of excitation, be it local or
remote. We speculate that the height change may reflect structural and electronic

relaxations of the entire dimer.
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Figure 4.7: Remote switching and sensing. (a, b) Constant-current topographs (0.5V,
10pA) and (c) corresponding height profiles along a dimer subunit before (red, 1) and
after (green, 2) the molecule in the lower left corner was switched from low to high by
injecting electrons in the lower right molecule (see arrow). In addition to the 50 pm height
difference observed on the switching complex itself, a small but clear height change of 6 pm
is resolved on the molecule that does not switch. This effect may be used to remotely detect
switching of the neighbor molecule in a "dimer" subunit. (d) After increasing the voltage
from 0.5 to 1.1V with fixed tip position (open feedback) over the inactive molecule (lower
right molecule in (a) and (b)), two distinct current levels are observed in a time series.
Topographs recorded subsequently confirmed that the red (blue) current level corresponds
to the neighbor in its high (low) state.
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The resulting yields are presented in Figure 4.8 along with that extracted for the local
switching. Although statistical uncertainties are present, the observed evolutions of
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Figure 4.8: Yields of local and remote switching. Red (blue) symbols show the yield of
local (remote) switching vs the sample voltage. Switching from (a) low to high and (b)
high to low. The yields for remote switching have been multiplied by factors of 30 (L —
H) and 130 (H — L), respectively. Uncertainty margins indicate one standard deviation of
the mean value (£10).

the yields appear identical. In a simple model, the total yields for local switching
may be understood as the product of two factors, the yield of generating an excited
state and the yield of this excitation to decay via SCO. Remote switching involves at
least one further factor, the yield for transmitting the excitation from one molecule
to its neighbor. The SCO transition happens on the same molecule in both cases,
likely implying that the decay yields are the same. The similarity of the voltage
dependencies therefore suggests that the excitation mechanism controls the evolution
of the total yield while the transmission does not appear to add a further drastic
energy dependence. The most likely scenario with these characteristics is an electron
transfer from the nonswitching molecule to its switchable neighbor. In this model,
the reduction of the remote switching yields reflect the probability for intermolecular
electron transfer over that for electron transfer to the substrate. Using the measured
reductions by factors ~ 30 and ~ 130 in the low-to-high and high-to-low cases,

respectively, and assuming similar molecule-substrate couplings for the LS and HS
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states, the yields suggest a 130/30 = 4.3 more efficient intermolecular electron transfer
for the LS-LS dimer than for the LS-HS one. In comparison, an electron transfer
ratio of 9 is found from DFT calculations (PBE+U) using Fermi’s golden rule (see
chapter 4.1.6), which is on the same order of magnitude as the experimental ratio.
The improved electron transfer in the LS-LS dimer is due to a combined effect of (i)
more spatial overlap of the LUMOs and (ii) better match of the LUMO energies. We
note that fine-tuning of the LUMO energy as shown in ref [94] could enable further

tuning the intermolecular electron transfer.

4.1.3 Conclusions

Fe(H2B(pz)(pypz))2 complexes self-assemble into tetramers on Ag(111). Two molecules
per tetramer exhibit highly efficient spin crossover upon injection of electrons at
elevated voltages. The corresponding yields are almost 3 orders of magnitude larger
than the values previously reported from SCO systems on surfaces. in addition,
the switching occurs on a metal surface where electron-induced switching has so far
proven to be challenging. While the remaining molecules in the clusters do not show
SCO, they may be used as contacts to inject electrons and thereby switch one of their
neighbors. These different roles of the molecules in the tetramer can be understood
from geometric considerations. The yields of "remote" switching remain high and
exhibit the same voltage dependence as those for local switching. The experimental
data and DFT calculations suggest that intermolecular electron transfer mediates
the "remote" switching. In particular, the transfer probability is found to depend
on the spin-state configuration of the dimer (low-low or high-low), which is quan-
titatively rationalizes by a configuration-dependent coupling between the LUMOs.
Cooperative effects in SCO systems, which have extensively been investigated, may
be viewed as a cascade of remote switching events induced by intermolecular elastic
interactions. The present findings suggest that intermolecular electron transfer may
lead to similar effect. This may be particularly useful for spintronics devices utilizing
SCO complexes.
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4.1.4 Methods

Synthesis

The monoanionic ligand HoB(pz) (pypz) and the complexes based on it, M(HyB(pz)(pypz))2
were used from previous studies or synthesized according to the procedure reported
by Ossinger et al. [84].

Experimental Details

All measurements were carried out with a STM operated at ~ 4.6 K in ultra-high
vacuum. Topographs were acquired at constant tunneling current. Ag(111) surfaces
were prepared by repeated cycles of ArT sputtering (1.5 keV) and subsequent annealing
to 500 °C. M(H2B(pz)(pypz))2 were sublimated from a crucible heated to ~ 150 °C
onto clean Ag(111) held at ~ 50 °C at a background pressure of 107 Pa. STM tips
were prepared from a W wire by electrochemical etching and annealing in vacuo.

Theoretical Details

Calculations of the single molecules in the gas-phase were carried out with the ORCA
package [95, 96]. Geometry optimizations, calculations of the dipole moments, and
infrared and Raman modes were performed at the B3LYP [97-99] / def2-SVP [100,
101] level with the D3BJ dispersion correction [102, 103], the RIJCOSX approxima-
tion, fine numerical integration grids (grid4 and gridX4 in ORCA nomenclature), and
the CG solver. The crystallographically determined structures of the two enantiomers
of Fe(HaB(pz)(pypz))2 [84] were used as a starting point. The optimized coordinates
are presented in chapter 4.1.6. Overlays of the calculated HS and LS structures
(Figure 4.5) were created with the software Mercury [104, 105]. In addition to the
gas-phase simulations of monomers, we have performed calculations of tetramers in
the gas-phase and adsorbed on Ag(111). These simulations have been performed
using QuantumATK [106, 107]. The gas-phase tetramer as well as tetramer on
Ag(111) structural relaxations have been performed using the generalized gradient
approximation (GGA) for the exchange-correlation functional. We use the PBE
[108] functional with an additional Hubbard-U parameter of 4.0eV on the Fe d-
orbitals. Furthermore, we include D3BJ dispersion corrections to the total energy
[102]. For the structural relaxation we use a DoubleZetaPolarized basis set. After
structural relaxation, we have calculated the electronic structure, projected density
of states, and partial electron densities for STM simulations using B3LYP with a
SingleZetaPolarized basis set.
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4.1.6 Supplementary Information

Zn(H2B(pz)(pypz))2 complexes on Ag(111)

As pointed out in the main manuscript, we verified the SCO nature of the switching
by performing similar measurements on a complex with identical geometry but
different metal ion (Zn instead of Fe). The 3d orbitals of the Zn*T ion are fully
occupied such that no SCO is expected. Upon deposition of the Zn compound on
Ag(111), we observe the self-assembly of tetramers similar to those formed by the Fe
compound (Figure 4.9).

Figure 4.9: Topograph (0.5V, 10pA) of a Zn(H2B(pz)(pypz))2 tetramer on Ag(111). An
additional protrusion on the right side is attributed to a fragment.

Nonetheless, as may be expected from a larger occupation of the antibonding e,
orbitals, the Zn complexes are more fragile and a significant number of fragments is
observed on Ag(111). One such fragment appears as a protrusion next to the top
right molecule of the cluster (Figure 4.9).

We performed more than 160 switching attempts per molecule with tunneling parame-
ters that would have lead to switching of Fe(HyB(pz)(pypz))2 with high success rates.
However, none of the attempts was successful. In particular, we did not observe
any telegraph noise in time series, nor noticeable changes of the STM topographs.
Incremental increase of the control voltage up to values above -3.5V (-400 pA) did not
induce switching of a complex but rather lead to the destruction of the investigated

tetramer.
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These observations show the importance of the central metal ion for the switching
and suggest that the switching of Fe(HyB(pz)(pypz))s is due to SCO.

Switching of single Fe(H2B(pz)(pypz))2 complexes

The impossibility to switch two of the molecules of a tetramer reflects steric hindrance
in the tetramers. This geometric constraint is removed in dimers and switching is
indeed observed as discussed in the manuscript. To further test the relevance of
geometric constraints, we investigated single molecules at the border of tetramers
(Figure 4.10). Such "pentamer" structures are observed on the pristine sample. The
additional molecule next to the tetramer is not affected by the geometrical constraints,

and switching between a low and high state is indeed possible (Figure 4.10).

a

2nm

Figure 4.10: Topographs of a Fe(H2B(pz)(pypz))2 attached to a tetramer. An additional
protrusion on the left side of the tetramer, identified as a individual Fe complex in his
(a) pristine and (b) switched state. The conversion between these states was induced by
placing the tip above the molecule at a sample voltage of 1.2V at 5 pA. Imaging conditions:
0.5V, 5pA.

The bonding geometry of the fifth molecule to the tetramer is not known in detail.
Nonetheless, in most of the cases, we observed that the fifth molecule appears to be
attracted between the pyrazole end groups of a molecule in the tetramer (corner of a
tetramer). Two kinds of intermolecular interactions may therefore be involved: a
m — 7 interaction and electric dipole-dipole interactions. Gas-phase DFT calculations
reveal a dipole moment of the compound of approximately 7 Debye. From simple
point dipole considerations, an intermolecular interaction energy on the order of tens
of millielectronvolt is expected, which would be sufficient to stabilize such structures
at low temperatures.

Structure of the gas-phase molecule

Figure 4.11 shows structures of Fe(HyB(pz)(pypz))2 in the LS and HS states resulting
from gas-phase calculations. In the LS state, a pyrazole moiety of each ligand is

tilted relative to the ligand plane (see for instance the angle of 10° marked in Figure
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4.11a). Upon SCO, the tilt angle is significantly increased (35°, Figure 4.11b). As
SCO involves a change of the pyrazole tilt angles, no SCO is expected when steric
hindrance blocks the tilting of the pyrazole.

Figure 4.11: Calculated gas-phase structure of Fe(HoB(pz)(pypz))2 in (a) the LS and (b)
the HS state. The angle between the pyrazole moieties and the ligand plane indicated in
magenta (cyan) is ~ 10° (~ 20°) and ~ 35° (~ 40°) in the LS and HS states, respectively.
Note that only one of the two enantiomers is shown.

Tetramer simulations

In addition to the gas-phase simulations of monomers, we have performed calculations
of tetramers in the gas-phase and adsorbed on Ag(111) using QuantumATK [106,
107]. The atomic structure with a tetramer on four layers of Ag(111) contains 548
atoms, which is computationally very demanding with the BSLYP hybrid functional.
For this reason, we performed the structural relaxations of tetramers in the gas-
phase and on Ag(111) with the generalized gradient approximation (GGA) for the
exchange-correlation functional. We used the PBE [108] functional with an additional
Hubbard-U parameter of 4.0eV on the Fe d-orbitals. Furthermore, we included van-
der-Waals interactions via the Grimme DFT-D3 correction to the total energy [102].

For the structural relaxation we employed a DoubleZetaPolarized basis set.

Gas-phase Tetramer

We verified that the relaxed structures of the monomers in the LS and HS config-
urations calculated with PBE+U closely agreed with the structures obtained with
B3LYP as described in the previous section.

Next, we proceeded to finding the structure of the tetramers. The relaxation of the
tetramers was done in two steps. We started from the relaxed monomer structures
and fixed all internal coordinates of each monomer and relaxed the structure by

rigidly moving the monomers to the minimum energy position. In the second step, a
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full relaxation of all atomic coordinates was carried out until the maximum force
was below 0.05¢eV/A. The relaxed structure is shown in Figure 4.12.

Figure 4.12: Calculated gas-phase structure of a tetramer with four LS monomers. The
indicated distances are measured between the topmost hydrogen atoms of each monomer.
The formation of a rectangular shape is in agreement with the STM topographs.

The calculated binding energy of the tetramer with four LS monomers is 3.91¢eV.
The distances shown in the figure are measured between the topmost hydrogen
atoms in each monomer. The rectangular shape of the optimized tetramer matches
the STM topographs shown in the main manuscript chapters 4.1.1, 4.1.2 and 4.1.3.
Within one "dimer" of the tetramer consisting of a "A" and "B" enantiomers indi-
cated in Figure 4.12 we observe a slight difference in one of the angles between
the pyrazole moieties and the ligand plane. In enantiomer B in Figure 4.12 the

angle of ~ 15° is slightly larger than the corresponding angle of ~ 10° in enantiomer A.

The different angles in enantiomer A and B (Figure 4.12) already suggests that
enantiomer B may be easier to switch to a HS state, where the angles are larger. To
further address the switching capability of the monomers we calculated the gas-phase
structure of tetramers in which we replaced one of the LS monomers A or B with a
HS monomer and subsequently relaxed the atomic coordinates. The calculated total
energy of the structure with the HS monomer in enantiomer B turned out 0.27eV
lower that the tetramer with enantiomer A in a HS state.
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This energy difference supports the model presented in Figure 4.5 in chapter 4.1.2
and indicates that one of the enantiomers (A) is unable to switch due to steric
hindrance.

Tetramer on Ag(111)

Figure 4.13 shows the relaxed geometry of a tetramer with four LS monomers
adsorbed on four layers of Ag(111). For the structural relaxation, we fixed the three
bottom Ag layers while doing a full geometry optimization of the remaining atoms.
The k-point sampling was (2, 2, 1), the real-space grid was determined by a density
mesh cutoff of 80 Hartree, and we used a DoubleZetaPolarized basis set.
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Figure 4.13: Calculated adsorption geometry of four LS monomers on four layers of Ag(111).
The binding distance is 2.02 A as indicated in (a). The distance between the topmost
hydrogen atoms on each monomer is indicated in (b).

The calculated binding distance is 2.02 A as indicated in Figure 4.13a. In qualitative
agreement with the STM topographs we find that the monomers are arranged in a
rectangular array with distances between the topmost hydrogen atoms of 9.23 A and
10.03 A as indicated in Figure 4.13b.

We next substituted one of the LS monomer with the HS configuration and repeated
the structural relaxation using the PBE+U functional. Subsequently, we performed
a calculation with the B3LYP exchange-correlation functional using a SingleZetaPo-
larized basis set.
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Figure 4.14 shows the projected density of states (PDOS) on the HS monomer and
neighboring LS monomer. The PDOS of monomer A is defined as

Da(E) =) > wil{dulv)d(E — ) (4.1)
i peA
where the sum over i runs over all eigenstates |1;) in the system with eigenvalues ¢;
including k-point summation and corresponding weight factors w;. The p-sum runs
over basis orbitals centered on atoms belonging to monomer A. In the calculations,
the d-function is replaced by a Gaussian with a width of 0.025¢eV.
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Figure 4.14: Projected density of states (PDOS) of the tetramer with three LS and one
HS monomer on Ag(111) also shown in Figure 4.15. The density of states is projected
onto the basis orbitals located on the HS monomer and on the neighboring LS monomer.
The LUMO orbital on the HS is 0.18 ¢V lower in energy than the LUMO peak of the LS
monomer.

The PDOS of monomer B is easily obtained by replacing A by B. It is evident from
Figure 4.14 that the HS monomer has a smaller HOMO-LUMO gap of 2.15eV than
the LS monomer with 2.62eV. The smaller gap of the HS monomer is in accordance
with the gas-phase results, where we find HOMO-LUMO gaps of 2.26 eV and 2.73 eV
for the HS and LS monomers, respectively, using the same computational settings.
The smaller HOMO-LUMO gap and, in particular, the reduced LUMO energy of
the HS monomer is consistent with the larger apparent height in STM topographs
presented in the main manuscript chapters 4.1.1, 4.1.2 and 4.1.3.
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To further address the apparent height difference observed in the experiments we also
calculated and analyzed the partial electron density. The partial electron density is
obtained from eigenstates within specified energy interval [Ey; F1] and is defined as

’I’LEO’E1 sz |wl |("‘) )@(El — 61) (42)

where the i-sum again runs over both k-points and eigenstates. ©(z) is the Heaviside
step function. Within the Tersoff-Hamann approximation, the current measured by
the STM at a sample voltage of V is proportional to the partial electron density
noev(r). Figure 4.15 shows the partial electron density at a constant height of 2.12A
above the topmost hydrogen atoms.

—F_W\

Figure 4.15: Simulated constant-height STM image of a tetramer with three LS and one HS
monomer on Ag(111). The figure shows the partial density summed in the energy interval
[0,0.65] eV for a constant height 2.12 A above the topmost hydrogen atoms. Yellowish area
at the HS monomer indicate a significant higher density than on the rest of the supercell.
A Sticks and balls representation of the supercell is overlaid.

The calculated image shows a bright spot above the HS monomer as compared to the

LS monomers. Although this is not a direct comparison to the STM measurements,
which show the height variations at a constant current, the simulated STM image
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together with the PDOS plot in Figure 4.14 indicates that the taller molecules
observed in the measured STM topographs correspond to the HS state.

Simple model of electronic coupling between LUMO orbitals

We now describe a simple model to address the remote switching and, in particular,
the different switching efficiency from LS to HS and vice versa.

We consider a transition of an electron initially in the LUMO orbital located on a
non-switchable monomer (A) to the LUMO of the neighboring, switchable monomer
(B). The initial LUMO state is always in a LS configuration with the energy FL5, -,
while the final state is a LS LUMO for LS—HS switching and a HS LUMO state
for HS—LS switching. We estimate the transition probabilities using Fermi’s golden
rule

2w A B B
Lasp = €|<¢(LS) |H/|¢(Ls)/Hs> |2P(Ls)/Hs(Efs) (4.3)

where |1\ is the LUMO orbital located on the LS monomer A, W(L?/HS) is the
LUMO orbital on monomer B, which can either be in a LS or HS configuration. The
perturbation to the Hamiltonian H’ is detailed below. Finally p(LZ)/ ns(Eis) is the
density of states on the B monomer (either LS or HS) but always evaluated at the
LUMO energy for the LS monomer A. From the projected density of states shown
in Figure 4.14 we estimate the LUMO peak separation to be AE ~ 0.2¢eV and the
broadening of the peaks to be v ~ 0.1eV. Next, a Lorentzian shape is assumed for
the LUMO density of states such that

B (Ep ! _ 1 4.4
is (Pis) X (g —Ea v~ 5 -

~ B _ pA
since B¢ = E7g and

(B) (pA i S— 45
Pis(Erg) o (Egs_EfS)2+72 (AE)? + 2 (4.5)

The coupling matrix elements entering Equation 4.3 are estimated as follows. To
simplify the notation, we consider a dimer although the final results are obtained for
tetramers. We obtain the full Hamiltonian matrix from the DFT calculation with
elements Hy; = (¢4 H |¢%), where |¢}) is an atomic basis orbital located on atom p
and H is the Hamiltonian operator from the converged DFT calculation.
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We divide the total Hamiltonian matrix for a given spin (either up or down) into a
two-by-two form:

H:(H1 0)+(0 H”) (4.6)
0 H, Hy, 0

and similarly for the overlap matrix. The sub-matrix H; contains matrix elements
between atomic basis orbitals located on monomer 1 and likewise for the sub-matrix
H,. The second term in Equation 4.6 contains matrix elements where one basis
orbital is located on monomer 1 and the other basis orbital on monomer 2. This

matrix thus describes the coupling between the monomers and we will treat this as
the perturbation H'.

We now find the eigenvalues and eigenvectors for the monomer subsystems 1 and 2,

i.e. we solve the equation

H, " = g™ (4.7)

for the n’th eigenstate of monomer 1 and similarly for monomer 2. S; is the basis set
overlap matrix for monomer 1, where the matrix element ij reads (S1):;; = (¢i|®;)-
The coupling between the LUMO orbitals of monomer 1 and monomer 2 is then

LUMO f 0
[y = ( ! 0 ) H' ( MO ) (4.8)

Using a gas-phase tetramer with four LS monomers we calculate the coupling

calculated as

|| H'|90Bs)|. Similarly, from a tetramer with a single HS monomer and three LS
monomers we obtain |(as| H' |15 )|,

We can now estimate the ratio of the transition rates I'(4,L5)—(B,Ls) for the remote
LS — HS switching event and I'(4 1.5y (B,ms) for the remote HS — LS switching

event as

LS = HS _ || H'WE)? (AB) +7°
HS = LS [(Yis|H'[¢Vfs)? 2

(4.9)

The results from both PBE4+U and B3LYP calculations are summarized in Table

4.1. The estimated experimental ratio is obtained from the multiplying factors of 30
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and 130 for remote LS — HS and HS — LS switching, respectively from Figure 4.8
in chapter 4.1.2.

PBE+U | B3LYP | Exp.
|| H'[YBs) | | 32meV | 20meV -
’<¢f5|H,W§S> | | 22meV 6 meV -

LS—HS
LooHs 9.0 471 | 43

Table 4.1: Coupling elements between LUMO orbitals and estimated ratios of the transition
rates involved in remote LS—HS and HS— LS switching. The experimental ratio is obtained
from the multiplying factors of 30 and 130 from Figure 4.8 in chapter 4.1.2.

From this we estimate the ratio as (LS—HS)/(HS—LS) = 130/30 = 4.3. The ratios
determined from the DFT calculations strongly depend on the used functional (9.0
with PBE+U and 47.1 with B3LYP), which implies a large uncertainty. Nonetheless,
the ratios inferred from theory have a similar order of magnitude as the experimental
one and support an intermolecular electronic transfer mechanism for the remote

switching.

Proportionality of rate and current

Figure 4.16 shows the same data as in Figure 4.3 of chapter 4.1.2 but with a linear
scale to highlight the proportionality of the rates to the current. This proportionality

indicates that the switching is a single electron process.
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Figure 4.16: Current dependence of the switching rates. (a) Low-to-high and (b) high-to-
low switching rates as a function of the tunneling current for different voltages (crosses). The
dashed lines are a linear fit to the data. See caption to Figure 4.3 for further experimental
details.
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Switching at negative voltages

In chapters 4.1.1, 4.1.2 and 4.1.3, we consider switching at positive voltages, i.e.
electron current from the tip to the molecule. Switching between the LS and HS

state may also be realized at negative voltages as illustrated in Figure 4.17.
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Figure 4.17: Switching with positive and negative voltage pulses. Evolution of the tunneling
current across a switchable molecule for a constant tip-substrate distance (current feedback
disabled). At the position indicated by the blue (red) arrows, a voltage pulse of 1V (-1V)
was applied over 280 ms. The current level in the absence of the pulses, measured with a
DC voltage of 0.5V, is a readout of the molecular state.

However, switching at negative voltages appears to be more complex than at positive
voltage. In particular, a detailed monitoring of the switching at negative voltages
(not shown) suggests that an intermediate state is involved in the switching at this
polarity. A detailed description of this intermediate state, and hence of the switching
at negative sample voltages, is out of the scope of the present chapter.
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Analysis of current time series

The probability of a molecule to switch (under appropriate tunneling parameters)
is expected to be independent of the history of the molecule. Consequently, the
number of switching events within a time interval may be described by a Poisson
distribution. We define the discrete random variable X as the number of switching

events per time interval 7. X follows a Poisson distribution:

k —Hr
P(X = k) = F—, (4.10)

where k is a given realization of X and p, = (X) is the average number of
switching events during 7. The standard deviation of the distribution is given
by oy = \/m = /Hr. The last property is useful for estimating the uncertainty of
a measurement from the mean value. Below, we show that the switching events in
Fe(H2B(pz)(pypz))2 on Ag(111) can indeed be described by a Poisson distribution.
We then describe how the rates and related uncertainties were determined.

To test the distribution of the switching events we recorded long time series of
the tunneling current, divided them into shorter intervals, counted the number of
switching events, and compared the resulting histogram of the number of switching
events per interval with the expectation from a Poisson distribution. We distinguished
between low-to-high and high-to-low events because they are associated with different
yields. This effectively leads to two separate time series, one with the molecule in its
low state (referred to as time series low) and one with the molecule in its high state
(referred to as time series high). This artificial separation is necessary because the
molecule cannot exhibit a low-to-high switching when it already is in the high state.
The time series low and high are divided into smaller intervals. The normalized
histograms of the number of low-to-high and high-to-low switching in those intervals
are shown in Figure 4.18 for a time series recorded at 1V and a current of 5 pA in
the low state. In time intervals of 0.5s, we observe between 0 and 7 low-to-high
switching events between 0 and 8 high-to-low processes. Poisson distribution (red)
do indeed reproduce the histograms. We note that small deviations are visible [e.g.
4 high-to-low switching events (Figure 4.18b) appear more often than predicted by
the Poisson distribution] presumably owing to the limited size of the data set (total
of 279 high-to-low switching in the present case).
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Figure 4.18: Number of switching events described by Poisson distribution. Histograms of
the number of switching events in a time interval of 0.5s (blue) (a) from the low to high
state and (b) high to low state, along with Poisson distributions (red) with (a) upss =
1.74 and (b) p.5s = 3.82. The factorial in Equation 4.10 has been replaced by [;° e~ t*dt
for non-integer values of k.

For sufficiently long time series (low and high) the number of switching events
provides an estimate of i, with an associated uncertainty /p,. The switching
rate R, defined as the average number of switching per second, is estimated from

R = ji; /7. The uncertainty of the rate estimate is

oR = @ = \/? (4.11)

As expected a decrease of the uncertainty by a factor 2 requires a time interval that

is four times longer.
The yield, describing the probability of an electron to induce switching, is inferred

from

y = ¢ (4.12)

(1)’

where e is the elementary charge and (I) the mean value of the current.

We recall that we distinguish between low-to-high and high-to-low switching, which
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are linked to the mean current values in the low and high states, respectively. The
uncertainty of the yield is related to those of the rate og and the current o; as

follows:

oy = (UR + UI) Y. (4.13)

Spectroscopic data

The spectroscopic data do unfortunately not exhibit any feature that would enable a
direct and unambiguous identification of the spin states. Figure 4.19 shows d//dV
spectra recorded over a large voltage range.
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Figure 4.19: Differential-conductance spectra over a large voltage range. dI/dV spectra
acquired over a switchable molecule in the LS (blue) and in the HS (red) states and over a
non-switchable neighboring molecule in the LS state (black). Besides strong variations of
dI/dV for voltages above 1V, which result from the lateral displacement of the investigated
tetramer, the spectra are essentially free of features. The spectra were acquired using a
lock-in amplifier with root-mean-square voltage modulations of 15mV (10 mV) for the red
and black (blue) curves. Before disabling the current feedback, the tunneling conditions
were 15 pA and -2V (10pA and -1V) for the red and black (blue) spectra. The red and
blue spectra are shifted by 25 pS and 40 pS, respectively.

Based on the yield versus voltage data, we may expect an unoccupied molecular
orbital at an energy of ~ 1.5eV. Such an orbital, however, is not resolved because
the tetramers are not stable at voltages above ~ 1V and hop laterally. This motion
induces abrupt changes in the differential conductance as shown in Figure 4.19.

Figure 4.20 shows dI/dV spectra of a molecule in the HS (red) and LS (blue) states
over a narrow range around the Fermi energy. No spin-related features such as
a Kondo resonance or spin-flip excitation are apparent, which prevents a direct
spin-state identification from the spectra.

It should be noted that the absence of such features is not surprising. Spin-flip

excitations have so far never been reported for SCO complexes and require magnetic
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Figure 4.20: Differential-conductance spectra close to the Fermi energy. The dI/dV spectra
acquired on a switchable molecule in the HS (red) and LS (blue) states essentially appear
featureless. The dI/dV signal was recorded using a lock-in amplifier (root-mean-square
voltage modulation of 2.5 mV) with the current feedback off (initial tunneling conditions of
80 pA and -100mV). The red spectrum is vertically shifted for clarity.

anisotropy. Alternatively, a necessary condition for an observation of a Kondo
resonance is a sufficiently strong electronic coupling between the spin of the molecule
and the conduction electrons of the substrate. The induced lateral hopping of the
tetramer, however, suggest that the molecule-substrate coupling is not particularly

strong.

Orientation of the tetramers

The tetramers adopt six different orientations on the Ag(111) surface (Figure 4.21),
which suggests a specific interaction between the molecules and the substrate. Con-
sidering the three equivalent close-packed directions of the Ag(111) surface, there

are presumably two preferred adsorption geometries of the molecules on the surface.

Chirality of the tetramers

The structure of the tetramers proposed in Figure 4.5a of the chapter 4.1.2 is chiral
and one may expect the presence of a second enantiomer. Such an enantiomer is
indeed observed (Figure 4.22). The topograph in Figure 4.22a cannot be reproduced
by a mere rotation of that in Figure 4.22b, but requires a mirror symmetry operation.
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Figure 4.21: Orientations of the tetramers. (a) STM topograph of the Fe complex on
Ag(111) showing a large number of tetramers along with few unidentified aggregates.
(b—g) Examples of the six different orientations of the tetramers observed on the surface.
Tetramers may be seen as composed of two dimers. Lines are drawn between such dimers
to highlight the different possible orientations. In this particular image, we counted 33, 25,
38, 38, 36 and 36 tetramers with orientations such as shown in (b—g), respectively. Overall,
the abundances of the six orientations appear to be equal.

Wi

Figure 4.22: Chirality of the tetramers. Constant-current STM topographs of the two
enantiomers found on the surface. The topograph (b) has been rotated by 30° to simplify
comparison. Note that the color scale has been saturated over a large fraction of the
molecules to be better visualize the chirality of the structure.
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Atomic coordinates
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2.008
2.310
1.160
0.778
0.671

-0.225

-0.513
0.178
0.066
0.960
1.640

-1.599

—2.683

-1.562

-1.265

-1.109

—-1.000

-0.852

-1.090

-1.043

-1.257

-1.384

4.685
4.071
4.871
4.554
5.217
3.384
3.115
2.557
1.627
2.947
2.329
6.059
6.220
7.352
7.931
8.867
7.137
7.318
7.914
8.285
8.818
6.793
5.601
4.929
3.919
5.703
5.445
6.878
7.772
5.578
4.679
5.049
4.304
6.375
6.687
7.297
8.345
6.848
7.526
3.319
3.138
1.838
1.163
0.087
2.074
1.860
1.326
1.769
0.108
1.841
3.150
3.237
4.207
1.962
1.698
1.105
0.026

4.116
3.205
2.189
1.394
0.578
1.660
1.051
2.706
2.942
3.451
4.274
1.976
2.778
2.432
1.398
0.975
1.067
0.284
3.305
4.375
2.689
3.557
4.129
4.285
4.693
3.824
3.814
3.367
2.926
5.799
6.720
7.766
8.497
7.854
8.662
6.903
6.939
5.889
5.121
6.524
5.538
5.464
6.410
6.513
7.123
7.943
4.460
4.817
4.453
3.028
2.721
1.389
0.918
0.809
-0.244
1.896
1.942

Enantiomer A LS

-0.118
1.675
2.145
3.319
3.664
4.018
4.934
3.525
4.035
2.350
1.928
1.312
0.224

-0.461
0.170

-0.235
1.319
2.043

-1.623

-1.113

-2.354

—2.443

-1.923

-2.934

—2.756

-4.139

-5.132

-3.776

—4.368
0.770
0.969
1.606
1.747
2.041
2.538
1.827
2.142
1.189
0.992
0.464

-0.172

-0.533

-0.140

-0.357
0.504
0.944

—-1.461

-2.621

-1.250

-1.154

-0.933

-1.069

-0.922

-1.383

-1.553

-1.423

-1.648

4.610
3.993
4.754
4.417
5.050
3.273
2.989
2.493
1.584
2.891
2.302
5.908
6.020
7.099
7.701
8.609
6.973
7.183
7.635
8.268
8.331
6.445
5.333
4.672
3.718
5.366
5.086
6.484
7.315
5.572
4.802
5.306
4.658
6.629
7.045
7.415
8.459
6.845
7.426
3.447
3.211
1.932
1.319
0.265
2.253
2.087
1.382
1.607
0.186
2.084
3.408
3.653
4.656
2.468
2.338
1.499
0.436

3.949
3.212
2.185
1.500
0.681
1.876
1.353
2.926
3.250
3.562
4.377
1.889
2.674
2.309
1.270
0.832
0.962
0.179
3.208
4.128
2.527
3.778
4.355
4.935
5.422
4.745
5.087
4.000
3.624
5.484
6.591
7.731
8.598
7.735
8.615
6.599
6.560
5.498
4.598
6.448
5.284
5.246
6.392
6.553
7.200
8.179
4.120
4.442
3.997
2.759
2.570
1.259
0.868
0.574
-0.491
1.570
1.524

Enantiomer B HS

4.969
2.836
2.448
1.336
1.043
0.628
-0.238
1.047
0.526
2.162
2.530
3.274
4.342
4.960
4.307
4.663
3.209
2.478
6.132
5.662
6.667
7.179
6.881
8.032
8.022
9.107
10.163
8.511
8.945
3.726
3.312
2.455
2.134
2.034
1.367
2.479
2.177
3.327
3.709
3.816
4.713
5.001
4.309
4.422
3.527
2.847
6.087
7.171
6.050
5.753
5.596
5.488
5.340
5.578
5.531
5.745
5.872

0.398
1.012
0.212
0.529
-0.133
1.699
1.968
2.526
3.455
2.136
2.753
-0.975
-1.136
—2.268
—2.847
-3.783
—2.053
-2.234
—2.830
-3.201
-3.734
-1.709
-0.517
0.154
1.164
-0.619
-0.361
-1.794
—2.688
—-0.493
0.405
0.034
0.779
-1.291
-1.603
-2.213
-3.261
-1.764
—2.442
1.764
1.945
3.245
3.920
4.996
3.009
3.223
3.757
3.314
4.975
3.242
1.933
1.847
0.876
3.122
3.385
3.978
5.057

10.671
11.582
12.599
13.393
14.209
13.127
13.735
12.081
11.845
11.336
10.513
12.811
12.010
12.355
13.390
13.812
13.720
14.504
11.482
10.413
12.098
11.230
10.658
10.502
10.093
10.963
10.973
11.420
11.861
8.988
8.067
7.021
6.291
6.933
6.125
7.884
7.848
8.898
9.666
8.263
9.249
9.323
8.377
8.273
7.664
6.844
10.327
9.970
10.334
11.759
12.066
13.398
13.869
13.978
15.032
12.891
12.846

Enantiomer B LS

4.605
2.812
2.342
1.168
0.823
0.469
—-0.447
0.962
0.452
2.137
2.559
3.175
4.263
4.949
4.317
4.723
3.168
2.444
6.111
5.601
6.842
6.931
6.411
7.422
7.244
8.627
9.620
8.264
8.856
3.717
3.518
2.881
2.740
2.446
1.949
2.660
2.345
3.298
3.495
4.023
4.660
5.021
4.628
4.845
3.983
3.543
5.949
7.109
5.738
5.642
5.421
5.557
5.410
5.871
6.041
5.911
6.136

0.473
1.090
0.329
0.666
0.033
1.810
2.094
2.590
3.499
2.192
2.781
-0.824
-0.936
-2.015
-2.617
-3.525
—-1.889
-2.099
-2.551
-3.184
-3.247
-1.361
-0.249
0.411
1.365
-0.282
-0.002
—1.400
-2.231
—0.488
0.281
-0.222
0.425
—1.545
-1.961
-2.331
-3.375
-1.761
—2.342
1.636
1.872
3.151
3.764
4.817
2.830
2.996
3.701
3.476
4.897
2.999
1.675
1.430
0.427
2.615
2.745
3.584
4.647

10.838
11.575
12.602
13.287
14.106
12.911
13.434
11.861
11.537
11.225
10.410
12.898
12.113
12.478
13.517
13.955
13.825
14.608
11.579
10.659
12.260
11.009
10.432
9.852
9.365
10.042
9.700
10.787
11.163
9.303
8.197
7.056
6.189
7.052
6.172
8.188
8.227
9.289
10.189
8.340
9.503
9.541
8.395
8.235
7.587
6.608
10.667
10.345
10.790
12.028
12.217
13.528
13.919
14.213
15.279
13.217
13.263

Table 4.2: Atomic coordinates of relaxed structures inferred from gas-phase calculations of

monoimers.
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4.2 THREE-STATE SWITCHING OF AN FE SPIN CROSSOVER COMPLEX

Chapter 4.2 is based on a publication in The Journal of Physical Chemistry C from
2022. Reprinted with permission from:

S. Johannsen et al., “Three-State Switching of an Fe Spin Crossover Complex”, J.
Phys. Chem. C 126, 7238-7244 (2022) DOI: 10.1021/acs.jpcc.2¢00473.

The layout of the text, figures and tables has been adapted to this thesis without
changing their contents. Copyright 2022 American Chemical Society.
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4.2 Three-State Switching of an Fe Spin Crossover Complex
4.2.1 Abstract

Isolated tetramers of the spin crossover compound Fe(HsB(pyrazole)(pyridylpyrazole))s
were investigated on Ag(111) at cryogenic temperature (5 K) with a scanning tun-
neling microscope (STM) in ultra-high vacuum. In addition to spin states obtained

by electron-induced spin crossover, a third state of the complexes is discovered with

different current-voltage characteristics and intramolecular image contrast. It is

stable over a limited range of voltages beyond which it decays into the low- and

high-spin states of the Fe complex. The state may be prepared in a deterministic

manner that enables measurements of its decay dynamics at various currents and

voltages. We interpret this state as being due to a negatively charged Fe complex in

its high-spin state, which is isoelectronic to the analogous Co compound.

4.2.2 Introduction

Spin crossover (SCO) molecules are transition metal complexes that exhibit bistable
spin states. The spin states are intimately coupled to the binding and geometry
of the ligand shell, and consequently various external parameters may be used to
impact on the spin states of a SCO compound. For applications in electronic devices,
the interface between the complexes and electrode surface is relevant, in particular

when miniaturization is desired. Consequently, various functional ultrathin SCO
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4 SPIN SWITCHING IN SELF-ASSEMBLED TETRAMERS

films have been prepared [18, 21, 24, 30, 70-81] although the adsorption to metal elec-
trodes may cause SCO molecules to dissociate or become dysfunctional [21, 23, 27-30].

Single molecules or nanometer-sized assemblies of SCO complexes have been investi-
gated with transport measurements [9-13, 32-37] and scanning tunneling microscopy
(STM) [20-22, 25, 38-43]. It is hoped that microscopic characterization of small
structures will help to develop a detailed microscopic picture of the switching process
and cooperative effects among neighbor molecules.

Here we extend the microscopic approach to the complex Fe(HyB(pz)(pypz))s2 (pz =
pyrazole, pypz = pyridylpyrazole, Figure 4.23) deposited on Ag(111) single crystal
surfaces. We previously showed that this complex and also Co(HyB(pz)(pypz))2
(chapters 4.1 and 4.3) assemble into regular tetramers with unique switching char-
acteristics [1, 3]. Only two molecules of a tetramer exhibit electron-induced spin
transitions while the other two do not switch because of steric hindrance. In an
attempt to more comprehensively characterize the dynamics of the electron-induced
processes, we discovered that Fe(HyB(pz)(pypz))2 molecules on Ag(111) exhibit a
new, third state.

a -
JD
H,B~ "N

I | N>

Figure 4.23: Schemes of (a) the Fe(HaB(pz)(pypz))2 compound and (b) a tetramer. Violet:
Fe, yellow: B, blue: N, gray: C, light gray: H. All complexes are shown in their low-spin
state. The molecules in the upper right and lower left corners can undergo electron-induced
switching.

4.2.3 Methods

Synthesis

The Fe(II) complex Fe(HyB(pz)(pypz)), was synthesized as reported by Ossinger et
al [84].
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4.2 THREE-STATE SWITCHING OF AN FE SPIN CROSSOVER COMPLEX

Experimental Details

The Ag(111) substrate was prepared by cycles of Art sputtering (1.5keV) and
annealing to 500 °C. Fe(H2B(pz)(pypz))2 molecules were sublimated from a heated
crucible (~ 150 °C) onto the substrate at ~ 50 °C. STM tips were electrochemically
etched from W wire and annealed in vacuo. The measurements were performed in

ultra-high vacuum with a STM operated at ~ 5 K.

Theoretical Details

Gas phase calculations were performed with the ORCA software package [95, 96].
The crystallographic structure of Fe(HyB(pz)(pypz))2 (polymorph IT) was used as
a starting point [1]. Geometry optimizations were performed with ORCA at the
B3LYP [97-99] / def2SVP [100, 101] level with the D3BJ dispersion correction [102,
103], the RIJCOSX approximation, fine numerical integration grids (grid4 and gridX4
in ORCA nomenclature), and the CG solver. The orbitals and their energy were
calculated with ORCA at the B3LYP/def2-QZVP [100, 101] level with the RIJCOSX

approximation.

4.2.4 Experimental Results

Observation of intermediate State i

Data were recorded by freezing the position of the STM tip above a switchable
molecule within a tetramer and varying the sample voltage while recording the
current. As discussed previously [1], the bistability due to spin crossover between the
low-spin (LS) and high-spin (HS) states of Fe(HyB(pz)(pypz))2 leads to two major
branches of the current-voltage (I-V') curves (Figure 4.24) labeled L (blue) and H
(green).

In addition, an unexpected third state denoted i is resolved (red line). It is stable over
a limited range of voltage |V| < 0.3V and exhibits rapid transitions to the H (-0.3V
<V < —=0.8V)and L (V < —0.8V) states. This third state has been systematically
observed on all switchable molecules, i.e., two molecules per tetramers. Besides its
distinct I-V curve, this state also presents a particular image contrast to be discussed
below. From a large number of measurements we determined voltage ranges that

correspond to characteristic stability or dynamics of the switchable complexes.
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Figure 4.24: Current-voltage characteristics of a switchable Fe(HoB(pz)(pypz))2 complex
in a tetramer on Ag(111). The data were recorded by sweeping V from -1.1 to 1V and
back four times. At low voltages, |V| < 0.3V, three distinct branches are observed, which
correspond to the high-spin (H, green), low-spin (L, blue), and an intermediate (i, red)
state. At more positive voltage, i is not observed. Rather, rapid transitions between H
and L occur. At more negative sample bias, first transitions between i and H are found.
Beyond V = —0.8V, H is no longer detected and i predominates with occasional excursions
to L.

Figure 4.25 schematically summarizes our observations. At low bias, |[V] < 0.3V
(white area, «), all states are stable over many minutes at currents up to 50 pA.

For V' > 0.3V (green area, ¢), the intermediate state i becomes unstable and decays
toward H on a time scale of seconds. We occasionally observed the reverse process,
albeit at much lower rate. At V > 0.9V (gray area, €), i is no longer observed.

However, switching between H and L occurs.

At negative sample voltages, a different evolution is found. Between -0.8 and -0.3V
(red area, (), we observed transitions between H and i. The L state, however,
remained stable. When the bias is even more negative, V' < —0.8 V (blue area, ),
we do no longer observe state H but rather find transitions between L and i.

Before attempting an interpretation of this diverse behavior, we first present addi-

tional data on the dynamics.

Instability of State i at V < -0.3V

We first focus on the transitions involving the i state at negative sample voltages.
Time series of the current show that the transition rates between i and L and H

are proportional to the current used. We therefore defined yields as the number of
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Figure 4.25: Schematic diagram of the stability and switching of a molecule in a tetramer.
Between -300 and 300 mV, states L, H, and i are stable over hours. At increasingly negative
voltages, conversions (double-sided arrow) between i and H commence at ~ —300mV.
Beyond ~ —800mV, H is not observed and i and L interconvent. At positive V' > 300mV,
i becomes unstable and decays to H. Switching from H to i is occasionally observed.
Beyond V' ~ 900 mV, switching between L and H sets in, and state i was not observed.
Sample voltages |V| > 1.1V led to lateral hopping or destruction of the tetramer under
investigation.

transitions per tunneling electron (Figure 4.26). The data reveal that the yields vary
rapidly with the sample voltage. Over the accessible voltage range the variations are
approximately exponential. While the L—1i (violet) and i—L (black) transitions have
similar yields near -0.85V, the i—L yield grows less rapidly at more negative bias.
A related evolution is initially observed for the i<>H transitions. Near the threshold
at -0.3V, the yields of i—H (red) and H—i (blue) match. Toward negative voltages
down to -0.6 V, the H state is less prone to switching. Beyond this voltage, its
switching yield rises rapidly and exceeds the i—H yield at &~ —0.75V. At even more
negative voltages, the complex is more likely to be found in the i state. Histograms of
the current illustrating the crossing of the yield curves are shown in the Supporting
Information.

Instability of State i at V > 0.3V

At sufficiently positive V' (Figure 4.25), the i state becomes unstable and usually
decays to H. Quantifying decay times from time series is unpractical because state i
is hardly observed at these voltages. We therefore used the following preparation
scheme (Figure 4.27a).

The positively biased tip was first placed above a switchable complex in its H state.
Then, the tip height was frozen, and V' was quickly (1ms) changed to -750 mV for
350 ms, which led to an increased current. After the pulse, with a 85 % probability,
the i state was observed as signaled by a characteristic current level. The i state
then survived over a short time interval until the complex ended up in the H state.
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Figure 4.26: Yields of the transitions i—H, H—i, i—L, and L—i at negative voltages.
The data were determined by evaluating time series of the tunneling current. For most data
points, uncertainty margins indicate the range +o. The data at the highest yields (i«+H
in the range -0.8 to -0.7V) were affected by the low-pass characteristics of the current
measurement. This effect has been approximately corrected for and the corresponding
uncertainty margins are estimates.
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Figure 4.27: (a) Time series of the current recorded above a switchable complex. The tip
was positioned above the molecule in its H state at I = 10pA and Vj = 460mV. Next, a
rectangular voltage pulse (-750 mV, 350 ms, tip position frozen) was used to prepare the i
state. After the pulse, V was reset to V4, and the current was measured until a relaxation
to the H state was detected via an abrupt return to the corresponding current level. In
the present example, the i state lived for ~ 2s. (b) Histogram of decay times evaluated
from 130 i—H transitions at V = 0.5V along with an exponential fit.
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Figure 4.28: (a) Rate of transitions i—H vs tunneling current measured at V = 0.5V.
The experimental rates (dots) evolve proportional to the current as indicated by a linear
fit (line). (b) Yield defined as number of i—H transitions per tunneling electron. The
experimental data (dots) may be modeled with a Gaussian (line). Currents were ~ 5 and
10 pA for i and H.

The preparation procedure of the i state turned out sufficiently reproducible for
obtaining histograms of the decay at various currents and voltages. An example is
shown in Figure 4.27b. We again found that the switching rate is proportional to the
current. Single electrons apparently induce the transition (Figure 4.28a). Moreover,
the decay time is exponentially reduced at larger voltages (Figure 4.28b), which may
indicate that the electrons inducing the transition are injected into the low-energy

tail of an unoccupied resonance.

Image Contrast of State i

Many aspects of the experimental data may be understood by assigning the i state to
a negatively charged high-spin (S=3/2) Fe complex. The additional electron renders
the Fe complex isoelectronic to its Co analogue.

A fairly direct indication in favor of this interpretation is the image contrast observed
from i. Figure 4.29 shows constant current topographs of tetramers comprising the
Fe complex and its Co analogue. Initially (Figures 4.29a,d), all complexes are in
their low-spin state. Next (Figures 4.29b,e), the molecules in the upper right corner
of each tetramer are manipulated to obtain the i and high-spin states of the Fe and
Co complexes, respectively. Finally, Figure 4.29¢ displays the high-spin state in the
Fe case. The similarity between panels b and e is striking. The Fe i state and the
Co high-spin state display clear intramolecular contrast with an apparent nodal line
that is oriented approximately parallel to a diagonal of the tetramer.

Figure 4.30 displays results of calculations for the anionic Fe complex and its neutral
Co analogue. Additional information may be found in the Supporting Information.

The calculated structures (panels a and c¢) closely resemble each other.
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Figure 4.29: STM topographs of (a—c) Fe(H2B(pz)(pypz))2 and (d, e) Co(HeB(pz)(pypz))2
tetramers on Ag(111). The upper right molecules (arrows) have been switched via voltage
and current pulses to their low (L), intermediate (i), and high (H) states, as indicated in
each panel. The color scale covers ranges of 290 and 300 pm for Fe and Co, respectively.

Figure 4.30: Calculated molecular structures and orbitals producing image contrast. (a,
c¢) Models of charged Fe(H2B(pz)(pypz))2 and neutral Co(H2B(pz)(pypz))2. (b) HS 3
LUMO++3 of the Fe complex. (d) HS g LUMO of the Co complex. Violet: Fe, green: Co,
yellow: B, blue: N, gray: C, light gray: H.
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In both cases, a particular frontier orbital in the £ spin system exhibits a nodal plane
through the pyrazole subunit. According to the structural model of the tetramers,
this orbital (arrows in Figure 4.30b,d) extends particularly far into the direction of
the tip making it a likely candidate for explaining the unusual image contrast.

The experimental data provide another important hint toward the nature of state
i. At fairly low bias voltages, independent of the bias polarity, i decays toward the
high-spin state of the Fe compound and the transition rate is proportional to the
tunneling current. A corresponding single electron event may more easily convert
from S=3/2 (charged HS) to S=2 (neutral HS) rather than to S=0 (neutral LS).
In a similar vein, significantly larger |V| are required to access the LS state. The
additional energy available at larger |V'| then makes possible more complex transitions
that involve several electron spins.

4.2.5 Model

Gas-phase DFT calculations of neutral and charged Fe(HsB(pz)(pypz)), were per-
formed to further substantiate the model. To simplify the notation, we refer LS™ and
HS™ for the LS and HS states of the anionic complex, while LS and HS denote the
spin states of the neutral molecule. While LS (S=0) is typically the most stable spin
state of neutral Fe?™ SCO compounds, the HS™ state (S=3/2) of the charged complex
is calculated to be ~ 0.2eV more favorable than the LS~ state (S=1/2). On the
substrate, the interaction with an image charge is expected to fairly rigidly shift these
energies by more than 1eV [94]. The average Fe-N bond lengths of the LS, LS, HS™,
and HS states are 1.98, 1.99, 2.18, and 2.20 A, respectively. Corresponding energy
landscapes of the neutral (blue/black) and anionic (red) molecules are proposed in
Figure 4.31a. Transitions between neutral and charged states involve a modification
of the molecular structure visible through the change of the average Fe-N bond
lengths. Therefore, both energy and charge have to be transferred to the molecule to
induce a transition. According to the energy landscapes, the LS, HS, and HS™ states

are stable in voltage range «, in agreement with the experimental data (Figure 4.25).

To enable charging of the molecule, we assume that the molecular levels are not
pinned to those of the substrate, i.e., a fraction of the voltage between the sample
and the tip drops between the molecule and the substrate. The energy of the anion is
reduced when the chemical potential of the substrate rises. It thus directly depends
on the applied voltage. This scenario is familiar from molecules between electrodes
[109-111] and, in a STM context, has often been observed from atoms or molecules
on spacer layers [112-115] as well as from three-dimensional molecules [116, 117]. The

three-dimensional structure of the present tetramers is likely to promote charging
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effects. While macroscopic lifetimes of a charge on a molecule close to a metal
surface may be unexpected at first glance, tunneling of the charge to the metal may
be efficiently prevented if a reorganization energy is involved. Upon charging, this
energy is dissipated to the substrate and tunneling out of the molecule is consequently
suppressed at low temperatures.

> dFe-N

B a 8

Figure 4.31: (a) Proposed energy landscape of neutral (blue/black) and negatively charged
(red) [Fe(H2B(pz)(pypz))2] along the reaction coordinate, the Fe-N distance dpen. The
energy difference between the neutral and charged molecules depends on the chemical
potential of the sample and hence on the sample voltage. Greek letters refer to voltage
ranges in Figure 4.25. (b) Level diagrams depicting the chemical potential of the sample
(gray rectangles indicate occupied states), the LUMO of the high-spin complex (black),
and the SOMO of the singly charged complex (red) for three voltage ranges (53, a, and 9).
The chemical potential of the tip is indicated by a dotted line. The light blue bar is to
indicate that the molecular levels are partially decoupled from the substrate. Curved arrows
indicate transitions between charged and neutral complexes. Consequently, a fraction of
the tip-sample voltage drops between the molecule and the substrate thus shifting the
orbital energies.

Transitions between neutral and charged states require (i) energy or a shift of chemical
potential and (ii) the transfer of an electron between the molecule and an electrode.
To visualize the voltage ranges for which electron transfer is possible, we consider
the energy of the lowest unoccupied molecular orbital (LUMO) of the HS state
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(black) and the singly occupied molecular orbital (SOMO, red) of HS™ relative to
the chemical potential of the electrodes (Figure 4.31b). For simplicity, we refer to
the black and red orbitals below. For an electron to enter into (leave from) the black
(red) orbital, the chemical potential of the sample or tip has to cross or be larger
(lower) than the orbital energy.

In voltage range «, the black orbital is above the chemical potentials of the sample
(top of the gray rectangle) and the tip (dashed line); that is, there is no electron
transfer and hence no switching from HS to HS™. Should the molecule already be
charged, the extra electron remains trapped in the red orbital because the reorgani-
zation energy is not available. Application of a negative sample voltage increases the
chemical potential of the sample. The energy of the orbitals increases as well but

to a lesser extent because of the partial decoupling of the molecule from the substrate.

In range 3, the HS LUMO is pulled below the chemical potential of the sample. A
substrate electron may be injected into the black orbital (Figure 4.31b, () leading to
a HS to HS™ (= i) transition, which releases reorganization energy to the substrate.
For the reverse transition, an electron in the red orbital may transfer energy to the
molecule and escape to the tip if it makes the reorganization energy available. In
other words, HS<+HS™ transitions are possible in voltage range (3, as experimentally

observed.

Upon further increase of |V| (range <), more energy can be transferred to the
molecule as the electron escapes the red orbital, such that H~ —LS transitions are
feasible. Injection of an electron to the LS LUMO (thereby charging the molecule)
would create LS, which is unstable and decays to the HS™ (red curve in Figure 4.31a).

At reverse bias, in range ¢, the HS™ SOMO is shifted above the chemical potential of
the sample. HS™ to HS transitions then occur via electrons that transfer energy to the
molecule and escape from the red orbital to the sample. The reverse process, which
is occasionally observed, may be induced by tunneling from the tip that leads to HS™.

Finally, at very positive sample (range €), the negatively charged state is no longer
detected, presumably because it rapidly decays to a neutral state. However, the
energy available in tunneling processes is now large enough to enable HS<LS

transitions.
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4.2.6 Summary

The complex Fe(HsB(pz)(pypz))2 exhibits unexpected switching between three states
that may be reproducibly prepared with a scanning tunneling microscope. The
stability of the states and the transitions between them depend in a fairly complex
manner on the bias voltage of the tunneling junction. The experimental data are
consistent with a model that takes into account a negatively charged high-spin state
of the Fe complex, which is isoelectronic to the analogous Co compound. We hint
that the stability of the anionic state is greatly enhanced by the presence of a metal
substrate that provides screening. In a broader context, the present Fe complexes
combine memristive switching between redox [118, 119] and spin [5] states on the

scale of single molecules in clusters.
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4.2.8 Supplementary Information

Histograms of the tunneling current

-5 -2 -9 -6 -3
Current (pA)

Figure 4.32: Histograms generated from time series of the tunneling current recorded at
a switchable complex at sample voltages (a) -650, (b) -700, and (c) -750 mV. While the
complex is mainly in its H state in (a), the i state becomes increasingly probable at more
negative voltages.

Electronic structure of the Fe(l) complex

The electronic structure of the (anionic) Fe(I) complex can be understood on the
basis of the MO scheme of the parent, neutral Fe(Il) complex (Figure 4.33 and 4.34).
In the LS state of the latter, the three ¢y, orbitals d,y, d,. and d,, (130, 129, 128) are
doubly occupied. LUMO and LUMO++1 (131, 132) are represented by combinations

of m* orbitals on pyridine and the central pyrazole with small contributions of metal
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d-orbitals. The e, orbitals d,2_,2 and d,2 (136 and 137) are unoccupied. Orbitals
133 and 134 are 7* orbitals on the pyridine residues.

In the HS state of the Fe(II) complex, all d-orbitals are occupied with « spins and
lowered in energy due to spin polarization, whereas one orbital is occupied with a
B spin and raised in energy. Correspondingly, the a-spin orbitals at highest energy
correspond to d,2_,2 (132) and d,» (131a); the other d-orbitals follow at lower
energy. The lowest unoccupied a-spin orbitals are combinations of 7* orbitals on
pyridine and the central pyrazole (133c, 134«) and 7* orbitals on the pyridine
residues (135¢, 136a), respectively. The highest occupied [S-spin orbital containing
the 6™ electron corresponds to d,, (128(3), which also represents the HOMO (SOMO)
of the molecule. The -spin LUMO (1290) is composed of 7* orbitals on pyridine
and the central pyrazole with a large contribution of a metal d-orbital. Likewise, the
unoccupied [-spin orbitals at higher energy correspond to hybrids of metal d-orbitals
and 7*-orbitals on the central pyrazole and/or pyridine residues.

In the Fe(I) complex generated by one-electron reduction of the Fe(II) complex, all
metal d-orbitals are shifted to higher energy because the effective nuclear charge is
reduced (Figure 4.35 and 4.36). In the LS state, e.g., this corresponds to a shift
of the three doubly-occupied t9, orbitals from approximately -5 to ~ -2¢eV. In this
state (S=1/2), the additional electron is accommodated in an a-spin orbital with
ligand character (131«), being composed of 7* orbitals on the pyridine residues and
the central pyrazole (see above). There is a second orbital of very similar character
(132cr), which represents the lowest unoccupied a-spin orbital (133a); notably, the
splitting of 131a and 132« is small (0.7eV). The (unoccupied) e, orbitals d,2_,
d,> (or hybrids of these with ligand 7* orbitals) follow at higher energy. The three

2 and

B-spin electrons are accommodated in the corresponding d,.-, d,. and d,,-orbitals
(1283, 1294, and 13043) which appear approximately at the energies as their a-spin
counterparts, reflecting a very small degree of spin-polarization in the d-shell of
the Fe(I) center. This is due to the fact that the spin is small and the additional,
unpaired electron is located in a ligand orbital rather than a metal orbital (see above).

The HS state of the Fe(I) complex involves five electrons in a-spin orbitals (as in the
Fe(II) HS case), but two electrons in 3 spin-orbitals (in contrast to one for Fe(II)).
Correspondingly, the highest occupied a-spin orbitals correspond to d.z (132a and
131«r) and the other d-orbitals follow at lower energies. The lowest unoccupied a-spin
orbitals are combinations of 7* orbitals on pyridine and the central pyrazole (133«
and 134a) and 7* orbitals on the pyridine residues (135a and 136¢), similar to Fe(II)

(see above). Larger changes occurs in the -spin space. Apart from orbital 12803
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(dy.), which is already occupied in Fe(II), there is now a second S-spin electron that

occupies 1293. This orbital is a combination of d,, and 7*-orbitals at the central

pyrazole and the pyridine residue. The lowest unoccupied -spin orbital, 13083, is of

similar type, and the splitting between 129/ and 1304 is small (1.17¢eV). Interestingly,
there is a close similarity between the HOMOs and LUMOs of the LS (« spin) and
HS (5 spin) as well as their energy differences, which are small. At higher energy, in

the S-spin space, we find unoccupied 7* orbitals on the pyridine residues (1313 and

1323) and comparatively pure metal d-orbitals (d,, and d,.).
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Figure 4.36: Calculated isodensity contours of the frontier orbitals of negatively charged
[Fe(HyB(pz) (pypz))2].
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4.3 Spin Crossover in a Cobalt Complex on Ag(111)
4.3.1 Abstract

The Co-based complex [Co(HyB(pz)(pypz))2] (py=pyridine, pz=pyrazole) deposited
on Ag(111) was investigated with scanning tunneling microscopy at ~ 5 K. Due to a
bis(tridentate) coordination sphere the molecules aggregate mainly into tetramers.
Individual complexes in these tetramers undergo reversible transitions between two
states with characteristic image contrasts when current is passed through them or
one of their neighbors. Two molecules exhibit this bistability while the other two
molecules are stable. The transition rates vary linearly with the tunneling current and
exhibit an intriguing dependence on the bias voltage and its polarity. We interpret
the states as being due to S=1/2 and 3/2 spin states of the Co*" complex. The
image contrast and the orders-of-magnitude variations of the switching yields can be
tentatively understood from the calculated orbital structures of the two spin states,
thus providing first insights into the mechanism of electron-induced excited spin-state
trapping (ELIESST).

4.3.2 Introduction

Spin-crossover complexes may change their spin between a low-spin (LS) and a high-
spin (HS) state depending on parameters such as temperature, light and current [18,
19, 85, 120, 121]. Employing different transition-metal ions (Fe, Co, Mn, Cr and Ni)
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and oxidation states [122-126] different spin states are accessible. Nonetheless, most
investigations have so far dealt with Fe-based complexes. The LS to HS transition in
Co complexes involves the transfer of a single electron from a t,, to an e, orbital,
whereas two electrons are involved for Fe!' compounds. The corresponding change in
the coordination bond lengths and molecular volume as well as the change in entropy
upon spin crossover (SCO) are consequently smaller than for Fe complexes [125]. As
a result, the thermal spin transition of Co SCO compounds is often more gradual
because a smaller volume change leads to less cooperativity and it is more sensitive to

the environment as small perturbations may easily overcome the entropy-driven SCO.

Investigations of SCO molecules in direct contact with metal surfaces, so far solely
involving Fe-based compounds, have shown that the SCO properties usually deviate
from those of the bulk material [18-26]. One may therefore speculate that Co
complexes on metal surfaces may show similar SCO behavior as Fe molecules.

Although several examples of functional Fe-based SCO complexes in direct contact
with surfaces have been reported [1, 21, 26, 30, 39, 40, 43, 75-80, 127-130], the
weakness of the coordination bonds has often been an issue [23, 27, 29-31]. Co-
ordination bonding in Co complexes is expected to be even weaker owing to the
larger population of the antibonding e, orbitals. To increase the chance of success,
we designed and synthesized a Co complex (Figure 4.37) inspired by one of the
most robust Fe** SCO compounds [84], which is functional on Ag(111) [1]. Here we
show that the Co?* compound, where spin states S=1/2 and S=3/2 are expected,
aggregates into tetramers on Ag(111). The complexes are reversibly switched by the
injection or extraction of electrons. Memristive characteristics are found although
the molecules are directly adsorbed on a metal substrate without the intervening
decoupling layer previously used for other compounds [27, 38—40]. The data can be
consistently understood in terms of SCO.

So far, little has been known about the mechanism leading to electron-induced excited
spin-state trapping (ELIESST). The present case of [Co(H2B(pz)(pypz))s] provides
an opportunity to improve on this state of affairs. A distinct dependence of this
switching yield on the current direction and spin state is observed and sets margins
that a model of ELIESST has to respect. Below we outline a model that fulfills this

requirement.

69



4 SPIN SWITCHING IN SELF-ASSEMBLED TETRAMERS

4.3.3 Results and Discussion

[Co(HsB(pz)(pypz))2] is a complex with linear tridentate ligands (Figure 4.37a—c)
[1, 84]. The integrity of the molecules upon sublimation has been verified with
complementary X-ray photoelectron spectroscopy and infrared spectroscopy mea-
surements (Supporting Information). Figure 4.37d displays an overview of Ag(111)
with sub-monolayer coverage. The complexes aggregate into rectangular tetramers
although a degree of disorder is present. A detailed image of a tetramer (Figure
4.37e) reveals separations between topographic maxima of &~ 1 and ~ 1.15nm, which
are virtually identical to those observed of [Fe(HyB(pz)(pypz))s| tetramers [1]. Even
the apparent heights, which are fairly bias-independent in the range |[V| < 1V, are
similar to the Fe case. The proposed structure of the tetramers is consequently the
same as previously determined for the Fe compound (Figure 4.37f). The tetramers
involve both enantiomers of [Co(H2B(pz)(pypz))s] (Figures 4.37b and c) and are
stabilized by 7-7 interactions.

Stable imaging of the tetramers is possible as long as |V| < 1V. Beyond this range,
the current jumps between two levels when the tip is placed above either of two
of the molecules of each cluster. The curren-voltage characteristic (Figure 4.38a)
displays two distinct evolutions marked L and H that may repeatedly be measured.
Transitions between the levels occur at |[V'| 2 1V and appear as vertical line segments
in the graph. When the voltage is reduced below the range where switching occurs,
the state of the molecule is frozen and can be imaged. Figure 4.38b and ¢ display a
typical pair of images. In the pristine cluster (Figure 4.38b), all molecules are in the
L state.

Decreasing the negative voltage (and the current, owing to open-feedback conditions)
to -1V on the molecule indicated by L causes a change to H. The apparent height
slightly increases and the topograph displays clear intramolecular structure.

Transitions can also be induced in the molecule on the other end of the diagonal when
the tip is moved above that molecule. The other two molecules, however, remain
stable, even at more harsh conditions. This striking effect was previously observed
from [Fe(HsB(pz)(pypz))2| tetramers and attributed to their geometrical structure [1].
The terminal-pyrazole moieties, which display the largest geometrical change during
the Fe spin transition from S=0 to S=2, are sterically blocked for two molecules
while the other two pz are free to move. Similar to the case of [Fe(HyB(pz)(pypz))a]
tetramers, injecting current into the stable molecules induces switching of their
closest neighbors [1].
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Figure 4.37: a) Structure of [Co(H2B(pz)(pypz))2]. b) and c¢) Suggested geometries of the
two enantiomers of adsorbed complexes viewed from the vacuum side. The atoms of the
lower ligand are semitransparent. Blue: Co, gray: N, brown: C, rose: H, green: B. d)
Constant-current topograph (sample voltage -0.5V, current 10 pA, 72x48nm?). The main
structural motifs are tetramers although some smaller structures and touching tetramers are
observed, too. Examples of the three observed cluster orientations are indicated by circles.
The false colors cover a height range of 300 pm. e) Detailed topograph of a rectangular
tetramer (3.15nm wide). Each complex gives rise to a featureless protrusion. f) Model of
the tetramer shown in (e). Two identical enantiomers are arranged on each of the diagonals
of the rectangle. g) View from the right side of the model in (f). The substrate (not shown)
would be on the right. Only two complexes are included for clarity.
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Figure 4.38: a) Current-voltage data recorded from a molecule in a tetramer. 16 sweeps of
the sample voltage between -1.2 to 1.1V and back are shown. Abrupt transitions between
two states denoted L and H are observed at [V| > 1V, and lead to hysteresis. b) Image
of a tetramer in its pristine state. ¢) Image recorded after current injection (V = —1V,
I = —18pA, duration 1s) to the molecule marked with an L in (b). In its new state H, the
molecule displays intramolecular contrast. Images recorded at -0.5V and 10 pA.

Figure 4.39a and d present time series of the current for negative and positive sample
voltages. The data were recorded after placing the tip above a switchable molecule.
Clear two-level fluctuations are observed. At both polarities, the magnitude of
the current predominantly is low and short excursions to high values occur over
sub-second intervals.

From these and similar data, we determined transition rates as functions of the
sample voltage. The rates are proportional to the current (Supporting Information,
Figure 4.42) suggesting that the transitions are caused by one-electron processes and
motivating the definition of a switching yield as the probability of an electron to

induce a transition.

Figures 4.39b and c display yield data. At both bias polarities, we observe non-zero
yields when |V| exceeds 0.9 V. The corresponding electron energies are much larger
than vibrational energies of the metal-organic compounds. In particular, the N-Co-N
stretch modes relevant for the spin crossover transition are calculated to lie below
150 meV. It does therefore not appear likely that the transitions are caused by vibra-

tional excitation alone.

We suggest that the observed current-induced transitions are spin transitions between
the S=1/2 and S=3/2 state of the Co ion. Several indications render this interpreta-
tion most likely. First, we prepared the closed-shell complex [Zn(H2B(pz)(pypz))s] on

the same Ag(111) substrate and found tetramers which are almost indistinguishable
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Figure 4.39: a) Time series of the tunneling current through a switchable molecule in a
tetramer at negative sample bias V = —1V with open feedback loop. From its initial level
denoted L the current approximately doubles to level H. Changes occur abruptly with a
rate of &~ 1/s. b) Switching yield, i.e. the number of switching events per tunneling electron,
at negative voltages for transitions from H to L (blue) and vice versa (red). Dashed lines
indicate Gaussian fits to the data. The yields were determined from measurements with
durations between 20 and 180s and 42 to 177 switching events (procedure outlined in the
Supporting Information to ref. [1]). The error margins indicate one standard deviation
assuming Poisson statistics. ¢) Yields at positive sample voltage. d) Time series at V' =1V.
The molecule is predominantly in its L state with short intermissions of H. The time
series have been acquired for different tip-sample distances to obtain rates that can be
conveniently measured.

from the Co compound [1]. Despite this similarity, however, the Zn complex does not
exhibit the transitions observed in the Co case. This directly indicates the relevance
of the partly filled d-shell of Co. Second, the similarities with the SCO compound
[Fe(HyB(pz)(pypz))2| are striking. Tetramers of both compounds exhibit transitions
only in two molecules that are located opposite to each other on a diagonal. This
effect can be understood from the structure of the tetramers in combination with the
geometrical change that accompanies the spin transition [1]. The angle between the
terminal pyrazole subunit and the pypz plane of the HyB(pz)(pypz) ligand it belongs
to is significantly larger in the high spin state of both Fe and Co. The required free
space is not available for two of the constituents of the tetramers, which prevents

them from switching.

Finally, the difference of the topographic images of the two states is remarkable.
While the pristine L state is imaged as a fairly featureless protrusion, images of
the H state exhibit a nodal line that approximately points to the center of the
tetramer. As discussed below, this feature is consistent with differences between the
electronic structures of the LS and HS states. Unfortunately, a detailed and reliable
image calculation of the clusters is not within reach. We therefore considered the
orbitals obtained from our gasphase DFT calculations. In contrast to the Fe-based
compounds [1, 38], where the spin transition is accompanied by a substantial change

of the gap between the highest occupied and the lowest unoccupied molecular orbitals
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4 SPIN SWITCHING IN SELF-ASSEMBLED TETRAMERS

(HOMO, LUMO), the orbital energies of [Co(HaB(pz)(pypz))s] change less and do
not directly lead to an image interpretation. However, an inspection of the spin-state
dependence of the frontier orbitals suggest the following scenario.

Several of the orbitals exhibit significant density above the upper half of the molecule,
in particular above the central pyrazole moiety, and thus presumably contribute to
the tunneling current. However, upon the spin transition, one particular orbital, the
LUMO, shows a drastic change that matches the image change. For illustration, we
use a molecule from the lower left corner of a tetramer in its low- and high-spin states
(Figure 4.40a and b). Our calculations predict essentially identical lowest unoccupied
orbitals for @ and /8 spins in the low-spin state (Figure 4.40c and e). The HS, «
channel (Figure 4.40d) is also very similar, except for some geometrical distortion.
However, the lowest unoccupied orbital of g spin in the HS state -the LUMO- looks
strikingly different and exhibits a high density at the terminaly pyrazole moiety,
where the other unoccupied orbitals have little weight (Figure 4.40f). This orbital
has a nodal plane along the pyrazole that approximately matches the orientation
of the nodal line in the experimental image. A side view of the orbital (not shown)
reveals that this part of the LUMO is located particularly high above the substrate.
Moreover, it is much closer to the Fermi level than any other unoccupied orbital
and it extends throughout the molecule. Both factors make it a likely candidate for
high conductance. Finally, the composite image comprising a scaled model of the
tetramer and its STM image (Figure 4.40g) reveals that the lateral position of this
key orbital and the image contrast are fairly consistent.

Unfortunately, the spectroscopic data do not exhibit the fingerprints of spin excita-
tions or a Kondo effect, which could help to more directly identify the spin states
involved. Acquisition of spectroscopy data to identify orbitals was unsuccessful as
well because of the high switching rates and diffusion occurring at larger voltages,
even with small currents in the pA range. We therefore rely on the image contrast
and consequently favor S=1/2 as being the pristine states of the complex on Ag(111).
While [Co(H2B(pz)(pypz))s] has a S=3/2 ground state in bulk material [84], several
studies have shown that the interaction with a metal substrate and possibly with
neighbors can -even in the case of Fe compounds- lead to, e.g., the coexistence of
both states [21, 23, 39, 73, 77, 79, 131]. Moreover, cobalt complexes with similar
structural and electronic properties have been found to exhibit or lack thermal SCO
in the bulk, indicating the importance of intermolecular interactions [132-134].

The SCO properties are not expected to significantly vary with the temperature.
First, no thermal spin transition is observed in a 3 ML-thick film of the Co complex
on Ag(111) as revealed by x-ray photoemission data acquired at 100 and 300 K
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Figure 4.40: a),b) Optimized models of the LS and HS states of a gas-phase
[Co(H2B(pz)(pypz))2] molecule. Calculated spin a and spin /3 lowest unoccupied molecular
orbitals for c),e) the LS, S=1/2 state, and d),f) HS, S=3/2 state. An arrow indicates the
high density of states at the terminal pz subunit in the § channel. g) Superposition of a
model cluster on the STM image of a tetramer. Only the molecule in the lower righthand
corner is in the S=3/2 state.

(Supporting Information). Second, thermal energy is negligible relative to that of
the tunneling electrons inducing switching (on the order of an electronvolt). Higher
temperatures would most probably increase the mobility of the molecules on the
surfaces and significantly complicate STM measurements.

Next, we discuss the yield data of Figure 4.39. Intriguingly, the yield of the L to H
transition at positive sample bias is three orders of magnitude lower than the other
measured yields, which in turn are fairly similar to each other. Below, we discuss
a tentative model to describe ELIESST by considering electron/hole injection into
the d-orbitals of the Co'! complex and a ligand-type, L*. This model predicts a
negligible yield of the L to H transition at positive sample voltage, in agreement
with the experimental results.

The symmetry of the ligand field around the Co atom is not perfectly octahedral
but rather exhibits a tetragonal distortion, which lifts the degeneracy of the ¢y, and
ey orbitals. In the HS state, both d.» and d,2_,
orbitals at lower energy are occupied with a-spin electrons whereas two of the

2 orbitals along with the three 2y,

orbitals are occupied with S-spin electrons (Supporting Information, Figure 4.43).
In the LS state, the three 5, orbitals d,,, d,. and d,. are doubly occupied and one

additional a-spin electron occupies d,2_,2 while the other ej-orbital, d.2, is empty

Yy
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(Figure 4.43). In fact, the situation is slightly more involved in the title complex
because the molecular z-axis re-orientates in the LS state. However, as shown in the
Supporting Information, this leaves the essence of the proposed model of electron-
induced spin-state switching unaffected. For simplicity, we therefore neglect this
change of coordinate system. The calculations indicate that the lowest unoccupied

orbitals of the complex have ligand character. We refer to them as L*.

For a positive sample voltage V' > 0, an electron is first transferred from the tip
into L*, and the additional negative charge on the molecule is removed by transfer
of an electron from one of the highest-energy occupied orbitals (i.e., a d-orbital) to
the substrate. The individual molecules in the tetramer are oriented with their axes
connecting the two central pyrazole moieties perpendicular to the surface, in the
direction of the tip. Denoting these axes as z, electron transfer from the molecule
to the substrate will predominantly be mediated by d.» and, to a lesser extent, by
d,. and d,, orbitals whereas no or little electron transfer will proceed via orbitals

in the corresponding zy-plane; i.e., d,2_,2 and d,,. At negative sample voltage, an

~y
electron is first transferred from an occupied d-orbital to the tip, following the same
rules, and the hole on the molecule is filled by transfer of an electron from the sub-

strate to the L* orbital of the cationic complex (Supporting Information, Figure 4.43).

If the incoming and the outgoing electrons in the described electron-in/electron-out
processes carry different spins, spin-state switching ensues. Taking the high spin
(S=3/2) state of Col at V > 0 as an example (Figure 4.41, top), a 3-spin electron is
first transferred to L*. This generates an anionic (Co') S=1 state which subsequently
releases an electron to the substrate. Among the occupied d-orbitals of Co!, the best
coupling is provided by d.» (see above) whence the electron is removed from it with
the highest probability. If it carries a (3 spin, an excited S=1/2 state of Co'! results
which rapidly relaxes to the LS ground state, completing the spin state switching
process.

As detailed in the Supporting Information, Figure 4.43, similar scenarios can be
conceived to account for HS—LS and LS—HS switching at negative sample voltages.
However, an analogous mechanism is much less probable for LS—HS transitions
at V > 0 (Figure 4.41, lower panel). In order to induce switching to S=3/2, the
spin has first to increase to S=1. This occurs through transfer of an « electron
from the tip to L* which is at lower energy than d,.. However, electronic relaxation
of the resulting Co' state leads to a configuration in which the additional electron
occupies d.2. As this orbital efficiently couples to the substrate the electron is rapidly

removed from the molecule, restoring the original spin state. In the unlikely event
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Figure 4.41: Schematic diagrams of the transitions from HS to LS (upper panel) and vice
versa (lower panel) at positive sample voltage. Up and down arrows represent a- and
[-spin electrons, respectively.

that an electron is removed from the d,. and d,. orbitals despite the d,2 state being
occupied, S=3/2 may be obtained. In summary, this scenario is consistent with the

experimental observation of a low LS—HS switching rate at V' > 0.

4.3.4 Conclusions

The present results illustrate that molecules assembled into nanoscale structures can
exhibit unusual spin crossover phenomena. In the present case, electron induced
spin state trapping (ELIESST) is observed from a tridentate Co compound that
is robust enough to enable detailed measurements of switching yields and image
contrast. We propose a first tentative model of ELIESST that takes into account the
orbital structure of the compound and qualitatively explains yield data. The results
further indicate that molecular interactions drastically affect the switching capability
of individual molecules. However, no decoupling layer is required to preserve the

memristive functionality of the molecules directly on a metal substrate.
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4.3.6 Supporting Information

Experimental details

Synthesis The ligand (HyB(pz)(pypz)) and the Co(IT) complex [Co((HoB(pz)(pypz)))s]
were synthesized according to the procedure reported by Ossinger et al. [84].

Experimental Details The Ag(111) substrate was prepared by cycles of Art sput-
tering (1.5keV) and annealing to 500 °C. [Co((H2B(pz)(pypz)))2] molecules were
sublimated from a heated crucible (~ 150 °C) onto the substrate at ~ 30°C. STM
tips were electrochemically etched from W wire and annealing in vacuo. All mea-
surements were carried out in ultra-high vacuum with a STM cooled to ~ 4.6 K.
The XPS setup consist of a regular X-ray source with Al anode source with an x-ray
power of 200 W (15kV) and a hemispherical electron analyzer (SPECS PHOIBOS
150). The x-ray source and the analyzer have a fixed angle of 90°. Infrared (IR)
spectra were recorded with a Bruker ALPHA-P ATR IR Spectrometer.

Theoretical Details Gas phase calculations were carried out with the ORCA
software package [95, 96]. The crystallographic structure of [Fe((HaB(pz)(pypz)))2]
(polymorph II) was used as a starting point [1]. Geometry optimizations were
performed with ORCA at the BSLYP [97-99] / def2SVP [100, 101] level with the
D3BJ dispersion correction [102, 103], the RIJCOSX approximation, fine numerical
integration grids (grid4 and gridX4 in ORCA nomenclature), and the CG solver.
The orbitals and their energy were calculated with ORCA at the B3LYP/def2-QZVP
[100, 101] level with the RIJCOSX approximation.
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4.3 SPIN CROSSOVER IN A COBALT COMPLEX ON AG(111)

One-electron process

Figure 4.42 shows that the switching rate evolves linearly with the magnitude of the
tunneling current. This evolution suggests that the switching mechanism involves
a single tunneling electron and motivates the definition of a switching yield as the

probability of an electron to induce a transition.
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Figure 4.42: Switching rates a from L to H and b H to L as a function of the tunneling
current at a sample voltage of -1.1V (green crosses). The solid lines are linear fits of the
data with slopes of a -0.37 and b -0.89 pA~!s~!. The error margins indicate three standard

deviations assuming Poisson statistics.
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Switching at V < 0

Figure 4.43 displays proposed mechanisms for the transitions between LS and HS at
negative sample voltages. Starting from the high-spin, S=3/2 state (upper panel),
an a-spin electron is first removed from the occupied orbital providing the best
coupling to the tip; i.e., d,2. Subsequently a (-spin electron is added to L*. As a
result, the spin of the complex is changed to S=1/2. Spin-allowed relaxation to
the LS state completes the spin switching process. In the low-spin, S=1/2 state at
negative sample bias, the d.» orbital is not occupied and the occupied d,2_,2 state is
ineffective because it is oriented parallel to the surface. Therefore, the electron is
most likely withdrawn from the d,. or d,. orbitals, generating a S=1 state. Next, an
a-spin electron is transferred to L*. This generates an excited S=3/2 configuration,

which relaxes to the HS ground state by a (spin-allowed) transition.
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Figure 4.43: Schematic diagrams of switching processes at negative sample voltage from
(upper panel) HS to LS and (lower panel) vice versa. Up and down arrows represent a-
and (-spin electrons, respectively.

80



4.3 SPIN CROSSOVER IN A COBALT COMPLEX ON AG(111)

Chemical analysis of sublimated Co complexes

To further ascertain the intactness of the molecules after sublimation, we performed
complementary x-ray photoelectron spectroscopy of ~ 1...3 monolayers (MLs) of
[Co((HyB(pz)(pypz)))2) sublimated onto Ag(111) prepared in situ. Overview spectra
acquired at room temperature are shown in Figure 4.44 for three different thicknesses.
The peaks are assigned to their respective core-levels. The relative intensities of the
Co 2py/2,3/2, N 1s and C 1s peaks are comparable for the three spectra, indicating
similar chemical compositions for 1, 2 and 3 MLs.
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Figure 4.44: XPS spectra of ~ 1 (blue), 2 (red) and 3 MLs (gray) [Co((H2B(pz)(pypz)))2]
on Ag(111) measured using an Al K, x-ray source. Two spectra at Co 2p; /2,372 edges
of ~ 3ML [Co((H2B(pz)(pypz)))2] on Ag(111) taken at room temperature (gray) and
100K (red) are shown in the upper-left inset. The upper-right inset is a zoom over binding
energies ranging from 200 to -5eV (3 MLs coverage). All spectra are normalized to the
intensity of the C 1s peak. Spectra of 1 and 2 MLs were acquired with 1eV energy steps
and a pass energy of 80eV, while the spectrum of 3 ML was measured with energy steps
of 0.25eV and a pass energy of 44 eV. The thicknesses have been estimated with a quartz
microbalance.

The atomic fractions of the 3 MLs sample are evaluated with CasaXPS [135] by com-
paring the weighted spectral areas after a Tougaard-type background subtraction and
are compared to the expected atomic fractions of the molecule. The experimentally
determined fractions (Figure 4.44), with associated uncertainties of a few percents,
are very close to the ones expected for the Co complex suggesting that the molecules
withstand adsorption on the Ag(111) surface.
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XPS measurements performed at 100 K (3 ML thick sample) shows no evolution of
the Co 2py/93/2 edges (upper-left inset to Figure 4.44), suggesting the absence of
thermal spin transition. Temperature is therefore expected to have no significant
direct influence on the spin-crossover properties of the Co tetramers in direct contact
with Ag(111).

Infrared spectroscopy

Figure 4.45 shows IR spectra recorded on [Co((H2B(pz)(pypz)))2] powder and on
a film upon sublimation. Both systems exhibit the same vibration modes. The
stability of the Co complex during sublimation is confirmed by the combination of
XPS and IR data. The former indicate that the elements are present in the correct
stoichiometry after sublimation while the latter show that the bonds between the

constituents are preserved.
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Figure 4.45: IR spectra of [Co((H2B(pz)(pypz)))2] powder (black) and thick film (blue).
For the thick film measurements, the Co complex was sublimated under a pressure of
1 x 10~2 mbar at a temperature of 180°C. The film was then scratched off the substrate

and measured similarly to the powder.

LS-HS Transitions: Calculated orbital scheme

In the main text and in the previous paragraph, the current induced transitions be-
tween the LS and HS states discussed using a generic model of the d-orbitals. Figures
4.46 and 4.47 present more realistic, calculated orbitals of [Co((HyB(pz)(pypz)))2)-
The molecular z-axes in the LS and HS states turn out to be different.
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In the HS state, the molecular z-axis connects the central pyrazole moieties. This

axis is also perpendicular to the substrate surface according to the model geometry

of the tetramers. Here, both d.» and d,»

_,2 orbitals along with the three #,, orbitals

at lower energy are occupied with a-spin electrons while two of the t5, orbitals are

occupied with S-spin electrons.
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Figure 4.47: Calculated spin-resolved

orbitals of [Co((H2B(pz)(pypz)))2] in the HS state.
gray. Co d-orbitals are shown in black.
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L denotes ligand orbitals displayed in gray. Co d-orbitals are shown in black.

In the LS state, the molecular z-axis is directed along one of the pyridine-terminal
pyrazole axes (Figure 4.47). The three to, orbitals d,,, d,v,» and d .. are occupied

by a- and §-spin electrons while the seventh electron occupies d.-.
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Irrespective of the re-orientation of the z-axis, the basic features of the model proposed
in the main text and in Figure 4.43 remain valid. Specifically, the highest-energy,
unoccupied d,2_,2 orbital of the LS has a lobe perpendicular to the surface and thus
effectively mediates electron transfer between the tip, the complex molecule and the
surface, similar to the role of the d,= orbital of the HS state. Likewise, the d.» orbital
of the LS state has lobes essentially parallel to the surface and thus poorly mediates
electron transfer, in analogy to the d,2_,» orbital of the HS state. Regarding the
toy orbitals of the LS state, the correspondence to the orbitals of the HS state is
obtained using the relations d,, — dy./, dy. — dy. and d,. — d,,y. While the
first of these orbitals is parallel to the surface and thus ineffective for the electron
transport, the latter two can mediate electron transfer albeit less effectively than d.,2
and d,2_,»2 in the HS and LS states, respectively.
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Spin-Crossover and Fragmentation of
Fe(neoim), on Silver and Gold

Chapter 5 is based on a publication in The Journal of Physical Chemistry Letters
from 2023. Reprinted with permission from:

S. Johannsen et al., “Spin-Crossover and Fragmentation of Fe(neoim), on Silver and
Gold”, J. Phys. Chem. Lett. 14, 7814-7823 (2023)
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5.1 Abstract

The neutral spin crossover complex Fe(neoim)sy, neoim being the deprotonated form of
the ionogenic ligand 2-(1H-imidazol-2-y1)-9-methyl-1,10-phenanthroline (neoimH), is
investigated on the (111) surfaces of Au and Ag using scanning tunneling microscopy
and density functional theory calculations. The complex sublimates and adsorbs
intact on Ag(111), where it exhibits an electron-induced spin crossover. However, it
fragments on Au. According to density functional theory calculations, the adsorbed
complex is drastically distorted by the interactions with the substrates, in particular
by van der Waals forces. Dispersion interaction is also decisive for the relative
stabilities of the low- and high-spin states of the adsorbed complex.
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5 SPIN-CROSSOVER AND FRAGMENTATION OF FE(NEOIM)y ON SILVER AND GOLD

The unexpected instability of the complex on the gold substrate is attributed to
enhanced covalent bonding of the fragments to the substrate.

5.2 Results and Discussion

Spin crossover (SCO) molecules are transition metal complexes with 3d*~" electronic
configurations that exhibit labile spin states, which are controlled by the geometry
and binding of the ligand shell. These complexes may find various applications
because switching between two spin states is induced by various external stimuli
including light, temperature, pressure, and current. Deposition on a substrate can
modify the SCO properties. To explore the substrate influence several compounds
have been deposited as ultrathin films [18, 21, 24, 30, 70-81, 121, 128, 136, 137].
Although fragmentation often is an issue [21, 23, 27-31, 82, 138], electron-induced
excited spin state trapping (ELIESST) and light-induced excited spin state trapping
(LIESST) have been reported from transport measurements [9-11, 13, 25, 32-37,
139-142] and scanning tunneling microscopy (STM) [2, 2022, 25, 38-43, 136].

The importance of dispersion interaction in the chemistry of various compounds is
well established [143-147]. It is further enhanced when molecules are adsorbed to
metal substrates, where, in simple models assuming pairwise forces, the interaction
energy decays only with the first power of the distance [148]. It can lead to significant
conformational changes [149] and also affect the stability of adsorbed complexes [150].
The ligand shell makes SCO complexes fairly bulky three-dimensional structures. As
a result, dispersion interaction is expected to play a significant role in understanding
the structure of complexes adsorbed to metal substrates.

Here we investigate the new pseudo-octahedral complex Fe(neoim), (Figure 5.1).
It comprises a new tridentate chelating anionic ligand (neoim)~, which affords
electroneutrality. The triple coordination bond per ligand makes the molecule more
robust for sublimation.

We find that the complex remains intact and functional on the Ag(111) surface.
In contrast to SCO complexes that involve (HyB(pyrazole)(pyridylpyrazole)), as
tridentate ligands [1-3], the present compound does not aggregate into oligomers
and experiments can be carried out on isolated molecules. Spin-crossover may be
induced via current injection from the tip of a scanning tunneling microscope (STM).
Control experiments with the homologous Ni(neoim),; compound, which has a very
similar pseudo-octahedral geometry but 3d® electron configuration, showed no SCO.
Astonishingly, however, the Fe(neoim), fragments on Au(111), a substrate that is

frequently used for its inertness. The experimental results are analyzed on the
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Figure 5.1: Schemes of the Fe(neoim)y compound in its low-spin state. Key: orange, Fe;
blue, N; gray, C; pink, H. Parts a and b show different perspectives. Yet another perspective
of the molecules, albeit somewhat deformed, because of binding to a Ag substrate, is shown
in Figure 5.6.

basis of extensive density functional theory (DFT) calculations. The calculations
reveal significant distortion of the adsorbed complexes compared with their gas
phase structures and also shed light on the unexpected catalytic activity of the gold
substrate.

Upon deposition of submonolayer amounts of Fe(neoim), on Ag(111) (= 0.17 molecules
per 100 nm?), we predominantly observed isolated molecules along with a few dimers.
Figure 5.2a displays a constant-current topograph of an Fe(neoim), complex along
with a profile of the apparent height in Figure 5.2c. We find two identical main
protrusions (height ~ 250 pm), each with a shallow extension in the direction per-
pendicular to the axis connecting the protrusions. The pattern suggests that the
complex adsorbs in a symmetric fashion that corresponds to the scheme shown in
Figure 5.1b with identical subunits of the neoim ligands pointing toward vacuum.
Since the imidazole subunits of the ligands likely bind most strongly with the substrate
atoms, we tentatively attribute the topographic maxima to the 2-methylpyridine
subunits. Their lateral distance nicely matches the distance between the two molecu-
lar maxima in topographs. From images of large surface areas, we found that the
axis connecting the molecular maxima deviates by ~ +10 or -10° from the closely
packed directions of the (111) surface.

The image contrast of the pristine molecules hardly varies in a range of sample
voltages (1.4V >V > -1.2V) so long as small currents (I ~10pA) are used. At
more elevated voltages, instabilities occur. At V > 1.4V, the molecules exhibit
random switching between their pristine and a new state as revealed by subsequent
imaging at nonperturbing voltages. Lateral hopping or rotation may also occur.
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Figure 5.2: Constant-current STM data from Fe(neoim)s and Ni(neoim)s on Ag(111). (a)
Topograph of Fe(neoim)sy in its pristine, as-deposited state. (b) Topograph of the same
molecule after a switching process. Bars indicate densely packed substrate directions. The
transition was induced by placing the STM tip above the center of the molecule at 300 mV
and 10 pA, opening the feedback loop, and increasing V to 2V for 200 ms. The topographs
of Fe(neoim)s were obtained with V' = 0.3V and I = 10pA. (c) Profiles of the above
topographs along the dashed lines. (d) Topograph of Ni(neoim)s. Image size: (3.5nm)2.
V =-0.2V, and I = 10pA.
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At V < -1.2V, the molecules may similarly switch to the new state or laterally move
away from the tip over distances exceeding 1 nm.

The new state (Figure 5.2b and height profile in part ¢) exhibits a lower symmetry.
In particular, one of the protrusions is &~ 40 pm higher and exhibits a fairly prominent
lateral extension. It may be stably imaged at low voltages. Some lateral motion
is induced beyond voltage thresholds of ~-0.6 and ~ 0.3 V. Switching back to the
original, more symmetric state is observed for slightly higher voltages (thresholds
~-0.9 and ~0.8 V). Telegraph noise of the tunneling current may be observed be-
cause the molecule under the tip may switch between the pristine symmetric and the
induced asymmetric state. It may also carry out reversible lateral hops. On a single
occasion, we were able to record a conductance spectrum (d//dV’) of a molecule in
the pristine state over a fairly wide voltage range without inducing instability. It
indicates the presence of an unoccupied state around 0.8 V which may be involved in

the switching process.

Fe(neoim), is a spin-crossover complex, and one may speculate that the different
STM images reflect different spin states. To experimentally test this hypothesis,
we synthesized and deposited Ni(neoim),; on Ag(111). The low-spin to high-spin
transition of Fe corresponds to the transfer of two electrons from the ¢y, states to e,
states (Figure 5.3). In Ni the t,, orbitals are fully occupied, and this transition is no
longer possible. Calculations for the Ni compound confirm this scenario. STM images
of Ni(neoim), (Figure 5.2d) are almost identical with those of pristine Fe(neoim)s.
However, attempts to induce the switching observed from Fe(neoim), were not suc-
cessful, although an extended range of voltages and currents was explored. These
observations strongly indicate that the observed switching of the Fe complex is

related to spin crossover.
The free complex is chiral, with the enantiomers differing by a 180° rotation of one

of the ligands. Close inspection of Figures 5.4a and 5.4b shows that this chirality is
visible on the surface.
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Figure 5.3: d-Electron configurations of the Fe and Ni.
Pristine Switched

Figure 5.4: Constant-current topographs of Fe(neoim), enantiomers on Ag(111).
Enantiomers in their pristine states. (¢, d) Corresponding switched states. Image size:
(3.6nm)%, I = 10pA. V = —0.4V (a), and —0.5V (b-d).
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The shallow extensions oriented perpendicular to the main molecular axis are ar-
ranged in two mirror-symmetric fashions. Models of the enantiomers are shown in
the Supporting Information. The chirality of the molecules is also observed in images
of the switched state (Figures 5.4c and 5.4d).

Several studies pointed out that SCO compounds, intact in the gas phase or adsorbed
on semiconducting or semimetallic surfaces, fragment upon adsorption on Au(111)
[19, 23, 27, 29, 30]. This trend was rationalized by higher van der Waals forces on
metallic surfaces compared to that on semiconducting and semimetallic surfaces [23].
How adapted is Au(111) as a metal substrate for SCO complexes? Is it the most inert
surface of the coinage metals? Surprisingly, deposition on the Au surface leads to
fragmentation of the Fe(neoim), complex. The overview image in Figure 5.5a shows
that a range of different features are observed in contrast to the case of Ag(111),
where almost exclusively monomers and a few dimers were found. More details of
the fragments are listed in Figure 5.5b. Overlaid scaled models of neoim ligands
show some similarity with the fragments although additional features, possibly due
to Fe or Au atoms, are resolved.

The fact that the noble metal Au is a more efficient catalyst for cracking Fe(neoim),
than Ag(111) appears astonishing. However, it is known that relativistic effects
significantly affect the chemistry of Au atoms. For example, covalent bond lengths
are reduced compared to Ag, and an oxidation state III may be formed [151, 152].
Further discussion in light of DFT calculations may be found below.

We performed DFT calculations to model the interaction of Fe(neoim) with Ag(111)
and Au(111) substrates. For comparison, additional calculations were carried out
for Ni(neoim),. Computational details are presented in the method section. In view
of the complexity of the system, we nevertheless present some technical aspects
related to the choice of functional here. The electronic and geometric structures of
the molecule in contact with the silver substrate will be detailed next. Finally, the

fragmentation of the molecule on the gold substrate is analyzed in some detail.

Although quantum chemistry wave function-based methods have been used for the
study of transition metal complexes, in the case of spin crossover molecules in
particular when deposited on a surface, DFT is the only possible choice due to
its superior computational efficiency. However, standard DFT functionals (LDA,
GGA) fail to describe the energetics of SCO molecules and one faces the "functional
dilemma" [153].
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In particular, the delicate energy balance between LS and HS states AF = Erg— Fys
is poorly reproduced, with the stability of the LS state being greatly overestimated.

Figure 5.5: (a) Overview topograph of a 1200 nm? area of Au(111) after the deposition
of Fe(neoim)z. The color scale (inset) covers a range of 350 pm. (b) Topograph of
fragments along with models of neoim ligands that approximately match some image
features. Additional protrusions may be due to Fe atoms from the original molecules or
Au atoms from the substrate that are binding to the ligands. V = —0.5V, I = 10pA.

Two approaches are often used to alleviate this problem, namely (i) the DFT4+U
scheme, where an Hubbard-like Hamiltonian treated in mean field is added, or (ii)
the hybrid functional approach, where a portion of exact exchange is included to the
exchange correlation functional. In DFT+U, the Coulomb interaction potential U

is often treated as a parameter that is adjusted to match a quantity that is poorly
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reproduced by standard DFT. In the case of SCO molecules, U is adjusted to obtain
a reasonable value of AE [73, 154]. Attempts to determine U ab initio from a linear
response approach were not very conclusive. Hybrid functionals usually include a
fixed fraction of exact exchange o = 0.25, however this ratio has proven to be too
large (favoring HS states) to describe the energetics of SCO correctly [153, 155].
Typical values of @ = 0.15 have been proposed in the literature [155, 156]. In the
case of Fe(neoim),y, we verified that o = 0.15 is a reasonable value, but « needs to
be adjusted upon inclusion of van der Waals (vdW) forces. van der Waals forces are
crucial to describe the interaction between the molecule and the surface, therefore it
is mandatory to include them in the calculation. We used the HSE06 functional [157,
158] with @ = 0.17 and Grimme DFT-D3 dispersion correction [102] of the energy
and forces including only pairwise 2-body terms. With these parameters, the energy
difference AE between S=0 and S=2 is AE = —0.075¢V.

Fe(neoim), follows the general rule of filling of the d states, with in its LS state
the ty, orbitals being filled while the e, are empty (t5,, €)). However, even in the
LS state, the octahedral environment of the iron center is significantly distorted,
which implies that there are deviations from the perfect t5; — e, picture illustrated
in Figure 5.14, where the density of states projected on the Fe-d orbitals is presented.
The 3-fold (2-fold) degeneracy of the to, (e,4) orbitals is strongly lifted, and there are
delocalized (LUMO) ligand states 2 eV above the ¢y, states (HOMO). In the high spin
state (S=2), both t5, and e, orbitals are partially filled (t3,, ¢2). Consequently, the
energy levels of the iron ion are rearranged, but the positions of the LUMO (ligand)
states remain almost unchanged and are hardly affected by the spin polarization of

the iron.

Motivated by the experimental STM observations, we have defined three plausible
adsorption geometries of Fe(neoim)y; on Ag(111). In the "pyris" configuration (Figure
5.6) both imidazole groups are in contact with the substrate, and the pyridine
subunits point toward a vacuum. In configuration "imi-pyri" ("imiy") one imidazole
and one pyridine (both imidazole) subunits are oriented toward a vacuum; i.e.,
they may be obtained by rotations along the axis pointing out toward the reader.
Structural optimization of these starting geometries was performed for the LS and
HS states.
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We observed that slight modifications of the starting geometry lead to different final
geometries with energies that generally differ by less than +0.03 eV.

HS A LS
pyridine pyridine pyridine pyridine

Figure 5.6: Side view of an Fe(neoim)s molecule on Ag(111) in its pyria configuration
for both HS (left) and LS (right) states as obtained from DFT optimization. A width
parameter, A, and the height, h of the Fe center above the surface are indicated.

These various final geometries are most likely a consequence of a flat and complex en-
ergy landscape of the adsorbed molecule. Variations of energies lower than +0.03 eV
between closely related structures are not trusted. In the following, we will essentially

focus on the most symmetric geometries of configuration pyris.

Table5.1 summarizes the total energies for the different configurations in the LS
and HS states. Configuration pyris is the most favorable geometry with an energy
significantly lower than that of other configurations (by 400 meV or more).

spin state | pyrig | imi-pyri | imis
LS 0.200 | 0.611 | 0.734
HS 0.000 | 0.395 | 1.109

Table 5.1: Total energies (eV) of the three adsorption configurations of Fe(neoim)s on
Ag(111) relative to the total energy of pyris in its HS state.

A comparison of the adsorbed structure to the geometry of the isolated molecules
reveals a drastic flattening of the molecule. This distortion is enabled by two factors.
First, the imidazole groups are more flexible than the methyl-pyridine subunits.
Second, the distortion allows for a substantial gain in the vdW energy. Indeed,
further analysis of the energetics shows that the vdW interaction is the main source

of differences between the three configurations, in the LS or HS state.
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In addition, the vdW interaction is also essential for stabilizing the HS state with
respect to the LS state. This effect is due to the greater flexibility of the former state
in configuration pyri,, which leads to stronger flattening and consequently a larger
gain in vdW energy (Figure 5.6). The flattening may be quantified by defining a
ligand distance A between the center of two hexagonal pyridine rings of the opposite
ligands. We also define a height h between the outermost surface plane and the Fe
atom. h is not directly related to the experimental data but is an indication of the
strengths of the molecule-surface interaction in different structures. We find A = 0.63
(0.56) nm and h = 0.42 (0.46) nm for the HS (LS) states in the pyris configuration.

The switching of Fe(neoim), on Ag(111) observed in the STM experiments is most
likely related to spin crossover, as no conformation change was observed for the
analogue Ni compound, which has no spin transition (see Section on Ni(neoim)s).
We propose that the pristine, as-deposited state corresponds to the HS state, given
that the calculated energy of the HS molecule is 200 meV lower than that of the LS
molecule (configuration pyrip in Table 5.1). This assignment is also qualitatively
consistent with the observed increased mobility of the switched state.

We investigated the electronic structure of the adsorbed molecule by calculating the
density of states projected on the atomic orbitals of Fe(neoim), on silver in the HS
and LS states (Figure 5.7). As expected from the electronic structure of the isolated
molecule, a broad peak is observed above the Fermi level, which originates from the
LUMO ligand state and its hybridization with the substrate. This ligand state is
almost insensitive to the Fe spin, and consequently, the LS and HS states are very
similar. Below the Fermi level, the HS state exhibits a narrow Fe-d resonance that is
absent from the LS complex.

Due to the large distance between the Fe ion and the STM tip and the rapid decay
of d-orbitals, the Fe d states are not expected to contribute much to the STM images.
The tunneling current is more likely to involve the ligand orbitals, which exhibit
minor variations upon spin crossover. The calculated electronic structures therefore
suggest little contrast change between STM images of HS and LS molecules, in
agreement with the experimental observations. The molecule exhibits an apparent
height of ~ 250 pm in both the pristine and switched state over a fairly large voltage
range (-1.2V <V < 1.4V, Figure 5.2¢).

Calculations of Ni(neoim)s were performed with the same hybrid functional and
Grimme DFT-D3 correction as those used for Fe(neoim)s.
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Figure 5.7: Projected density of states on Fe-d (red) and C-p (black) orbitals of Fe(neoim)s
adsorbed on Ag(111) in the HS (full line) and LS (dashed-line) states. A broad C-p peak is
present = 0.7 eV above the Fermi level in both cases. Near -1¢eV, a narrow peak originating
from the Fe-d orbitals is found in the HS state.

As expected, Ni(neoim)s does not exhibit spin crossover, the S=1 state being
more than 1eV more favorable than the S=0 solution. The electronic spectrum of
Ni(neoim), exhibits a LUMO that is delocalized over the ligand, just like Fe(neoim)s.
However, the HOMO states are also of ligand character, in clear contrast to that
of HS Fe(neoim),. The filled Ni-d states are slightly below the HOMO state, while
the empty Ni-d states are above the LUMO ligand states. When deposited on
Ag(111) from the starting configuration pyris, the optimized geometry is almost
identical with that of Fe(neoim),. In particular, its width of A = 0.62nm is very
close to the value calculated for HS Fe(neoim),. The projected density of states
(Figure 5.8) is also very similar to that of Fe(neoim),, characterized by a domi-
nant contribution of the LUMO ligand states in the same energy range. Hence,
the STM image at positive sample voltage is mainly due to these states and an

image very similar to the case of Fe(neoim), is expected and experimentally observed.

This section addresses the interaction of intact Fe(neoim)s and fragments thereof

with gold and silver substrates.
We first performed a structural relaxation of Fe(neoim), on Au(111) starting from the

optimized configuration pyris obtained on Ag(111). The resulting relaxed geometry

is very similar to that obtained on the silver substrate.
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The distance h between the gold surface and the iron atom is smaller by 4 pm
reflecting a stronger interaction with the gold substrate. The calculated adsorption
energy is 0.7¢eV larger on gold (3.7¢eV) than on silver (3eV).
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Figure 5.8: Projected density of states on Ni-d (red) and C-p (black) orbitals of Ni(neoim ),
adsorbed on Ag(111). A broad C-p peak is present around 0.7 eV above the Fermi level, as
previously found for Fe(neoim)s.

We then considered a Fe(neoim), molecule that was split into two separate fragments,
namely, a bare ligand and a ligand that was still connected to the iron atom (Figure
5.9). The final relaxed configurations on Au and Ag are similar, but the average
distance between the fragments and the surface distance is slightly smaller on Au.
The iron is moved away from the average plane of the ligand approaching the sub-
strate and hence hybridizes with a substrate atom as well as with two N atoms. the
most salient result is the difference between the total energies of the intact molecule
and its fragments. On Ag, the intact molecule is more stable than its fragments by
0.25 eV while on Au, the balance is reversed to -0.32eV. In other words, assuming a
sufficiently low kinetic barrier, fragmentation is predicted on Au(111) in agreement
with the experimental finding. The calculated stability of the complex on Ag(111) is
also in line with the data.

To trace back the origin of the fragmentation, we consider the case of a single ligand,

connected (Fe-ligand) or not (ligand) with an iron atom, deposited on a gold or silver

substrate.
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Figure 5.9: Top-view of the adsorbed geometry of fragmented Fe(neoim)s on silver. The
structure on gold is virtually identical.

We relaxed the individual ligand and the Fe-ligand on Au and Ag surface and
subsequently shifted the fragment in the z direction perpendicular to the surface (all
other atomic positions being fixed) and calculated the adsorption energy for a series
of z values around the equilibrium position (z = 0):

Ead<z) = Eligand/M - Eligand — Em (51)

Here Ejigana and Eyp are the total energies of the ligand (or Fe-ligand) and the metal
surface separated and Ejigana/m is the total energy of the combined system of the
ligand and the substrate. Since the Grimme DFT-D3 method used is a pairwise
additive correction, a vdW contribution to the adsorption energy may also be defined.
Figure 5.10 displays the adsorption energy as a function of z for the ligand and
Fe-ligand adsorbed on Ag(111) and Au(111). The interaction is clearly stronger with
the gold substrate, and this difference is much more pronounced for the Fe-ligand,
the adsorption energy being 1.1eV larger for the Fe-ligand on Au and 0.32€V larger
for the isolated ligand. Fe(neoim), would not fragment without the vdW interaction
because a strong vdW-energy gain occurs for ligands lying flat on the substrate.
While the vdW contribution represents approximately half of the total adsorption
energy of the intact complex, the different fragmentation behavior also stems from the
distinct electronic structures of Ag and Au. To further analyze these results, we first
present the ligand-substrate charge transfer and then quantify the Fe-ligand-substrate
bond strength.
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Figure 5.10: Calculated adsorption energy of the ligand (left) and the Fe ligand (right)
on Ag and Au (111) surfaces as a function of the ligand-surface distance. The vdW
contribution (Grimme DFT-D3) to the adsorption energy is also shown.

Some insight into the origin of the fragmentation may be obtained from the charge
transfer between the metal surfaces and the adsorbed ligands, which are slightly
closer to the Au substrate, as mentioned above. A similar analysis of adsorbates on

coinage metals was previously presented in ref [159].

To characterize the charge rearrangement at the interface we use the charge density

difference

0p(, Y, 2) = Pligand/M — Pligand — PM (5.2)

where piigana and py are the charge densities of the ligand and the metal separated but
with the geometries of the adsorbed state, and pjigana/m is the density in the combined
system of the ligand and the substrate. Figure 5.11 shows isosurfaces of dp(z,y, z)
and reveals some charge accumulation between the ligand and the Au surface. For a
more quantitative analysis, we integrated dp along the direction perpendicular to
the surface, Ap(2) = [, 0p(z,y, 2)dzdy (Figure 5.12). The charge rearrangement
on Au (red curve) is significantly larger than that on Ag (black curve). The largest
effect is electron accumulation in the gap between the ligand and the surface. It
reflects a singly occupied molecular orbital (SOMO) of the ligand delocalized over
the carbon atoms (see Figure 5.15). A Mulliken charge analysis further confirms this
result and reveals a larger electron donation from the metal to the ligand on gold
(0.73 ¢) than that on silver (0.24 ¢).

This large charge transfer is at the origin of the slightly larger interaction with gold;
the amplitude of this effect, however, is not sufficient to explain the fragmentation.
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Figure 5.11: Side view of an isosurface of the charge density difference (0.01¢/A3) for
the ligand adsorbed on Au(111). Cyan areas show increased electron density; violet areas
indicate depletions.
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Figure 5.12: Integrated electron density p(z) along the direction perpendicular to the
surface of the ligand.

100



5.2 RESULTS AND DISCUSSION

Finally, we consider the interaction between the Fe-ligand and the metallic substrate.
When isolated, the Fe-ligand exhibits several magnetic states (S=3/2, S=2 and
S=5/2), the most stable being S=3/2. When deposited on the metallic surface
the iron atom tends to move away from the plane of the ligand toward the surface.
In this configuration, the Fe-ligand adopts a different state close to S=2. The
total magnetization is slightly larger on Ag (3.91 up) than on Au (3.74 up) as a
consequence of a stronger interaction with the gold surface and a shorter iron-surface
distance (= 5pm reduction). The stronger Fe-Au interaction compared to Fe-Ag is a
direct consequence of the much wider d-band of Au and the larger density of occupied
electronic states between -3.5 and -1eV. This very different electronic structure for
two elements with the same band filling and lattice parameter can be traced back to
the relativistic nature of gold [160, 161], which has consequences for various chemical
[161] and physical [162] properties of this element. More specifically, it was shown in
ref [163] how the different interface properties between Fe-Ag and Fe-Au can affect
the shape of core-shell nanoparticles. To quantify the strength of Fe-Au and Fe-Ag
interactions, we performed calculations of the adsorption energy of an Fe atom on
Ag(111) and Au(111). Figure 5.13 shows that the interaction with the gold surface
is stronger over the whole range of distances. In particular, the interaction energy
is 0.6 eV larger at the equilibrium distance. This confirms the essential role of the
Fe-Au interaction in the fragmentation mechanism. This strong Fe-metal interaction
is also made possible by the shape of the ligand that adsorbs flat on the surface,

optimizing the vdW interaction with the substrate.

Using the tridentate chelating ligand neoim, we synthesized the neutral and sublimable
complexes Fe(neoim), and Ni(neoim),. Scanning tunneling microscopy shows that
the molecules remain intact on Ag(111) but fragments on Au(111), presumably by
splitting off one of the neoim ligands. Electron-induced spin crossover (ELIESST) is
achieved from the Fe complex while the Ni analogue is passive as expected. DFT
calculations reproduce important aspects of the experimental data. They highlight
the importance of van der Waals interactions for the molecular geometry and the
relative stabilities of the spin states. In particular, the S=2 state of Fe(neoim), is
stabilized by the combined effects of greater flexibility of the ligand shell and vdW
forces. The experimentally observed fragmentation on Au and the stability on Ag
are also found in the calculations, which show that the bonding of the fragments to

Au is stronger and involves electron accumulation at the ligand-substrate interface.
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Figure 5.13: Calculated adsorption energy of an Fe atom in an fcc position on Ag and Au
(111) surfaces as a function of the Fe-surface distance.

The present work shows that 3D complexes on surfaces require a fresh look at the
significance of van der Waals interactions and the reactivity of coinage metals.

5.3 Methods

The ligand Hneoim and the complex Fe(neoim), were synthesized as described else-
where [164]. The homologous Ni(neoim), derivative was synthesized by following the
same procedure. To a solution of neoimH (1000 mg, 3.8 mmol) in MeOH (20 ml),
was added Ni(BFy4)2-6H20 (650 mg, 1.9 mmol). The resulting yellowish solution was
refrigerated (4 °C) overnight, and the plate-like yellowish crystals that formed were
filtered off, air-dried, and suspended in a mixture of aqueous NHjz, 25% (30ml),
and CHCl3 (100 mL). The yellow-colored organic layer was separated, and the aque-
ous phase was extracted three more times with chloroform (in portions of 50 mL
each). The organic solutions were combined, dried over MgSQOy, and evaporated to
dryness, producing a yellow powder of the complex. Yield is 850 mg, 74 %. Anal.
Calcd for C34HogNgNi: C, 67.24; H, 4.65; N, 18.45. Found: C, 67.12; H, 4.33; N, 18.12.

Aiming at characterizing the molecular structure of this complex through X-ray
diffraction studies, yellow plate-like single crystals of [Ni'l(neoim),]-1.3H,0-2.3CHCl3
were obtained by slow diffusion of hexane vapors into solutions of Ni'f(neoim),

in chloroform previously prepared from microcrystalline powders of Nill(neoim)s,,
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ca. 100mg, dissolved in 7mL of boiling CHCI; and filtered. Anal. Calcd for
C34.30H26.97C16.90N8Ni01‘33I C, 4699, H, 3037 N, 12.79. Found C, 4652, H, 303, 1\]7
12.65.

Single crystals of [Ni''(neoim),]-1.3H,0-2.3CHCI3 were mounted on a glas fiber by
using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the
cold nitrogen stream for data collection. X-ray data were collected on a Supernova
diffractometer equipped with a graphite-monochromated Enhance (Mo) X-ray Source
(A =0.71073 A). The program CrysAlisPro, Oxford Diffraction Ltd., was used for
unit cell determinations and data reduction. Empirical absorption correction was
performed using spherical harmonics, implemented in the SCALE3 ABSPACK scaling
algorithm. The structures were solved by direct methods using SHELXS-2014 and
refined by full matrix least-squares on F2 using SHELXI.-2014 [165]. Non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were placed in calculated po-
sitions refined using idealized geometries (riding model) and assigned fixed isotropic
displacement parameters. CCDC 2260044 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge from the

Cambridge Crystallographic Data Centre via www.ccde.cam.ac.uk/data_request/cif.

DFT functional modeling has been performed with QuantumATK-T-2022.03 [106,
107] using the norm conserving pseudopotentials [166] and a medium basis set. For
all calculations we used the HSE06 hybrid functional [157, 158] with a fraction of
exact exchange a adapted to the Fe(neoim), molecule such that the energy difference
AFE = FEps— FEys is of the order of -0.1 eV. van der Waals interaction has been included
via the Grimme DFT-D3 dispersion correction adapted to the HSE06 functional.
For the modeling of the molecule on a metallic substrate we considered a three-layer
(6x6)M(111) surface cell (M = Ag or Au). Geometry optimization was performed
at the I' point until forces were below 0.01eV/ A, while total energies and electron

densities were calculated with 5x5 grid of k-points.

Ag(111) and Au(111) surfaces were prepared by cycles of Ar' sputtering (1.5keV)
and annealing to ~ 500 °C. Fe(neoim), and Ni(neoim)s molecules were sublimated
from a heated crucible (= 130°C) onto the substrates at ~ 20°C. STM tips were
electrochemically etched from a W wire and annealed in vacuo. Usually, the tips
were indented into the substrate until a stable tip was achieved. The measurements
were carried out with a cryogenic (= 4.6 K) STM (Createc) in ultra-high vacuum

(base pressure lower than 1.2x107'% mbar).
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5.5 Supplementary Information

5.5.1 DOS of Isolated LS Complex Projected on Fe-d states

Figure 5.14 presents the density of states of an isolated LS Fe(neoim), complex

projected onto Fe-d orbitals. to, — €, splitting is evident. In addition, weak features

are visible around 1€V and -3eV. They are due to ligand states that couple weakly

to the iron ion as indicated by the spatial distributions of the states. In particular,

the states at -3 eV are localized to nitrogen and the imidazole group while the 1eV

states are delocalized over all carbon atoms of the ligand except the imidazole group.

These states play an important role since they provide the main current contribution

at positive voltages in the experiments.
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Figure 5.14: Projected Fe-d density of states of gas phase LS Fe(neoim)s molecule and

spatial distributions of the electron density of some molecular orbitals.

tog states are

shown in red and e, states in blue. The ligand and imidazole states have major C and N

components (not shown) and a small Fe-d component.
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5.5.2 DOS of an Isolated LS Complex Projected on C-p, states

Figure 5.15 shows the density of states of the isolated ligand (C16H11Ny) projected
onto C-p, orbitals. The ligand contains an odd number of valence electrons (95)
and hence the HOMO state is a singly occupied molecular orbital (SOMO). When
deposited on silver or gold the SOMO molecular state gets partially filled.

2“0 77—

)
=
T
|

SOMO

PDOS (1/eV)
8
T

Top view
Side view P

Figure 5.15: Projected C-p, density of states of gas phase ligand and the spatial distribution
of the SOMO wavefunction. Blue and violet indicate positive and negative signs of the
wavefunction.

5.5.3 Stability of Fe(neoim), Toward Charging

To evaluate the stability of Fe(neoim ), with respect to negative charging we performed
a series of molecular dynamics simulations of an isolated Fe(neoim)s molecule with
various charges. Interestingly, we found that the molecule explodes above a threshold
charge of 0.80 e. While this scenario is not a faithful representation of the adsorbed
molecule, it may be viewed as a hint toward a possible fragmentation mechanism.
Indeed, the fragmentation occurs on gold, i.e. the substrate that donates more
electrons to the molecule, but not on silver.
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5.5.4 Mobility and Telegraph Noise of Fe(neoim),

oY)
)O'

— switched ristine
E/ 0.32 » E 0.36 L P
) )
T o022} . . 20521 : .
0 10 20 0.0 7.5 15.0
Time (s) Time (s)
C

Figure 5.16: (a) Time-series of the constant-current height measured above a Fe(neoim)s
complex in the spin-switched state. Data recorded at 600 mV and 10 pA. These parameters
lie below the threshold for spin switching. The observed two-level fluctuations are due to
rotation or small lateral shifts of the molecule. (b) Similar time-series from another complex
recorded at 800 mV and 10 pA. Initially, switching is due to geometrical changes. After
~ 7.5s, spin-switching to the pristine state occurs. The pristine state being more stable,
no further height changes occur over an interval of 8s. (c) Constant-current topograph
(V =300mV, I = 10pA) of a molecule probed in (b), recorded before the time series.
The molecule is in the spin-switched state. Image size: 3.5x3nm?. (d) Topograph of the
same complex recorded after the time series. The complex is in the pristine state and has
laterally moved compared to its original position in (c).
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5.5.5 d//dV Spectrum of Fe(neoim),

Figure 5.17 shows a dI/dV spectrum of a Fe(neoim), complex that was in its pristine
state before recording the data. These data have only been observed once whereas
usually the elevated voltages used caused instabilities. Apparently, an unoccupied
state around 0.8V is present. The small feature near 0.08 V is larger than the
experimental noise but we cannot exclude that it is due to the electronic structure of
the tip.

(0]
T

dl/dV (arb. units)
N

o
T

-1 0 1
Sample Voltage (V)

Figure 5.17: dI/dV spectrum of a Fe(neoim)y complex recorded at a constant height
determined by V = —1.4V and I = 25pA prior to disabling current feedback.
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5.5.6 Crystal Data for [Ni'"(neoim),]

Empirical formula 034_30H26_97N801_33016.90Ni
Mr 875.88
Crystal system triclinic
Space group P-1
a (A) 11.9235(12)
b (A) 12.1727(12)
c (A) 13.8799(13)
a (°) 76.846(3)
B (°) 88.317(4)
v (%) 79.523(4)
V (A3) 1928.8(3)
Z 2
T (K) 124
D. (mg cm™3) 1.508
F(000) 889
w(Mo-K,) (mm~1) 1.022
Crystal size (mm) 0.02x0.02x0.04
No. of total reflections [l > 20(1)] 6875
R [l > 20(1)] 0.1067
wR [l > 20(1)] 0.2782
S 1.152

Table 5.2: Crystal data for [Ni'!(neoim)z] - 1.3H20 - 2.3CHCl3 at 124 K.

o SlIFo| ~ |Fe|
> |Fol
WR — S w(Fo? — Fc?)? 12
> w(Fo?)?
1
S

~ 0%(F0%) 4 (mP)2 +nP’

P Fo? +2F¢?
3
where m = 0.0660 and n = 33.7252.
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5.5.7 Selected Bond Parameters of Ni(neoim),

Experiment | Calculation

Ni-N(1) 2.276(6 2.28
Ni-N( 2.004(6 2.00
Ni-N( 2.094(6 2.06
Ni-N( 2.276(6 2.29
Ni-N( 2.010(6 2.00
Ni-N( 2.095(6 2.06
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Table 5.3: Experimental bond lengths [A] and angles [°] for [Ni'!(neoim)z] - 1.3H20 - 2.3CHCI; at 124 K
along with calculated (DFT) values for free [Ni'f(neoim)].
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5.5.8 Selected Bond Lengths of Fe(neoim), (DFT)

HS LS
Fe-N(1) 2.34 | 2.05
Fe-N(2) 2.09 | 1.89
Fe-N(3) 211 | 1.94
Fe-N(5) 2.35 | 2.0
Fe-N(6) 2.09 | 1.89
Fe-N(7) 211 | 1.94
N(1)-Fe-N(2) | 73.24 | 80.90

( (2)

( (3) | 14856 | 160.98
( (5) | 94.53 | 94.32
( (6) | 110.04 | 106.04
( (7) | 86.52 | 89.77
( (3) | 76.79 | 80.14
( (5) | 109.19 | 106.32
(2)-Fe-N(6) | 176.03 | 169.85
( (7)

( (5)

( (6)

( (7)

( (6)

( (7)

( (7)

101.42 | 92.67
86.42 | 89.59
100.32 | 92.96
108.74 | 92.57
73.11 | 80.89
148.34 | 160.97
76.83 | 80.12

Table 5.4: Calculated (DFT) bond lengths [A] and angles [°] for free [Fe'' (neoim).]
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5 SPIN-CROSSOVER AND FRAGMENTATION OF FE(NEOIM); ON SILVER AND GOLD

5.5.9 ORTEP Representation of [Ni''(neoim),]

c27

C24

C13

C12

c11

Figure 5.18: ORTEP representation of [Nil!(neoim)s]-1.3H50-2.3CHClI3 at 124 K. Thermal
ellipsoids are represented at 50% probability. Water and chloroform molecules have been
omitted.
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5.5.10 Models of Ni(neoim), enantiomers

Figure 5.19: (a,b) Models of the enantiomers of [Ni(neoim)s]. The structures from bulk
crystals are shown. The orientation chosen corresponds to a side view of the adsorbed
molecules. Any distortions caused by the adsorption are not included.
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Spin-crossover of complexes on
Cu(111) evidenced by spin-flip
spectroscopy

Chapter 6 is based on a manuscript and supporting information prepared for
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wrote the manuscript with input from all authors. All authors discussed the results.
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6.1 Abstract

Spin-crossover compounds can be switched between two stable states with different
magnetic moments, conformations, electronic, and optical properties, which opens
appealing perspectives for technological applications including miniaturization down
to the scale of single molecules. Although control of the spin states is crucial their
direct identification is challenging in single-molecule experiments. Here we investigate
the spin-crossover complex [Fe(HB(1,2,4-triazol-1-yl)3)2] on a Cu(111) surface with
scanning tunneling microscopy. Spin crossover of single molecules in dense islands
is achieved via electron injection. Spin-flip excitations are resolved in scanning
tunneling spectra in a magnetic field enabling the direct identification of the spin
state (S=2) and the transitions (ms; = —1 — —2 and 0 — 1) involved.
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6.2 Introduction

Spin-crossover (SCO) compounds are transition-metal complexes that can be switched
between a low-spin (LS) and a high-spin (HS) state using various external stimuli
such as temperature, light, and electrical current [167]. The spin-state transition
is associated with a change of the molecular conformation and of the electronic
and optical properties making such systems attractive for applications such in data
storage, displays, and sensors [168], possibly on the scale of single molecules [18, 169].
Along this line, ultrathin films of SCO compounds have been fabricated by thermal
evaporation under vacuum [121] and investigated [18, 21, 24, 30, 70-81, 121, 128, 136,
137]. Examples of successful electron and light induced excited spin state trapping
(ELIESST, LIESST) have been reported from transport measurements [9-13, 32-37]
and scanning tunneling microscopy (STM) [1-4, 20-22, 25, 38-43, 136].

SCO complexes in direct contact with surfaces have attracted much interest but
direct proof of single molecule SCO is difficult to obtain. The absence of switching
of analogue Ni or Zn complexes [1, 4], where no SCO is expected, has provided
indirect evidence in the case of Fe compounds. Comparisons with the results of
density functional theory calculations, which predict different geometries and frontier
orbital energies for the high and low spin states have also been used. Finally, the
observation of a Kondo resonance, which signals the presence of a localized spin,
has been employed.[21, 38, 39] In the case of Fe(Il) complexes only the HS state
carries a magnetic moment and can lead to this effect. However, the Kondo effect is
only observed when the coupling of the molecular spin and the conduction electrons
happens to be suitably strong. A spin-state readout that is directly related to the

magnetic moment of the metal-ion remains desirable.

Here we investigate the SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)s] on a Cu(111)
surface with STM. Individual molecules in large monolayer islands are switched by
injecting electrons. Tunneling spectra of the molecule in the HS state exhibit steps
that shift in a magnetic field. These inelastic features reflect spin-flip excitations

that represent direct information on the molecular spin state.

6.3 Results and Discussion
6.3.1 Self-assembly on Cu(111)

The investigated [Fe(HB(1,2,4-triazol-1-yl)3)s] complex (Figure 6.1a) composed of
two identical tridentate ligands, exhibits a transition temperature of ~ 334 K in the
bulk material [170]. As common for Fe(II) complexes in an octahedral ligand-field
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geometry, the electronic configuration in the LS and HS state leads to a total spin of
S=0 and S=2, respectively (Figure 6.1b). Thin films (20 — 200 nm) of this compound
prepared via sublimation in vacuum are of high quality, crystallize upon exposure to
water vapor, and essentially exhibit the same transition temperature as bulk samples
[171].
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Figure 6.1: a Molecular structure of the complex [Fe(HB(1,2,4-triazol-1-yl)3)2]. b Schematic
representation of the 3d orbitals for an Fe(IT) (3d®) complex in an octahedral ligand field.
Blue (red) arrows indicate the orbital occupations with paired (unpaired) spins for low-spin
(LS) and high-spin (HS) states. ¢ Overview STM topograph (0.2V, 5pA, 30 x 25nm?) of
a [Fe(HB(1,2,4-triazol-1-yl)3)2] island on Cu(111). The apparent height of the layer with
respect to the Cu substrate is 220 pm. In addition to the molecular contrast, bright stripes
with an apparent height of ~ 30 pm are observed.

Upon sublimation of submonolayer amounts of [Fe(HB(1,2,4-triazol-1-yl)3)s] on
Cu(111), the molecules self-assemble into large islands, typically ~ 20 nm wide and
~ 40 — 80nm long with an apparent height of ~ 220pm at 0.2V (Figure 6.1c).
The islands exhibit bright stripes with a periodicity of ~ 3nm. It seems that the
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molecules have an epitaxial relation with the substrate, as observed for the complex
[Fe((3,5-(CH3)2Pz)3BH)s] on Au(111) [73]. The stripes are likely due to misfit dislo-
cations to release the strain within the layer caused by lattice mismatch.

Figure 6.2a shows a smaller area of the molecular layer on Cu(111). A regular
arrangement of circular protrusions is observed along with fuzzy areas parallel to
the top-left to bottom-right diagonal of the image. The protrusions and fuzzy areas
correspond to individual molecules and the stripes, respectively (discussed above).
To gain more information about the orientation of the molecules, we picked up a
molecule from the layer by approaching the tip toward a protrusion and increasing
the setpoint current from 5 to 20 pA at V' = 50mV. After depositing the molecule
elsewhere, the remaining hole is observed as an horizontal depression (Figure 6.2b).
Assuming that the image contrast is mainly caused by the upper part of a flat-lying
molecule, we suggest that the orientation of the molecules is as shown in Figure 6.2c,
where the lateral dimensions of the depression match with the upper two triazole
groups of a molecule. Picking up further molecules from the same island leads to
depressions with the same orientation (SI, Section 1), indicating that all molecules
within an island have the same orientation. We therefore propose the molecular
structure shown in Figure 6.2d and in the overlay of Figure 6.2a.

According to the proposed structure, the molecules form lines along the long direction
of the islands with a periodicity of 1.1nm (Figure 6.2d). Within each line, two
neighboring molecules are connected via C-H...N bonds between the underlying
triazole groups (dotted lines in Figure 6.2d) leading to a center-to-center distance of
~ 0.8 nm. Adjacent lines are vertically shifted and most probably stabilized by two
C-H...N interactions between the upper triazole groups (dashed lines in Figure 6.2d).
We note that the adsorbed molecule is chiral and the two enantiomers form different

stackings leading to two types of islands (SI, Section 2 and 3).
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Figure 6.2: a STM topograph of [Fe(HB(1,2,4-triazol-1-yl)3)2] on Cu(111) with overlaid
molecular models (1.6V, 5pA, 10x11nm?). b and ¢ Zoomed STM topographs of an
area from which a molecule has been picked up (200mV, 5pA, 3x2nm?). The remaining
depression is horizontally elongated with a lateral extent matching that of the upper two
triazole groups of a flat lying molecule. d Proposed arrangement of the molecules on the
Cu(111) surface. For a—d, the transparency of the atoms indicates the height relative to
the Cu(111) surface with transparent atoms being closer to the substrate. Green, yellow,
red, purple, and cyan spheres respectively represent Fe, C, N, B, and H atoms.
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6.3.2 Voltage dependent image contrast

The appearance of the molecules as circular protrusions at 1.6 V (Figures 6.3a,c)
presented above, drastically changes when the sample voltage is reduced to 0.2V
(Figures 6.3b,d). At this voltage, the molecules essentially appear as depressions (see
Figure 6.3b, where green dots indicate the positions of the Fe atoms). The change of
the sample voltage leads to a reduction of the apparent height by almost a factor 2,
from ~ 430 pm at 1.6 V to ~ 220 pm at 0.2V (Figure 6.3¢). This drastic modification
of the molecular contrast indicates a large non-geometric contribution to the STM
image. The importance of electronic contributions is further evidenced in images
of island edges, where the border molecules appear smaller (SI, Section 4). One or
more unoccupied molecular orbitals are expected to have energies between 0.2 and
1.6 eV. Unfortunately, the acquisition of d//dV spectra to confirm the presence of
the orbitals failed because of large current fluctuations at voltages exceeding ~ 0.5V,
as further discussed below. It is worth mentioning that, at a given voltage, all the
molecules have the same appearance suggesting that they are all in the same pristine
state.

6.3.3 Electron-induced switching

Switching of the molecules may be induced by injecting electrons at a sample voltage
of = 0.5V or higher. Figure 6.4 shows an example. The pristine molecule appears as a
depression at 0.2 V as previously described (white arrow in Figure 6.4a). After having
placed the tip above the center of the depression, raising the voltage to 0.5V for a
few seconds, and decreasing it back to 0.2V, while maintaining the current feedback
loop active, the same molecule appears as a small protrusion (Figure 6.4b). The
molecule may then be switched back to its pristine state using the same procedure
(Figure 6.4c). Alternatively, for voltages above 0.5V, telegraph noise is observed in
time series of the tunneling current (feedback loop inactive). The low and high current

levels correspond to a molecule appearing as a depression and protrusion, respectively.

Telegraph noise of the tunneling current was acquired for different tip-molecule
distances and voltages, from which we can extract the switching rates (see Ref. [1]
for details). The switching rates from a low (L) to a high (H) current value and vice
versa evolve linearly with the tunneling current (Figure 6.5a) indicating that each
switching event is caused by a single electron (the rate of a multi-electron process
would evolve with IV with N > 1). The probability of a tunneling electron to induce
the switching is on the order of 1077, comparable to the highest reported yields for
SCO molecules on surfaces (up to ~ 8 x 1077 in Ref. [1]). The yield evolves rapidly
with the applied voltage (Figure 6.5b).
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(0] = 1
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Figure 6.3: a, b Topographs of a 2.6x2.1 nm? area from a molecular island recorded at 1.6
and 0.2V, respectively with I = 5pA. While each [Fe(HB(1,2,4-triazol-1-yl)3)2] complex
is imaged as a single protrusion at 1.6V, the image contrast is reversed at 0.2V. The
suggested adsorption geometry is indicated by a superposed model and by green dots at the
positions of the Fe ion centers. ¢, d Larger topographs (10x8nm?) of an island measured
with the parameters used in panels a and b. At 1.6 V parallel columns of virtually identical
protrusions are observed along with diagonal stripes. At 0.2V the former protrusions,
which correspond to single molecules, appear mostly as depressions (or as small protrusions
upon switching as detailed below). e Cross-sectional profiles along the paths indicated
by blue and red lines in ¢ and d. At 1.6V, the molecules appear approximately twice as
high compared to 0.2V (= 430 vs. &~ 220 pm). The plateau at the right side of the height
profiles shows the bare Cu(111) substrate.
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At 0.45V, two transitions were observed in a time window of 50s (for I = 5pA),
while at 0.5V switching is monitored every few seconds for currents as low as 5 pA.
This implies that only electrons with an energy = 0.5¢eV can switch the molecules.
Interestingly, a similar threshold has been determined for the compound [Fe((3,5-
(CHj3)2Pz)3BH)5] on Cu(111) [136], suggesting that the two compounds might share

a common microscopic switching mechanism.

0 5 10
Time (s)

Figure 6.4: Reversible switching of an individual molecule under the tip. a Topograph
(0.2V, 5pA, 3 x 3nm?) of an island with the molecule at the center (white arrow) in its
pristine state appearing as a depression. b Same area imaged at 0.2V after the voltage
had been raised to 0.5V for a few seconds with the tip placed above the central molecule
(current feedback enabled). The former depression converted to a small protrusion. ¢ After
repeating the manipulation procedure, the center molecule reverted to its original state.
d Time series of the tunneling current measured at V = 0.5V with feedback disabled.
Frequent switching is detected between current levels of ~ 5.1 and 7.4 pA. Imaging at low
bias revealed that the current levels reflect a depression and a protrusion, respectively.

Besides the local, controlled conversion of individual molecules, switching may be
remotely triggered at distances up to ~ 20nm (Figure 6.6). Pulses of 2V were
applied on the Cu(111) surface (red dot in Figure 6.6a), which lead to the switching
of many molecules, some of them encircled in red in Figure 6.6b. Interestingly,
molecules up to ~ 20 nm away from the location of the pulses were switched as well.
This fairly efficient and long range remote switching is most probably due to hot
electrons that propagate along the Cu(111) surface [172].
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Figure 6.5: Switching rates and yields. a Rate of switching from the pristine L state to
the H state and back as a function of the tunneling current. b Switching yields, defined as
the switching rate normalized to the tunneling current, measured at three sample voltages.
The uncertainty bars represent one standard deviation.

Figure 6.6: Long-range switching.

a STM image of an island with molecules in the pristine

(L) state. 10 pulses of 2V for 200 ms each (I reaching ~ 55pA during the pulses) were
applied on the Cu(111) substrate at the position indicated by a red dot. b STM image
after the series of pulses. Several molecules switched to the H state, some of which are
highlighted with red circles. Switched molecules are observed at distances as far as 21 nm

away from the excitation point.

This distance represents a lower bound as molecules

outside the scanned area may have switched as well. Both images were acquired at 0.2V,

5pA (15.6 x 18.2nm?).
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6.3.4 ldentification of the spin states

High-resolution dI/dV spectra of the molecules have been recorded with and without
magnetic field. Molecules in the pristine (L) state essentially exhibit no features
in the energy range £8 meV (blue curve in Figure 6.7a). In contrast, the spectrum
of the switched (H) state shows a pronounced dip centered at the Fermi level (red
curve in Figure 6.7a). The dip is consistent with broadened inelastic excitation steps.
The energy shift and amplitude decrease of these inelastic steps in a magnetic field
of 8 T evidence that these excitations are related to the molecular spin. They are
associated to spin flips involving an exchange of angular momentum between the
molecule and the tunneling electrons. Based on these observations, we ascribe the
pristine and switched states to the LS and HS states, respectively.

The presence of magnetic excitation steps at 0 T indicate that the molecular magnetic
moment has a preferred orientation in the absence of magnetic field, 7.e. magnetic
anisotropy is present. We use the following phenomenological spin Hamiltonian to
describe the energy of the magnetic states [55]:

H=DS+E (52~ S2) + g-nsBS., (6.1)

A

where D and F are the uniaxial and transverse anisotropy parameters, S =
(S’m, Sy, gz) the spin operator, g, the Landé g-factor, up the Bohr magneton, and
B the applied magnetic field perpendicular to the surface. For simplicity, the quan-
tization axis z is chosen perpendicular to the substrate. We consider a total spin
S=2, i.e. the formal spin of the HS state, which leads to an effective magnetic
moment of 2-,/S5 (S + 1)) ~ 4.9 up per molecule comparable with that inferred from
magnetometry measurements[170]. The diagonalization of the Hamiltonian of Eq. 6.1
leads to eigenstates [¢;) (i = 1...5 for S=2) and eigenenergies E;, from which
differential-conductance spectra are simulated [173]. The parameter set D = 0.8 meV,
FE =~ 0, and g, = 1.8 leads to the best agreement with the experimental data (dashed
curves in Figure 6.7). (Fits considering S=1 or 3 lead to much poorer agreements.)
The uniaxial anisotropy parameter is very close to D = 0.9 meV as inferred from X-ray
magnetic circular dichroism measurements of the complex [Fe((3,5-(CHj)oPz)3BH),]
on Cu(111), which lends further support to the model.

The fit of the dI/dV spectra with the Hamiltonian of Equation 6.1 shows the
consistency of the data with a spin S=2. The exact values of the anisotropy

parameters should be confirmed using more detailed measurements in magnetic
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vector fields or using complementary techniques. With D = 0.8meV, £ =0, g = 1.8
and in the absence of a magnetic field, the ground state of the system is 1) = |0)
(expressed in the basis |S.)), i.e. with a spin orientation in the plane of the molecular

layer.
pristine

@3'5 r
= L switched
>
D25
©

1.5

b

Energy (meV)

0 2 4 6 8 10
Magnetic field (T)

Figure 6.7: Identification of the spin states via spin-flip spectroscopy. a dI/dV spectra
acquired atop the center of a molecule in the pristine (blue, LS) and switched (red, HS)
states at 1.7K (with no external magnetic field). The spectrum of the switched molecule
exhibits a dip consistent with broadened inelastic excitation steps (spin flips). In a magnetic
field of 8 T, the steps are shifted to higher energies and have a lower amplitude (green),
confirming the magnetic origin of the excitation steps. The spectra of the switched molecule
can be conjointly fitted (dashed lines) using the spin Hamiltonian of Equation 6.1 with
S=2,g=1.8, D =0.8meV and F ~ 0 (adjustable parameters) including temperature
broadening (7' = 2.5K) as well as a cubic background. Spectra acquired over a pristine
molecule under 8 T remain featureless (not shown). The vertical dotted lines are guide to
the eye to better visualize the increase of the step energies with magnetic field. The LS
and HS (8 T) spectra have been vertically shifted by +1 and —1nS for clarity. Prior to the
voltage sweep, the current feedback was opened at 10 mV and 30pA. b Energies of the
eigenstates |S;) as a function of the external magnetic field for D = 0.8 meV, E = 0, and
g» = 1.8. The vertical red arrows indicate possible transitions at 0 and 8 T' via spin-flip
processes with tunnel electrons.
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The excitation steps then correspond to transitions to |1)s3) = |£1) at Ey 3 = 0.8 meV,
which are experimentally observed as a single transition (Figure 6.7b). In a magnetic
field, the Zeeman term tends to favor large |S,| in contrast to the uniaxial anisotropy
term (D > 0) that stabilizes small |S,|. At 8T, both terms are comparable in
magnitude. As a consequence,|0) and | — 1) are almost degenerate and so are | + 1)
and | — 2) (Figure 6.7b). The separation of these two pairs is &~ 1.6 meV. In other
words, at 8 T, we essentially observe transitions from |—1) to | —2) and from |0) to |1).

It should be emphasized that the identification of the spin states via the observation
of magnetic excitations in the dI/dV spectra is not limited to SCO systems exhibiting
magnetic anisotropy. In the case of an isotropic spin system, the Hamiltonian of
Eq. 6.1 would be reduced to the Zeeman term, which splits the |S,) states under a
magnetic field. Transitions from | —2) to | — 1) would then be observed at an energy
giupB (= 0.9meV at 8T for g = 2) in dI/dV spectra.

6.4 Conclusion

We investigated the molecular SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)s] adsorbed
on a Cu(111) surface with scanning tunneling microscopy. The complexes self-
assemble into an ordered structure and form large islands. The molecules are
efficiently switched between the LS and HS states by injecting electrons. This may
be realized locally by placing the tip above a targeted molecule with a mild voltage
(2 0.5V) or by injecting more energetic electrons (V' ~ 2V) into the substrate. The
latter procedure allows the remote switching of molecules in a radius of at least
20nm from the excitation point. Spectra acquired atop the center of HS molecules
reveal excitation steps that change in an applied magnetic field, while no features
are found for LS molecules. The inelastic steps correspond to magnetic excitations of
the HS molecule and show that the magnetic moment of the molecule has a preferred
orientation. Besides enabling an unambiguous identification of the spin states, these

results suggest that manipulation of the quantum spins of the SCO complexes may
be feasible.
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6.6 Methods

6.6.1 Synthesis

The [Fe(HB(1,2,4-triazol-1-yl)3)s] powder was synthesized following the description
of Ref. [170].

6.6.2 STM

The Cu(111) surface was prepared by cycles of Ar ion bombardment (1.5keV) and
annealing to 500 °C. [Fe(HB(1,2,4-triazol-1-yl)3)2] was sublimated from a heated
crucible (=~ 210°C). STM tips were electrochemically etched from W wire and
annealed in vacuo. Experiments were carried out in ultra-high vacuum mostly with
a STM operated at ~ 4.6 K (Createc). dI/dV spectra were acquired at 1.7 K with a
Unisoku USM1300 STM. The shown d//dV spectra are obtained from numerical
derivation of the current, followed by a convolution with a Gaussian for low-pass

filtering.

6.6.3 Author contributions

MG, RB, and KR designed the experiment. SJ, AW performed the STM experi-
ments. SJ, MG, and RB analyzed the STM data. MG wrote the manuscript with
contributions from all authors. All authors discussed the results and commented on

the manuscript.
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6.7 Supporting Information
6.7.1 Molecule removal from an island

Figure 6.8 shows a series of images illustrating the sequential removal of single
molecules from an island. For picking up a molecule, the tip is positioned above the
targeted molecule and the tunneling parameters are adjusted to 50mV and 5 pA.
The current feedback remains active during the entire procedure. The tip is then
approached toward the molecule by progressively increasing the setpoint current
to 20 pA. After typically 50 ms, the current increases to &~ 65 pA and the feedback
responds by retracting the tip by ~ 180pm. The tip was then indented in the
Cu(111) substrate to remove the attached molecule form the tip. As discussed in the
main text, the orientation of the depressions left behind indicates the orientation of
the molecules within the layers. We removed up to 6 molecules from a single island.
All resulting depressions exhibited the same orientation. In particular, we verified
that molecules belonging to adjacent rows and columns have the same orientation.

Figure 6.8: a—c Series of constant-current topographs of [Fe(HB(1,2,4-triazol-1-yl)3)2] on
Cu(111) (200mV, 5pA, 10x10nm?) illustrating the evolution of a layer as single molecules
are removed. The procedure described in the text was applied to the molecule marked
in green in a, which leads to a depression in the molecular layer after the manipulation
(shown in b). The molecule removal procedure was then repeated on the molecules marked
in orange, leading to the image shown in c. The color scales cover a 105pm and b—c
100 pm.

6.7.2 Adsorption-induced chirality

We assume that the molecules lie flat on the surface with the B-Fe-B axis parallel to
the surface. A triazole group from each of the two scorpionate ligands is making the
contact to the surface (see for instance Figure 6.9a). Viewed along the B-Fe-B axis,
the angle between the triazole groups in contact with the substrate is approximately
60°. The configuration shown in Figure 6.9b is obtained by rotating the molecule
by —60° around the B-Fe-B axis. An azimuthal rotation of the molecule displayed
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in Figure 6.9a around the axis perpendicular to the surface cannot lead to that in
Figure 6.9b (see also top views in Figures 6.9c—d). In other words, the adsorption of
the molecule on the surface induces a chirality.

The depression left upon the removal of a molecule provides information on the
orientation of the molecule defined by the upper triazole groups (opaque atoms in
Figures 6.9c—d), which is the same for all molecules within an island. The periodicity
of the molecular structure is directly inferred from the STM images. Attempts to
reproduce the regular structure observed in Figure 6.2 of the manuscript by using the
enantiomer shown in Figure 6.9b, and with a combinations of both enantiomers failed
due to unphysical partial overlap of the molecules. Only the structure composed
of solely the enantiomer shown in Figure 6.9a led to a reasonable result, the one
displayed in Figure 6.2 of the manuscript.

" Qo

Figure 6.9: a—b View of the [Fe(HB(1,2,4-triazol-1-yl)3)s] molecule along the B-Fe-B
axis adsorbed on a Cu(111) surface. From a to b the molecule is effectively rotated by
—60°. The two configurations correspond to two adsorption-induced enantiomers. c¢—d
Corresponding top views of the configurations. The transparency of the atoms indicates
the distance from the observer. Opaque atoms are closer than semi-transparent atoms.
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6.7.3 Chirality of islands

As the chirality is induced by adsorption, both enantiomers are expected to be present
on the surface. If an island is indeed composed of a single enantiomer, different
islands should be present on the surface. This is indeed the case. As detailed in
the main text, the islands exhibit stripes, which make them chiral. For instance,
the island of Figure 6.10a has stripes going from the top left to the bottom right.
Azimuthal rotation of that island cannot reproduce the island shown in Figure 6.10b.
The removal of molecules from these islands reveals different orientations of the
depressions (Figures 6.10c—d), and hence different orientations of the molecules.
The island shown in Figure 6.10a is equivalent to that shown in Figure 2 of the
manuscript, with the molecular structure shown in Figure 6.10g. Attempts to
reproduce the island shown in Figure 6.10b using the same enantiomer failed due to
unphysical overlaps. Instead, the structure shown in Figure 6.10h made with the
other enantiomer leads to a good match. The two structures are equivalent in terms
of the molecule-molecule interactions but are chiral.

6.7.4 Reduced height of edge molecules

Molecules at the edge of an island appear ~ 55 pm lower than molecules within
islands at 1.6 V (see for instance the left column in the inset to Figure 6.11). Red
circles in Figure 6.11 shows a cross-sectional profile of an island edge. The height
difference may be understood from a simple model that takes into account the lateral
extension of the tip. The limited lateral resolution implies that the current above the
center of a molecule is increased by the contributions of the neighbors, which are fewer
for a molecule at an edge. Adding these current contributions with exponentially
decaying weight the experimental data may be qualitatively reproduced (black curve
in Figure 6.11).
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Figure 6.10: a—b STM images displaying the chirality of the islands.

after removal of a molecule from the islands in a and b, respectively.

The island in a

exhibits stripes from the top left to the bottom right. An azimuthal rotation a cannot
reproduce the pattern in b, which was observed on the same sample. ¢ and d Depressions
The molecular
structures of island a and b may be reproduced by using the enantiomers e and f,
respectively. The corresponding molecular structures are shown in g and h.
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Figure 6.11: Cross-sectional profile of a [Fe(HB(1,2,4-triazol-1-yl)3)s] island edges along
the line shown in the topograph in the inset (V = 1.6V, I = 5pA). Red circles show
experimental data. The black line results from a simple model of a tip with limited lateral
resolution. No attempt was made to fit the data at low apparent heights because the large
vertical excursion of the tip of the STM implies that the unknown three-dimensional tip
structure must be taken into account.
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Conclusion

In this thesis, different spin-crossover (SCO) complexes in direct contact with metal
substrates were investigated using low-temperature scanning tunneling microscopy
(LT-STM). These investigations allow a better understanding of cooperative effects
in SCO complexes, of the mechanism in the electron-induced switching, and of the
importance of the molecule-substrate interactions. Results of this thesis may help to
understand and design further SCO systems.

In chapter 4.1, the SCO complex Fe(HyB(pyrazole)(pyridylpyrazole))s, is inves-
tigated in detail. Adsorbed on a Ag(111) surface it self assembles in grid like
tetramers. Highly efficient reversible switching can be performed at only two com-
plexes in a tetramer by electron injection. Investigations on the magnetically passive
Zn(H2B(pyrazole) (pyridylpyrazole))s complex reveal no switching in STM experi-
ments. With this the reversible switching is interpreted as a spin transition. A model
for the structure of a tetramer is presented, that fits to the observed topographic
features in the experiment. It explains why the remaining two molecules in a tetramer
are immutable against injection of electrons. Steric repulsion hinders the movement
of molecular subunits, which is required for switching. With current injection into
the immutable molecules, remote switching of the remaining molecules in a tetramer
is induced. A simplified model of hybridization between LUMO orbitals is presented,
that can reproduce the efficiency of the remote switching. Cooperative effects in SCO
systems has so far been interpreted in terms of intermolecular elastic interactions.
Our study shows, intermolecular electron transfer may lead to similar effects. The
presented system may be a model system, that can be used to design larger grids
of SCO complexes. By using steric repulsion and tuning the electronic coupling
between neighboring complexes, specific switching properties may be achieved in
future SCO systems.

At negative sample voltages, reversible switching between LS, HS and a new state is
observed, presented in chapter 4.2. The new state can be consistently explained as a

negatively charged HS state.
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In chapter 4.3, experiments on isostructural Co(HyB(pyrazole)(pyridylpyrazole)),
are reported. Self assembly into tetramers and reversible switching between two spin
states at both polarities of the sample voltage is observed. Strong deviations of the
switching yields for different sample voltages are evidenced. With this a tentative
model of the switching mechanism is derived, named electron-induced excited spin-
state trapping (ELIESST). This model might be the basis for more advanced pictures
of the switching mechanism in the future. It shows, that the electronic structure of
the complexes, e.g. the spatial orientation and the energy of orbitals play a key role
in the switching mechanism. Hence, e.g. the switching mechanism may be sensitive
to the orientation of adsorbed complexes. This might be an important design criterion.

In chapter 5, investigations on the SCO complex Fe(neoim), are presented, where the
role of the metal substrate is explored. Fe(neoim), remains intact on Ag(111) after
deposition and reversible electron induced switching is performed. In contrast to this
and against the common expectation, the complex fragments on a Au(111) surface.
Extensive DF'T calculations reveal a strong geometric distortion of the complex on
Ag(111) due to van der Waals forces. Enhanced covalent bonding of the fragments
to the Au(111) substrate are likely the reason for fragmentation.

In chapter 6, experiments on the SCO complex Fe(HB(1,2,4-triazol-1-yl)3), on a
Cu(111) surface are shown. The complexes self assemble into large ordered islands.
Efficient switching between two states can be triggered by direct electron injection.
Additionally, by injecting electrons at high energies, e.g. at ~ 2V, into the Cu
substrate next to an island, many molecules over larger distances from the excitation
point (> 20nm) can be reversibly switched. Scanning tunneling spectroscopy reveals
inelastic steps, whose energies change in an applied magnetic field. The steps
correspond to magnetic excitations of the HS molecule. The spectra of the LS
state remain featureless around the Fermi energy. With this spin-flip spectroscopy,
the molecules magnetic state can be identified. Moreover, magnetic anisotropy is
observed. This indicates, the magnetic moment of the molecule has a preferred
orientation. Identifying the magnetic state might be a challenging task with STM.
This study presents successfully performed spin-flip spectroscopy on a SCO complex.
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