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Spin crossover (SCO) molecules form a significant class of materials for which
the magnetic structure can be altered at the atomic level by an external stimulus from low
a spin diamagnetic state to paramagnetic high spin state. We find, however, that the
transition is quite complex and the SCO molecular transition can be mediated by
interactions at the substrate interface.

We have investigated the occupied and unoccupied electronic structure of thin
films of the SCO [Fe(H2B(pz)2)2(bipy)] complex. The thermally induced spin crossover
transition for molecules deposited on the organic ferroelectric copolymer PVDF-TrFE is
suppressed. The choice of high spin or low state favored, over a wide of temperature, is
seemingly influenced by the ferroelectric polarization direction of ferroelectric PVDF-
TrFE substrate. We have also found that the molecule was locked in the low spin state
also when deposited on a Si02/Si substrate, but can be excited to high spin state by X-ray
irradiation in a temperature range from 15 K to 345 K. The locking of the spin state
implies there is an activation barrier to the spin crossover transition, which is confirmed
by time dependent X-ray absorption spectroscopy. The X-ray induced spin crossover
transition is likely due to the surface charge that builds up at the interface during the X-
ray photoemission process.

The isothermal spin state switching at room temperature, has been observed in

SCO thin films grown on both magnetic NiC0204 and Lao.65sSr0.3sMnQO3 thin film



substrate surfaces. The X-ray excited high spin state then can be isothermally relaxed
back into low spin state by oscillating the direction of substrate magnetic moment. All of
these effects point to a strong influence, by the interface, on the spin state changes on
SCO molecules.

The mixture of SCO and dipolar zwitterion molecule is found suppressed in low
spin state but can be excited into high spin state with X-ray radiation from 79 K to 340 K,
leading to a possible new chemical path about spin states manipulation at the single

molecule scale, and providing an exciting possibility for single molecule devices.
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CHAPTER 1

INTRODUCTION

The goal here is to give the reader a general understanding of the topic of this
thesis. The emphases of this thesis is characterization and spin state control of a variety of
Fe(II) spin crossover molecules but the lessons learned may apply to other spin crossover
molecules, with different metal center atoms. Aside from fundamental interests, there

may be grand applications to be considered.

1.1 Spin crossover molecule and phenomenon

After the long success of the famous Moore’s law in describing the fast
development silicon based electronic components, for decades, the physical limitations
from quantum effects are approaching. Alternative materials and new concepts are
needed if basic device fabrication needs become significantly smaller, faster and cheaper.
One possible direction is the organic electronics based on a single or “few” molecules in
an assembly. Can this be combined with spintronics to add one more degree of freedom
for the molecular electronics devices? There are still many challenges need to be
addressed before large scale! organic spintronics is worthy of serious consideration but
there is the promise a cheaper, lighter, and printable devices through molecular
assemblies.”* The spin-orbit coupling is small in organic molecules, due to the typically
light atoms used in composition, but new physical insights are needed before organic
devices, such as organic spin valves,>¢ spin-injection,””® tunneling junctions’ (and so on)

can be reliably realized, with operation at room temperature. Among all kinds of organic



molecules available, the prime candidates are the coordination complex or metal
complex.

In nature, there are a vast classes of coordination complexes for which the
magnetic structure can be altered at the atomic level by an external stimulus. These are
spin-crossover (SCO) molecules which have bistable spin states: low spin (LS) and high
spin (HS) states. The SCO phenomenon, occurring in various 3d transition metal
compounds, is associated with changes to molecular electronic structure, as a
consequence of the splitting of the energy of the transition metal d orbitals, for example
into t2g and €g when set in octahedral ligand fields.!®!7 There is a rich body of
experimental work indicating that SCO transition can be induced by a change in
temperature, pressure, light, magnetic and electric fields.'®? Spin crossover induced by
temperature is most frequently studied, typically with the transition identified by a
change of magnetic moment and modification of structural properties and crystal packing
of the spin crossover molecules. The key structure change during the SCO transition are
the bond lengths and angles between center transition metal atom and the nearest six
nitrogen atoms. Generally speaking, a shorter metal-ligand bond length results in a low
spin state, while a high spin state has a longer metal-ligand bond length. In most cases,
the metal-ligand bond length difference between in low spin and high spin states is about
0.2 A,

Magnetic measurements are considered as the key experimental indicator of the
SCO molecular state, typically making a transition from a diamagnetic low spin (LS)

state at low temperatures to a paramagnetic high spin (HS) state at high temperatures for



the most studied class of complexes based on d® Fe(II) cation. Figure 1.1 gives an

illustration of the SCO molecule.

meesd)  Molecular orbitals

LUMO

Binding Energy E-E¢

mmmms)  Magnetic moment

Figure 1.1 Bottom figure is the chemical scheme of one example of SCO molecule. The
Fe 3d electrons configuration is switchable between high spin and low spin states under
the influence of external stimuli, which directly affects the molecular magnetic moment.
Different 3d electron configurations are associated with the molecular orbitals also,

especially the lowest unoccupied molecular orbital (LUMO) position.

The two stable ground states (high spin and low spin states) are expected to be in
similar energy levels with a small difference in the range of ksT, where ks is the
Boltzmann’s constant. Hence an external stimulus could provide enough energy to make
it possible to switch the molecular spin states. The switching process could be very
diverse and depends on the specific molecule, as shown in figure 1.2. The hysteresis loop

in figure 1.2(c) is due to the lattice structure that changes with the associated SCO



transition and can also depend on the cooperative interactions between molecules so that
intramolecular structure may also change. From figure 1.2(a) to (c), the cooperativity is
increasing. In spin crossover molecules, the cooperative interaction has not been fully
understood so far.> Phenomenologically, the cooperative interactions between molecules
help to stabilize the spin state of the individual molecule, when temperature is changed.
As cooperative interactions between molecules become stronger, the slow stabilization
process in figure 1.2(a) become a steeper or more abrupt SCO transition process as in
figure 1.2(b). When the cooperative interactions are very strong, the molecular spin state
is more stable, meaning that the temperature has to be increased or decreased a lot to
change the spin state, hence creating the hysteresis loop, as exists in figure 1.2(c). The
two step transition, in figure 1.2(d), could happen in molecules with two lattice sites** or
two transitional metal atoms (binuclear complex)®*%°. The imperfect spin crossover
transition,?’ of in figure 1.2(e), is where the SCO system cannot reach a full or
completely zero low spin state, because of either a kinetic barrier effect?® or that some
parts of the molecules are hard to convert due to the strong field strength at some lattice
sites or a residual unpaired spin. It might sound like there would be huge differences in
the molecule components, among SCO molecules, different types of SCO transitions, but
actually only small modifications in the molecular components are necessary to achieve
different SCO transitions.'®

To simplify the investigation of the physics of the SCO transition, this thesis will
emphasize the spin crossover molecules that exhibit no hysteresis loop, like what occurs
in figure 1.2(a) and (b). In such cases, there are no complications where the molecular

lattice sites matter significantly, and the transition temperature is easier to identify.
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Figure 1.2 Representation of the principal types of spin transition curves by high spin
fraction (yns) (y axis) vs temperature (T) (x axis): a) gradual; b) abrupt; c) with
hysteresis; d) two-step; €) incomplete. [Taken from >* with permission of Springer.

Copyright (2004) Springer. |

1.2 The advantages and challenges of spin crossover molecule

After being discovered in 1931,% a lot of techniques have been applied to the
study of the SCO transition, in order to measure and modify the spin states of SCO
molecules.?® Beside the temperature and pressure stimulated SCO transition, other stimuli
have been used to change SCO molecules’ spin states. Many stimuli only work at low
temperature (usually below liquid nitrogen temperature) and require a change in
temperature, which is typically done by increasing the temperature, to relax the exited
spin state back to the low spin state. Although SCO films have been made by Langmuir-

30,31

Blodgett techniques,™ " only recently have a few typical SCO molecules been found to



be stable enough to survive thermal evaporation without decomposition, and then have
been deposited on a substrate as an ultra-thin film.>?*® The physical vapor deposited thin
films of SCO molecules make it possible to use surface spectroscopy techniques under
high vacuum conditions to probe electronic (molecular orbital) properties.

Spin crossover (SCO) molecular thin films can be now made so as to measure
changes in electrical conductivity when the transition occurs,* as in the case of the SCO
[Fe(HB(pz)3)2] (pz = 1H-pyrazol-1-yl) complex sublimated on a surface.?? There is a
growing interest in the electrical transport properties of SCO materials for switching

molecular electronics studies,***!

with photoconductivity eftects also present in
nanocrystals of polymeric SCO materials drop-casted on gold nanoelectrodes.**** One
can expect that the electronic density of states differs in the HS and LS states, and has
important consequences for the electronic transport properties.** Experimental insight
into the density of states (DOS) of these materials is thus of paramount importance, and is
a key aspect upon which this thesis work focuses. The HUMO-LUMO gap
measurements,’’ show that the SCO molecular film is an organic semiconductor, and
expected to have low conductivity. In the study of conduction for single molecules, the
possibility to switch the spin states of the SCO molecule by a bias current or voltage has
been illustrated on some low conductive substrates at a super low temperature, 3194
More discussion about the SCO thin films and possible applications can be found in
references *¢ and /.

For developing novel spintronics devices, one of the promising approaches is to

manipulate the magnetic states by electrical methods.*® If the voltage controlled

switching of magnetic states in device doesn’t require large current densities, then there is



less power consumption. For a molecular spintronics device, low power consumption and
low voltages for switching are likely. By way of comparison, novel spin valves for
magnetic memory devices, not based on molecules, do need a relative large electrical
current densities to operate.* It is proved in experiments that the SCO transition can be
induced by a change in electric field.'®!%224030 The successful SCO molecule thin film
fabrication makes possible electronic device development based on SCO molecules. By
using different substrates, more modification methods maybe added. Because of the
different interactions possible from the substrate, the already rich SCO phenomena
maybe modified further. As will be shown, the substrate interaction makes possible high
temperature isothermal and reversible spin states switching. Further, once a
heterostructure containing a spin crossover molecules layer and other functional organic
molecule layers becomes possible, there is the possibility for exploring the organic
molecule voltage-controlled multiferroic devices. For example, the SCO molecule to
ferroelectric bilayer could provide a ferroelectric polarization leading to changes in
HOMO and LUMO position of an SCO molecular complex, which can be, hopefully,
controlled by voltage switching. The adjacent electronic structure changes induced in the
SCO complex, due to the interaction with the ferroelectric layer, might make the voltage-
controlled spin states or magnetic states switching device possible. This might lead to a
device more favorable than novel spin valve magnetic memory devices that need
relatively large electrical current densities to operate. There is the very real possibility
that one might use molecular heterostructures to fabricate a room temperature device that
operates at the nanoscale, and at low power extremely in the GHz frequency range. Such

devices could provide alternative nonvolatile magneto-electric logic or memory devices,



only requiring current densities below 10* A*cm™, and coercive voltages less than 1 V.

All these advantages could lead to diminished latency time, significantly enhanced
switchable magnetization, and reduce power consumption. Therefore, the voltage
controlled spin states switching in SCO molecules could be a new direction for the

organic spintronics.
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CHAPTER 2

METHODS AND TECHNIQUES

This spin crossover project is motivated by constructing new devices with spin
crossover molecules, taking advantage of the different spin states of the molecule. The
electronic properties will directly affect the device performance, which is not only
impacted by the molecular film quality, but also highly related with the molecular film’s
electronic structure (or band structure). The emphasis of this thesis is on the
characterization of the electronic structure by photoemission, inverse photoemission
spectroscopy and X-ray absorption spectroscopy, because these techniques give us a
comprehensive and key information of the molecular thin film electronic structure. In this
chapter, different electron spectroscopy and magnetometry techniques are introduced,
although other techniques were also used in this project which will be explained when

they are mentioned in later sections.
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2.1 Photoemission spectroscopy

Photoemission spectroscopy (PES) has been developed for a long time and is a
well established technique. Photoemission is used widely in academic research and has
industrial application. This technique is also often called photoelectron spectroscopy. The
photoemission was first explained theoretically by Albert Einstein as “photoelectric
effect” in 1905,' for which he received the 1921 Nobel Prize in Physics. Experimentally,
photoemission was discovered by Heinrich Hertz in 1887, and its history is reviewed in
references **. Depending on different light source, different aspects of the band structure
can be probed. Here we introduce X-ray photoemission spectroscopy (XPS) and Ultra-

violet photoemission spectroscopy (UPS).

2.1.1 Principle of photoemission spectroscopy

In a single atom, for example the hydrogen atom, the possible energy states of the
electron are not continuous, but instead the electron can only be found in quantized
energy levels. For hydrogen, this is described by the Bohr model,’ covered in all
introduction to quantum mechanics class. Although the electron energy distribution is
much more complicated in the case of crystalline materials, the concept of the quantized
energy levels is still valid. Although there are nuclear (isotopic) perturbations possible, it
is generally true that the electronic structure determines many of the electrical properties
of materials. That is why we care about the electronic energy level structure. The
question now is how we can obtain information on this energy levels structure. An
electron could absorb a photon and gain the photon energy, then be excited to a higher

energy level. When the absorbed energy is high enough, the electron could be emitted out
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of the sample, resulting in the photoelectron process. The emitted electron can be
collected and energy analyzed to get information about the energy levels that is to say
electronic structure. By choosing different light sources, with different energies, electrons
from different energy levels can be probed. It is like fishing, where the fisherman can use
different lengths and types of fishing line to catch different fish that live at different water
depths. With that said, there is no universal all-purpose photoemission technique like
there is no true all-purpose fishing line. As one can image, the photoemission set up is
simple: shoot the light on the sample and then collect the emitted electrons. Although,
very sophisticated geometries can be used to extract considerable information about the

initial state, as indicated later.
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Figure 2.1 (a) Experiment set up geometry sketch for standard photoemission

spectroscopy. (b) Energy level diagram illustrating the photoemission process.

The photoemission spectroscopy experiment geometry is schematically illustrated
in Figure 2.1(a). There is the light source, providing photons on the sample, and then the
emitted photoelectrons are analyzed by the energy analyzer. Figure 2.1(b) gives a basic

idea how we use the energy conservation principle to obtain the original binding energy



