
Abstract

PRONSCHINSKE, ALEX M. Surface-Bound Molecular Film Structure Effects on
Electronic and Magnetic Properties . (Under the direction of Daniel Dougherty.)

This thesis dissertation will discuss the importance of understanding the driving forces

of molecular assembly on surfaces and the need to characterize the electronic and magnetic

properties of the resulting organic films. Furthermore, experimental results on model

organic molecular assemblies, benzoate on Cu(110) and Fe[(H2BPz2)2bpy] (“Fe-bpy”) on

Au(111), and their novel film properties will be presented. The primary experimental

techniques used in this work are scanning tunneling microscopy and spectroscopy (STM,

STS), and so a theoretical characterization of constant current distance-voltage STS

(z(V )-STS) will also be developed.

Deposition of benzoic acid (C6H5COOH) on to Cu(110) will be used to create a diverse

molecular environment of benzoate molecules (C6H5COO+). In this film we will utilize

structural phases consisting of co-existing orientation (α-phase) and uniform molecular

orientation (c(8×2) phase) to probe electric potential variation across the surface of the

film. Using z(V )-STS find that the electron affinity level of a molecule’s near-neighbor

will exert a substrate-mediated influence on the energy of the molecule’s image potential

state; which we describe using a 1-D dielectric continuum model.

Motivated by the unique utility of z(V )-STS for gentle probing of molecular electronic

structure and electric potential we perform a thorough theoretical characterize of z(V )-

STS. We derive a differential equation for simulating z(V )-STS spectra under the standard

approximation of a square tunneling barrier. Moreover, we derive an equation for sample

density of states (DOS) that is applicable for all modes of STS. The central result of this

work for interpretation of z(V )-STS results is a characterization of systematic error between

state energy and z(V )-STS peak location, as well we show that empirical normalization

procedure for removing background distortion from constant height current-voltage STS,

(V/I)dI/dV , is also applicable to z(V )-STS is a similar form, (V/z)dz/dV .

Lastly, we present a STM study of how the well-know molecular spin crossover

properties can be modified in the ultra-thin molecular film regime. As a model system

for studying molecular spin crossover we create bilayer films of Fe-bpy on a Au(111)

surface. Topographic imaging from STM shows defect sites in the 2nd molecular layer that

suggest an internal stress in the film. We perform conductance mapping of the 2nd an



find significant amounts of conductance variation across the top of the bilayer, with low

conductance domains coinciding with the 2nd layer defects. Based on domain-specific I(V )-

STS and density functional theory calculated DOS we assign the domains as co-existing

high-spin and low-spin molecules. We found that this co-existing spin-state domain

pattern persisted at temperatures spanning the bulk crystal spin transition, leading us to

conclude that the bulk crystal spin transition is drastically changed by the differences in

the crystal structure and the bilayer structure packing.
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Chapter 1

Molecules on Surfaces

1.1 Molecular assembly on surfaces

1.1.1 Introduction

There is an ever-increasing demand for solid-state devices that are more compact, more

efficient, and that have completely novel functionality for commercial use, industrial use, as

well as for scientific use. In order to push past the limits of top-down assembly methods1,2

and continuous solid materials there is significant effort being put into better understanding

molecular self-assembly on surfaces3,4. This “bottom-up” approach envisions harnessing

the wide variety of molecular interactions to drive to creation of nanometer scale structure.

Proper selection of adsorbates, a specific deposition recipe, and appropriate surface

preparation can be used to tailor a functional film or surface structure reducing, if not

avoiding, the need for nano-scale manipulation. It is therefore crucial to understand

how all of the aspects of a molecular assembly’s components will determine the physical

properties of the resulting structures because the desire is not to create arbitrary nano-

structures but to have the ability to plan and predict structures that will provide novel

properties.

To understand each step of a hypothetical process for making a complex device we

must study simple model systems. An ideal environment for systematically studying the

underlying mechanisms of molecular assembly is a well-known crystalline metal surface

under ultra-high vacuum (UHV) conditions to ensure experimental cleanliness. As nearly

any device will use metal contacts the use of a metal substrate in model systems is a very

appropriate way to gain insight into the electrode/active-layer interface. The value of

UHV as a controlled environment and the methods of molecular adsorption under UHV

will be explored in more detail in Chapter 2. The structure of a molecular assembly

will be determined by two types driving forces: intermolecular interaction (i.e. between

molecules), and molecule-substrate interaction. In the following sections we will review
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the varieties of forms for each interaction, as well as some important examples of how

they affect molecular assembly.

1.1.2 Molecule-substrate interaction

When a molecule first arrives on a substrate its interaction with the surface will determine

whether or not it can diffuse across the surface and in what manner it can do so. If the

molecule’s interaction with the surface is too strong or the surface’s potential energy

landscape is too highly corrugated the molecule’s inability to diffuse freely will cause a

“hit-and-stick” type of behavior. Hit-and-stick behavior is typically undesirable because it

will result in randomly located adsorbates contrary to the objective of creating highly

ordered structures. A very strong interaction is often termed “chemisorption”, meaning

that a chemical bond forms between the molecule and the surface5–7. This can be viewed

from the elementary perspective of orbital overlap used to describe the formation of

molecular orbitals from isolated atoms8,9. When a molecule chemisorbs to a surface, the

resulting electronic states are symmetric and antisymmetric linear combinations of its

isolated molecular orbitals with wavefunctions of the electrons in a solid. Remarkably, this

conceptual picture has allowed very useful analogies to be made between the chemisorption

of some molecules on surfaces and related coordination compounds10. In particular, the

so-called “Blyholder model” of CO chemisorption on transition metals11,12 describes the

chemisorption bond as the result of direct overlap between the sigma molecular orbital on

the CO molecule and d electrons of the substrate combined with the “back donation” of

d-electron density to the π* unoccupied orbital of the molecule.

A very extreme instance of molecule-substrate interaction is “dissociative adsorption”;

in this instance the interaction causes decomposition of the adsorbed molecule13. In the

study of molecular assembly, dissociative adsorption can be a complicating factor, but

can also be used as a means of structure control as described for the case of benzoic acid

adsorption on Cu(110) in Chapter 4. A very strong molecule-substrate interaction can

induce structural changes (“reconstruction”) in the metal surface. The best example

of this is the lifting of the 22 ×
√

3 herringbone reconstruction of Au(111) due to the

adatom-mediated adsorption of thiolates7. This has significant consequences for nanometer

scale surface morphology and in the particular case of thiolates on Au(111) results in a

distribution of “etch pits” across the surface whose impact on device applications needs

to be considered.
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Of most interest to molecular assembly is the wide range of intermediate strength

molecule-surface interactions that are weak enough to allow diffusion across the surface yet

strong enough to favor the adsorption only at specific surface sites14–16. One of the benefits

of this intermediate interaction is that it could force changes to a molecular adsorption

geometry that is preferred by the molecules, which could subsequently influence many of

the structure’s physical properties17. Finally, with a sufficiently weak molecule-surface

interaction the surface can become a high-mobility 2-dimensional environment for the

adsorbates to freely arrange in, which is quite evident, for example, in the organization of

stereoisomers of tartaric acid on Ag(111)18. Even when the molecular assembly structure

is dominated by intermolecular interactions, the imposition of particular adsorption

orientations in the 2-D environment by the surface can force the molecules to arrange

in a manner different from the optimal crystal packing structure; this is the most clear

when examining studies of how thin film structure transitions into bulk crystal structure

as a function of coverage19.

1.1.3 Intermolecular interaction

Although the upper limit of molecule-substrate interaction strength greatly exceeds the

upper limit of intermolecular interaction strength3, intermolecular interactions play a cru-

cial role in driving structure formation, particularly when molecule substrate interactions

are of either weak or intermediate strength. In this case, a large number of competing

interactions of comparable strength can give rise to an enormous structural variety in

molecular assemblies. A major goal of this field is to find ways to exploit this variety in a

controllable fashion.

Intermolecular interactions within molecular assemblies are fundamentally electromag-

netic in nature and for the most part are analogs of canonical intermolecular interactions

that occur in 3-D space. These will be discussed in the following subsections along with

the special examples of substrate-mediated intermolecular interactions and coordination

bonding interactions that can play a major role in monolayer surface assembly.

1.1.4 Hydrogen bonding

The hydrogen bond is the strongest intermolecular interaction since it involves significant

covalency between atoms on adjacent molecules20. From the simplest perspective it is
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regarded as an interaction between an “acidic” (i.e. sigma bonded to a very electronegative

element) hydrogen on one species and a strongly electronegative species (often with a lone

pair of electrons) on another. The well known example of water illustrates the hydrogen

bonding effect. There is a strong interaction between a hydrogen atom on one molecule

and a lone pair of electrons on the oxygen atom on another. In addition, double stranded

DNA is held together by hydrogen bonds between complementary amine base pairs that

involve acidic hydrogens on the amine groups and lone pairs on carbonyl groups.

In surface assembly, examples of hydrogen bonding have been extensively documented.

Among the earliest of these was the observation by Barth and co-workers that extraordi-

narily long chains of polyvinyl benzoic acid could self-assemble on a Ag(111) surface driven

by hydrogen bonding in the carboxylic acid end groups between the hydroxyl hydrogen

and the carbonyl lone pairs21. In addition, several groups have explored the possibility

transferring base pair hydrogen bonding known in DNA to monolayers on surfaces. For

example, Andrews and Pearl illustrated hydrogen bonding between adenine molecules on

Ag(111)22 and Besenbachers group has extensively studies amine pair assembly23,24.

Surface assembly can also be influenced by a less conventional variant of hydrogen

bonding referred to as “weak hydrogen bonding”25. This has been suggested as a local

interaction between less acidic hydrogen atoms (e.g. on a methyl group) and electronegative

species on adjacent molecules. Lee et al., reported that weak hydrogen bonding drives

submonolayer assembly of dimethylpyridine on Cu(110) through specific interactions

between the pyridine nitrogen on one molecule and the methyl hydrogens on another26.

In addition, weak C–H–N hydrogen bonding has been has been argued to drive assembly

of bis(terpyridine) on graphite surfaces27. Though these interactions are weaker than the

more conventional, highly polar counterparts seen in water and DNA, it seems clear that

they can be important in crystal engineering and in 2-D molecular assembly on surfaces.

Typically, hydrogen bonding interactions are strong and element specific, making it

possible to clearly predict the likely structure of molecular assemblies where they are

operative. This is an attractive feature, but the predictability also means there are

fewer opportunities for fine tuning structure by varying growth conditions or substrate

functionalization. In systems where interactions are weaker and less local to specific

elements, the possibilities for structural diversity are increased.
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1.1.5 Multipole interactions

Electrostatic interactions between molecules can be treated by considering each molecule

as a charge distribution, ρ. The solution to Poissons equation for the potential at any

point, r = (x, y, z), due to this distribution can be formally expressed (for V = 0 at

infinity) as28:

V (r) =
1

4πε0

∫
ρ(r′)

|r− r′|
d3r′ , (1.1)

where d3r′ = dx′dy′dz′ .

By making a binomial expansion of the denominator it can be shown that the entire

potential can be expressed in terms of Legendre polynomials, Pn(x), as28,29:

V (r) =
1

4πε0

∞∑
n=0

[
1

|r|n+1

∫
|r′|nPn(cos θ)ρ(r′)d3r′

]
, (1.2)

when |r| � |r′| ;

where θ is the angle between r and r′. Each term in the sum corresponds to the contribution

of a multipole moment (the moment itself is the integral under the summation). The

lowest non-vanishing term is usually the dominant factor in determining the electrostatic

interactions of the molecular charge density with the outside world because higher

multipole terms fall off more and more rapidly with distance. For a charged species, the

monopole term is dominant, meaning that electrostatic interactions are mostly determined

by considering the r−1 coulomb potential due to the total charge (essentially a point

charge). If a molecule has no net charge, the interactions will be dominated by the dipole

term with a potential of the following form:

V (r) =
1

4πε

p · r̂
|r|2

, (1.3)

where r̂ is the unit vector pointing in the direction of r, and p is the molecular dipole

moment that is centered at r = 0. If p = 0, then the dominant term will be a quadrupole

term that falls off with distance as r−3 and is characterized by a 2nd rank tensor. These

first three moments are usually sufficient to understand electrostatic interactions in

molecular systems, though in molecules with high symmetry higher order multipoles can

be important. The best known case is the C60-fullerene molecule whose icosahedral point
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group symmetry means that the 6th term in the sum in Eq. 1.2 is the lowest non-vanishing

one30.

Since most species of interest for molecular assembly are not charged, we start our

discussion of multipole interactions with dipole–dipole interactions. These are intuitive

to understand by viewing the dipole moment vectors pictorially as in Figure 1.1a. The

interaction energy between two dipoles can be calculated by determining the electric field

associated with the potential of one molecule using Eq. 1.3 and forming the dot product

with the dipole moment of another molecule. Dipolar interactions favor head-to-tail

orientations between molecules and discourage head-to-head orientations, this has been

reported for molecules with dipole moment as small as 0.1 D by the Sykes group for

styrene assembly on Au(111)31.

C O
δ-δ+

C O
δ-δ+

C O
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δ+δ-

CO

Energy

C

O

O

δ+

δ-

δ-

C
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Figure 1.1: (a) Realative interaction energies of head-to-tail and head-to-head aligned
dipoles, depicted by a a representative molecule, CO. (b) Optimal “T-aligned” orientaion
of quadrupoles, depicted by a representative molecule, CO2

Another, more recent, example from our group where dipole interactions were suggested

as a contributor to intermolecular interactions driving assembly was for the case of

tris(hydroxyquinolate)-aluminum (Alq3) on a Cu(110) surface32; here molecules were

observed to aggregate in quasi-linear structures in the first monolayer. Since Alq3 has

a significant dipole moment of about 5 D in the gas phase33, the anisotropic structure

it forms on the surface is strongly suggestive of head-to-tail interactions. If we consider

each molecule as a point dipole with the gas phase moment then the energy difference

between head-to-tail and head-to-head interactions for a separation of about 1 nm is
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1.7 eV, indicating a weak tendency to form linear structures as observed. Given the small

size of the interaction, it is not possible to rule out other contributions to the anisotropic

aggregation, including dispersion interactions as described in the next section.

The simplest quadrupole can be viewed as a central positive charge surrounding by

two negative charges that fully compensate it to give a charge neutral species. Examples

of molecules exhibiting such a structure are CO2 and CS2. For such a structure one

may expect “T-shaped” dimer pairs where an electronegative end of one molecule orients

towards the electropositive center of another as shown in Figure 1.1b. Weiss and co-

workers recently reported evidence of this quadrupole-driven structural motif in CS2

adsorption on Au(111)34.

In some ways, it is remarkable that multipole interactions are not more dominant in

molecular assembly on surfaces. This is highlighted by the case of iodobenzene assembly

on Cu surfaces, which show a strong tendency for head-to-head orientations not favored

by direct dipolar interactions35,36. In addition to the often intrinsically weak interaction

strength suggested by the Alq3 example above, another effect has to be considered in

assessing the strength of multipole interactions. The proximity of the metal substrate

creates substantial screening of charges as they polarize the conduction electrons. In the

Thomas-Fermi picture, the potential created by a charge in a metal does not scale by r−1

but rather a Yukawa form given by37:

V (r) ∝ e−r/λTF

r
. (1.4)

The Thomas Fermi screening length, λTF , is often only a few Ångstroms in metals,

potentially leading to a dramatic reduction of the direct electrostatic interactions between

molecular charge distributions in contact with a metal surface.

1.1.6 London dispersion interactions

The London dispersion interaction is the weakest of the direct coulombic interactions and

will only play a significant role as a driving force when considering extremely non-polar

atomic and molecular species. In such species the occurrence of instantaneous dipoles due

to the natural oscillation of electron clouds and the resulting induced dipoles will cause

correlated oscillation of the electron clouds on different species resulting in an attractive

interaction. The energy of this interaction can be derived from quantum mechanical
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perturbation theory of the coulomb potential (it is the second-order term) and has the

following form (for species a and b)38,39:

E = −3

2

IaIb
Ia + Ib

αaαb
r6

, (1.5)

where I is the first ionization energy and α is the polarizability of a given species. The

dispersion interaction falls of as r−6, making it a much shorter range force that permanent

dipoles or quadrupoles. We see that the strength of the interaction will be proportional to

the ionization energy of the molecule. This is an intuitive property when we consider that

for the case of atomic gases dispersion forces are the strongest in noble gases (e.g. He, Ne,

Ar, Kr, Xe). Lastly, dispersion interactions will also be proportional to the polarizability

of a species. This is the reason that smaller halogens are gases at room temperature (F

and Cl) while larger halogens are liquids (Br) or even solids (I) at room temperature.

Due to the nature of London dispersion, it (and van der Waals interactions in general)

is not handled well by some computational methods such as density functional theory.

And so, it is typically approximated in a simple scaled r−6 form. For a given molecule

its whole potential, including a term for the Pauli repulsion, is approximated using the

Lennard-Jones potential40:

V (r) = ε

[(rm
r

)12

− 2
(rm
r

)6
]

, (1.6)

where rm is the distance to the potential minimum and ε is the potential-well depth. As

shown in Figure 1.2 the potential is weakly attractive for r > rm and forms an asymptotic

wall near the molecule (at r = 0). The Lennard-Jones potential is frequently used for

modeling and quantifying London dispersion interactions41,42.

For molecular assembly, the most notable system where London dispersion plays the

primary organizing role is in the case of nobel gases on metal surfaces. In a complete

analogy to their bulk behavior, nobel gases are so inert and non-polar on a metal surface

that their is a complete lack of any special type of interaction and so the ever-present

dispersion forces are dominant41,43. Although, even more complex molecules can still see

the effects of dispersion forces. It have been shown that, for planar aromatic molecules,

dispersion forces from the extended π-cloud systems are strong enough to enforce an

adsorption geometry where the plane of the ring (or rings) will be parallel to the surface44.
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Figure 1.2: Lennard-Jones potential (red), as described in equation 1.6), and its con-
stituent repulsive and attractive terms (cyan).

1.1.7 Substrate-mediated interactions

Up to this point all of the interactions reviewed here have been coulombic in origin and

analogs of bulk material interactions. Although, as one might suspect, this is not true of

all surface-bound adsorbate interactions. Multiple adsorbates can in fact interact with

each other through the surface. This type of interaction was first speculated to exist in

1958 by Koutecký45, but did not become a fully-fledged prediction until the work of T. L.

Einstein et al. in 197346.

To understand how adsorbates are able to interact with each other through the

substrate surface, we can first consider that the surface of a material is, from a certain

perspective, a perturbation of the bulk geometry. In the bulk, a typical state will have a

wavefunction that reflects the periodic potential of the atomic nuclei know as a Bloch

wave. The Bloch wave solution to the Schrödinger equation for a single-electron is the

product of a plane wave and a periodic function, un,k(r), which reads:

ψn,k(r) = eik·run,k(r) , (1.7)

such that for a crystal unit cell with translational periodicity, T, the energy eigenvalues

have the same periodicity, stated as En(k) = En(k + T); where k is the momentum

wave vector47. Naturally when one considers the behavior of the material’s states near a
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termination of the crystal (i.e. a surface) they will see a perturbed behavior. There are

two different types of states that will occur at the crystal surface. First, a bulk Bloch

state may simply reach the surface and decay into the vacuum, as seen in Figure 1.3. Or

second, a Shockley state may exist that has an energy inside the projected band gap at

the surface and therefore has a large probability density at the surface while decaying

into both the vacuum and the bulk, also shown in Figure 1.3. This surface state will have

Bloch wave behavior only parallel to the plane of the surface47.

0

z

Re[Ψ] crystal vacuum

Figure 1.3: Depiction of crystal surface state wave functions: a bulk Bloch state (lower,
black), and a surface-confined Shockley state (upper, red).

The k||-type plane waves of surface states can be observed in scanning tunneling

microscopy (STM) by performing energy-specific conduction maps near defects and step

edges, where the electron density of these states will be scattered. One can imagine the

presence of an adsorbed adatom may then have an effect similar to that of a surface

defect (i.e. a missing surface atom). STM results reported by Karl-Heinz Rieder and

co-workers in 200048, of Cu adatoms adsorbed on Cu(111) at very low temperatures

(9–12 K), showed for the first time that scattering of the Cu(111) surface state off the

adsorbed Cu adatoms could induce long-range oscillations (up to 70 Å) in the surface

adsorption potential. In the presence of multiple adatoms, this effect creates a substrate-
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mediated interaction between the adsorbates because each one of them will me modifying

the position of all of the other’s adsorption minima49. Although Rieder’s study and

similar work on Co adatoms50 required metal adatoms studied at very low temperatures

the substrate-mediated interaction via scattering of surface states has also been observed

for larger organics at room temperature, such as pentacene on Cu(110)51; and density

functional theory predicts substrate-mediated interaction to even play a crucial role is

the assembly of benzene on Cu(111)52.

1.1.8 Coordination bonding in surface assembly

Coordination bonding is a crucial phenomenon to understanding the chemistry of inorganic

complexes. Although the definition of what constitutes a coordination complex is not

rigidly defined, there is a general outline. A coordination complex is typically considered

to be compound consisting of an electron donor and electron acceptor, where the electron

donor (or ligand) is a molecule (typically stable in isolation) that has a lone non-bonding

pair of electrons without any low energy unoccupied orbitals, and the electron acceptor is

an atom or molecule (very commonly a metal atom) with low energy unoccupied orbitals

(i.e. near the Fermi level)53. Coordination compounds have been an area of interest in

the field of physical chemistry for decades due to (but not exclusively) their stability,

magnetic properties, and high activity in the visible light spectrum53,54. Coordination

bonding is also very important for molecular assembly, as metal atoms and coordination

ligands can be intermingling is certain systems.

For a first example of how coordination bonding can affect assembly, we will consider

a simple (and particularly relevant) system: benzoic acid on a Cu(110) surface. At

room temperature, when benzoic acid adsorbs to the Cu(110) surface, its hydroxyl group

deprotonates and the resulting species is a benzoate (BZO) ion55,56. When the coverage

density of BZO molecules is very high (≈0.25 ML) the molecules are forced into an

adsorption geometry where the carboxylate group is in contact with the substrate surface

and the length of the molecule is directed normal to the surface plane (this will be referred

to as the “standing” orientation)55,56. This standing adsorption also occurs at any coverage

when the surface if fully oxidized, as p(2×1)O/Cu(110), and on the Cu(111) surface as

well57. For these surfaces (p(2×1)O/Cu(110) and Cu(111)) there is an important lack of

free Cu adatoms available for bonding. When a BZO overlayer (on Cu(110)) has a more

modest coverage density, such that the molecules are not forced upright, the resulting
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adsorption geometry will be quite different. In this instance, the BZO molecules will

assume an orientation where their ring face is parallel to the surface plane and adsorbed

directly to the surface (this will be referred to at the “flat-lying” orientation)56,57. This

flat-lying orientation is preferred because the BZO molecules form a coordination complex

with the naturally mobile Cu adatoms on the surface (typically originating from the step

ledges and kinks). Dougherty and co-workers were able to directly observe by STM that

four BZO form a square planar coordination complex with two Cu adatoms in the center58.

The effects that this change in bonding and orientation have on the surface potential

above each individual BZO molecule will be discussed in further detail in Chapter 3.

The advantage of being able to use organic linker groups in surface-bound coordination

complexes is that they are highly customizable, enabling control of not only geometrical

film structure but also chemical composition. For any number of potential metal adatom

coordination centers, there are a variety of complementary organic functional groups

that can be used to create a coordination complex. As we have already mentioned, the

carboxylate group bonds well to Cu adatoms but it also bonds quite well to Fe adatoms.

It has been shown in work by Kern et al.59,60 that carboxylate organic linker groups

can be used to form both mononuclear and polynuclear structures with Fe that result

in rectangular pore structures. As well, work by Barth et al.61,62 showed the creation of

coordination complexes using mononuclear Co adatom centers and cyano linker groups

that resulted in hexagonal pore structures. Not only do these complexes form into

geometrical structures that are familiar to inorganic chemistry, such as square-planar and

trigonal-planar, but their electronic structure is also the same are their non-surface bound

analogs63. Since coordination surface assemblies can maintain an electronic structure

similar to their bulk molecular siblings, they will be able to display the same wide array

of physical properties as well.

1.2 Physical properties of assemblies

1.2.1 Electronic band alignment

One of the most important and widely relevant device properties are the charge injection

characteristics of the various material interfaces between the different parts. For most

solid organic materials these layer can be thought of as molecular solids. This is in

contrast to metals, which are typically used as electrodes, where the material is made up
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of large atomically-continuous crystals. Therefore, if one is to use a nano-scale molecular

surface assembly as a device component it is crucial to understand the unique charge

transport behavior between metals and molecules.

In order for a charge to move in or out of the molecular layer it must move between

the metal bands and the molecular orbitals. Unlike the electronic bands of a metal,

molecules have electronic states (or orbitals) that that occur at discrete energies. The

frontier orbitals are the ones that are typically of the most relevance to transport, these

are the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular

orbital (LUMO). During transport an electron or hole will move into or out of these states.

Therefore, the transport gap of the organic layer is determined by the energy costs of

creating a charged molecular state. In order to add an electron to the LUMO there must

be enough energy to reach what is called the “ionization level”. Similarly, in order to move

an electron out of the HOMO there must be enough energy to reach the “affinity level”.

The amount of energy require to do this across a metal-organic interface is dependent on

how the HOMO, LUMO, and their respective transport levels align with the Fermi level of

the metal.

A pre-requisite for any organic device is the injection of carriers from an electrode

into a frontier orbital-derived state. The electron injection barrier is the energy difference

between the LUMO-derived transport state and the Fermi level and the hole injection

barrier is the energy difference between the HOMO-derived transport state and the Fermi

level of the electrode. Quantifying these energy differences constitutes the band alignment

question that is crucial to understanding the role of interfaces in devices. An essential

fundamental goal for any organic electronic material is to determine an interfacial energy

levels as depicted schematically64 in Figure 1.4. The band alignment question is made

difficult by the fact that a knowledge of the isolated properties of the metal electrode and

the organic material are not sufficient to accurately predict the energy levels after contact.

Interactions at the metal-organic interface create an “interface dipole shift”65,66, ∆ in

Figure 1.4, that can be viewed as change in the local “vacuum level” in going from the

metal to the organic. Microscopically, this is a modification of the electrostatic potential

at the surface (measurable as an adsorption-induced work function change) that must be

included in determining band alignment.

The formation of an interface dipole (ID) can be due to many reasons67. First,

polarization effects due to adsorption may occur in the metal and/or the molecule cause

ID formation, and it can even be the case that pre-existing molecular dipoles could cause
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Figure 1.4: An adaptation of the energy level alignment figure from Kahn (1998)64.
Interfacial energy level alignment upon contact before the formation of the dipole layer
(left), and after the formation of the dipole layer immediately after contact (right).

ID formation as well65,68. Clean metal surfaces in vacuum are known to have an electron

“spill-out” region just outside the surface and during the adsorption of a molecular layer the

spill-out region can be pushed back into the metal causing an ID layer69; this phenomenon

is known as “Pauli repulsion” or “Pauli push-back”. It should be mentioned that anytime

a molecular film is deposited onto a metal surface Pauli push-back will occur and the

suppression of the metal’s natural surface dipole will decrease the metal work function.

Lastly, as mentioned earlier, the adsorption of molecules can result in chemical bond

formation and even chemical reactions which are also culprits for ID formation70. Because

of the complexities of this problem, direct measurements of interfacial band alignment

are very important for understanding the role of molecular adsorption and assembly on

the overall goal of charge injection optimization.

Examples of the complete determination of interfacial energy level diagrams can be

found in the extensive photoelectron spectroscopy literature in the last decade65,66,71. By

combining photoemission techniques such as ultra-violet photoelectron spectroscopy (UPS)

and inverse photoelectron spectroscopy (IPES) or two-photon photoemission (2PPE), it is

possible to measure both occupied and unoccupied electronics states as well as interface

dipole shifts. For example, Kahn and co-workers have used the inherent dipole along the
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Ti–O bond in OTi-phthalocyanine (TiOPc) to create controllable dipole layers in between

a highly-ordered pyrolytic graphite surface and an “active layer” of Cu-phthalocyanine

(CuPc). By doing so they were able to show that upon insertion of the TiOPc dipole

layer the HOMO of CuPc decreases in energy due to the Fermi level shifting it’s energetic

alignment65. They have also shown in general that the energy level alignment at a

metal-organic interface does not obey the simple work function comparison rule establish

by studies of metal-semiconductor interfaces64. Gao’s group has written extensively about

how the various ways in which the ID is developed can derive from sample processing

characteristics such as deposition sequence and deposition environment72.

1.2.2 Magnetic Properties of Molecular Surface Assemblies

With the recent expanding interest in creating organic molecular spintronic devices, it

has become more important than ever to understand the fundamentals of how molecular

assembly shapes the emergence of magnetic properties for films from their constituent

parts73. Even if the surface species is a single atom or molecule, that atom or molecule’s

magnetic properties can have measurable effects on the electrical and magnetic charac-

teristics of the interface. For example, when a single magnetic atom is deposited onto a

surface at temperatures below the Kondo temperature (TK), the magnetic moment of

the atom will act as an impurity that will be screened by the conduction electrons in the

non-magnetic surface. As this effect is due to a magnetic many-body effect, one can also

observe a splitting of the Kondo resonance under an applied magnetic field. Observations

of such single atom Kondo impurities were first reported by Crommie74 and Delley75

through the use of scanning tunneling spectroscopy (STS) of magnetic adatoms (Co and

Ce, respectively) deposited on a non-magnetic surface at 4 K (Au(111) and Ag(111)).

The Kondo resonance of the adsorbed adatoms was visible in STS by observation of the

predicted Fano line-shape76. Since then there have been many other reports of Kondo

resonances such as site-specific Kondo temperatures well above room temperature for

single Fe-phthalocyanine molecules77, and control of Kondo effect strength by attachment

of CO ligands to Co adatoms78, to name a few.

Molecular assembly and adsorption geometry can also have a very strong influence

on the intrinsic magnetic properties of the adsorbate. An excellent example of this was

shown in the work by Kawai et al.79 They investigated how the unique zero-field splitting

(ZFS) of Fe-phthalocyanine’s (FePc) triplet spin state responded to manipulations of
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its adsorption geometry. When they deposited FePc onto an oxidized copper surface

(p(2×1)O/Cu(110)), they found that it adsorbed at two different angles with respect

to the [001] direction and each had different magnitudes of ZFS. It was also found that

adsorption onto p(2×1)O/Cu(110) changed the easy-plane magnetic anisotropy of the

bulk form of FePc to an easy-axis anisotropy due to the coupling of the Fe-center dz2

orbitals to the substrate bands. And, finally when FePc is deposited onto a clean Cu(110)

surface the ZFS splitting disappears entirely because the metal–molecule coupling in this

system changes the Fe-center’s spin state from it’s natural triplet state to a singlet state.

This study by itself displays the wide array of manners in which the metal-molecule

interaction can manipulate the existing magnetic properties of the participants.

While measurements of Kondo effects, as they have been discussed so far, are quite

valuable as a way of studying surface magnetism, they are only an indirect probe of

these effects. Direct measurements of individual magnetic moments are possible by STM

by magnetizing the tip. This is typically done by coating the STM tip with a ferro-

or anti-ferromagnetic material such as Fe or Co80. This technique of spin-polarized

STM (SP-STM)was first reported by Wiesendanger in 199081 and since that time the

measurement technique has demonstrated the unique value as a nano-scale spin probe. SP-

STM measurements of Co-phthalocyanine on Co nanoislands by Iacovita and co-workers

have shown that a magnetic electrode surface can induce spin-dependent metal-molecule

coupling82. Strong coupling between molecules and magnetic surfaces showed, in studies

by Wiesendanger et al., that despite the loss of molecular magnetic moment due to charge

transfer, spin-split hybrid surface states will still produce magnetic characteristics.83 In

these coupling studies it was also found that the aromatic ligands of the phthalocyanine

molecules were the most likely substantial contributors to the interaction behaviors. The

suggestion being that synthetic control of molecular ligand structure could open avenues

for tailoring the emergent magnetic qualities. This idea is well displayed by the work

of Blügel et al., where they showed that single aromatic rings provided enough overlap

of their pz orbitals with the surface d-bands that the intrinsic spin-polarization of the

surface could be inverted and even amplified84. Lastly, recent results from our group (led

by Zhengang Wang) involving SP-STM studies of Alq3 on Cr(001) have also shown that

properties such as molecular chirality can be used to influence adsorption orientation, and

subsequently change the alignment of magnetic hybrid states with the surface13.

Finally it will be beneficial to review some of the recent studies of molecular spin-

crossover in ultra-thin films, as this will be a central topic to Chapter 5. Molecular
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spin-crossover has been studied in synthetic compounds since the 1930s85. Spin-crossover

(SCO) is the rearrangement of electronic states within a spin center on a molecule, such

that the total spin-state changes, due to some external stimulus (e.g. temperature, light,

pressure, etc.). In Fe(II) SCO coordination compounds, the Fe center will change between

a diamagnetic low-spin state (S = 0) and a paramagnetic high-spin state (S = 2), this is

depicted schematically in Figure 1.5a. In the low-spin regime, the increase in Coulomb

repulsion, due to the shorter Fe–ligand bond length, increases orbital overlap such that

the energetic cost for an electron to occupy the one of the higher eg states is prohibitively

expensive when compared to the cost to flip its spin and pair with another electron in the

lower t2g states. Conversely, in the high-spin state the Fe–ligand bonds are longer, thereby

sufficiently reducing the Coulomb repulsion cost below the cost to violate the Hund’s rule;

and so electrons preferentially fill the eg states once the t2g states are occupied, resulting

in a filling scheme with four unpaired electrons. The resulting proportion of HS to LS in

a bulk material will be a reaction equilibrium determined by the respective free energies

of the two spin states. In Figure 1.5b we can see that although the LS state is lower in

energy the HS state has a greater entropy (due to softer Fe–N bonds); this will cause

the HS state to be preferred at temperatures above the crossover temperature (T1/2) and
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the LS state to be preferred at temperatures below T1/2. The presence of a SCO effect

and its character are highly dependent on ligand chemistry, making it not only a delicate

property but also a synthetically tunable property85.

To date there have only been a few studies conducted on the interfacing of molecular

SCO with metal surfaces, and only just recently. The first report of molecular film

structure was from Berndt’s group, showing the formation of a π-stacked bilayer of

Fe[(bpz)2phen] on Au(111)86. Rosa and co-workers have also observed sub-monolayer

adsorption of Fe[(H2B(pz)2)2(bipy)] onto a Cu(111) surface at 10 K87. Efficient charge

transport will be desired for any SCO device and so the presence of π-stacking in the

first two layer shows promise for the creation of efficiently conducting nano-scale SCO

active layers. Experiments conducted by Berndt et al.86 and Miyamachi et al.88 show

that given sufficient decoupling from the surface that SCO molecule can be electrically

excited into trapped spin-states. The results published by Miyamachi and co-workers use

the presence of Kondo resonances to prove the existence of a magnetic moment in the

high-spin species and are able to also differentiate between the two spin-states by observing

apparent molecular size differences corresponding to the changes in Fe–N bond lengths88.

As we have seen with all other electronic and magnetic properties reviewed here molecular

adsorption and assembly play a critical role in the translation of intrinsic component

material properties into the properties of the combined system, and with a property as

exotic as SCO it has to the potential to be far more complicated thereby demanding even

more a focus on the fundamental principles of metal-molecules interaction.

1.3 Layout of this thesis

Following a detailed review of relevant instrumental design and operation in Chapter 2

the three major studies that comprise this thesis will be presented (listed in order):

• Chapter 3: An STM and STS study of benzoate assemblies on Cu(110) will serve

as a model system to investigate the effects local molecular environment play in

determining electronic image potential states. This will be accompanied by the

development of a theoretical model for predicting image potential changes from

properties of neighboring adsorbates. This work has been previously published in

the Journal of Physical Chemistry Letters89.

• Chapter 4: Theoretical development of constant height distance-voltage STS
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(zV-STS) metrology will be presented. This study will include an numerical as-

sessment of systematic error in zV-STS accompanied by methods for it’s reduction

and derivation of both a specific and universally applicable differential equation

for describing STS measurement of sample DOS. This work has been previously

published in Physical Review B90.

• Chapter 5: An experimental study of SCO phenomenon in ultra-thin and multi-layer

films well be presented. These experiments will feature Fe[(H2B(pz)2)2(bipy)] on

Au(111) as a representative Fe(II) SCO compound. A significant deviation from

bulk temperature-dependent SCO will be demonstrated and thick film growth will

show a return to bulk-like SCO behavior.
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[44] G. Witte and C. Wöll, Journal of Materials Research 19, 1889 (2004).
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Chapter 2

Experimental Methods and

Instrumentation

2.1 Background theory

This chapter primarily describes the use of scanning tunneling microscopy (STM) and

scanning tunneling spectroscopy (STS) to establish structure-property relationships in

molecular assemblies. The first section reviews the crucial background for this technique.

Subsequent sections describe the details of specific instrumentation and experimental

methods used in later chapters of this thesis.

2.1.1 Development of the scanning tunneling microscope

As the name implies, scanning tunneling microscopy (STM) is based around the phe-

nomenon of electron tunneling. During the discovery and intense study of radioactivity

around the turn of the 20th century, quantum mechanical tunneling was first used to

explain the random emission of alpha particles during radioactive decay in 1928 by Gur-

ney and Condon1. With a growing acceptance of quantum mechanical theory, electron

tunneling became the preferred method for explaining transistor and diode behavior in

semiconducting solid devices. Eventually in 1973 Ivar Giaever was co-awarded the Nobel

Prize in physics for his experiments showing that Cooper pairs tunneled through ultra-

thin oxide layers in superconducting-insulator-superconducting junctions2, solidifying the

importance of quantum mechanical tunneling in modern science.

By 1972 Russell Young had developed the topografiner, which used field-emission

current from an electro-chemically etched tungsten tip to scan a diffraction grating with

400 nm lateral resolution and 3 nm vertical resolution3. The challenge from there was

to move from the field emission regime, requiring hundreds of volts across the gap, to a

tunneling regime. Teague showed in his PhD thesis (1978) that it was possible to gain
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Figure 2.1: Solution to the wave equation for a square barrier potential. The wavefunction
(Ψ) undergoes exponential attenuation in regions where its energy (EΨ) is less than the
potential energy (U).

fine control of the gap size within the tunneling regime using a mere 0.1 to 0.01 volts4,

biases at which a modern STM operates. In 1980 Gerd Binnig and Heinrich Rohrer filed

the patent for the STM combining both Young’s and Teague’s accomplishments. It wasn’t

until two years later, in 1982, that they published observations of both the exponential

dependence of tunneling current on vacuum gap size5 as well as the full maturation of the

STM with the observation of atomic steps on the (110) surfaces of Au and CaIrSn4
6. One

year later they were able to demonstrate atomic resolution by acquiring scans showing

the 7 × 7 reconstruction of Si(111)7. Their successful invention of the STM earned them

the Nobel Prize in physics in 1986.

2.1.2 Theory of quantum mechanical tunneling phenomenon

Tunneling is the process in which a particle (or collection of particles) will transmit

through a classically-forbidden barrier potential with a non-zero probability. This is

understood as a consequence of the well known wave-particle duality, upon which quantum

mechanics is based on. The quantum mechanical description of tunneling comes from an

evanescent wave solution to the Schrödinger equation that arises when the particle’s energy

is less than that of the barrier. This can be plainly seen if we solve the time-independent

Schrödinger equation (for a single non-relativistic particle in one dimension),

−h̄
2m
∇2Ψ(x) + V (x)Ψ(x) = EΨ(x) (2.1)

26



for a plane wave (Ψ) suddenly incident (i.e. traveling in the +x direction) on a potential

barrier (V ) greater than the energy of the particle (E). The solution for the probability

density inside the classically-forbidden region (i.e. inside the barrier) will have the

following form,

|Ψ(x)|2 ∝ e−x
√

2m(V−E)/h̄, (2.2)

where x is the distance into the barrier region. The key observation from Eq. 2.2 is that

the wave function decays exponentially as it enters a barrier region, but if the tail were to

reach far enough into the barrier to a point where the potential was reduced below the

particle’s energy it would transition back into a plane wave with a reduced amplitude as

we can see in Figure 2.1.

The full tunneling behavior can be brought to fruition if we examine the classic

example of a square barrier. Let us consider the following potential:

V (x) =

{
V0, 0 < x < w

0, otherwise
. (2.3)

When the Schrödinger wave equation is solved with this potential in the Hamiltonian for

a particle incident from negative infinity the transmission probability8,

T =
1

1 +
V 2
0

4E(V0−E)
sinh2

(√
2m(V0 − E) · w/h̄

) , (2.4)

is seen to be exponentially dependent on the barrier width [Figure 2.2]. Although the

tunneling that occurs in STM is through a more complicated barrier, the square barrier

problem demonstrates well the underlying concept and in Chapter 4 it will be shown that

the square barrier can be an effective real-world approximation.

2.1.3 Scanning tunneling microscope operation

In STM a tunneling barrier is created by bringing an atomically sharp tip within 5-15 Å

of a conductive sample surface in air, liquid solution, or under vacuum. At this distance

a low to moderate electric potential difference of 1 mV to 1 V between the tip and the

sample will be enough to enable electrons to tunnel through the vacuum gap, creating a

measurable current. As was shown in Eq. 2.2, the probability for an electron to tunnel

across this gap will be exponentially dependent on the gap size. It is this exponential
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Figure 2.2: Plot of Eq. 2.4 for barrier height, V0, of 5eV and particle energy, E, of 1eV .

dependence of the gap width that enables ångstrom-scale resolution normal to the surface

plane. The gap bias and the density of states (DOS) of the tip and sample will also play

an important role in the determination of tunneling current as well.

Up to this point we have only considered the situation of a single particle tunneling

through a barrier, but in a STM setup the tunneling occurs due to a very large number of

electrons and the key is that they reside at many different energies. When a voltage is

applied to the tunneling junction the Fermi levels of the two materials become offset from

each other. Since tunneling is an elastic process it will only occur between states at the

same energy, as seen in Figure 2.3. Therefore the total tunneling current at a given bias

will be the sum of all possible elastic tunneling events where the tunneling at each energy,

dE, will be proportional to the product of the densitys of states for tunneling into and

out-of the sample and the tip at that particular energy.

A rigorous theoretical model for tunneling was developed by John Bardeen in 19609.

His work built the foundation for the development of the widely used tunneling integral

equation (Eq. 2.5). His key addition was an approximation to consider the states of the tip

and the sample separately as free subsystems, and then solve for the individual tunneling

probabilities by calculating the wavefunction overlap. By applying Fermi’s golden rule to

Bardeen’s results one can get the rate of electron transfer from one electrode to the other

in terms of its density of states10,11. Finally by accounting for the symmetric requirement
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Figure 2.3: Energy level diagram of tunneling mechanics in STM. Yellow arrows represent
elastic tunneling events depicated as tunneling out of occupied tip states (red) and into
unoccupied sample states (blue) through the vacuum barrier (gray).

that electrons can only tunnel out of occupied states and into unoccupied states one will

be left with the following integral approximation to the total tunneling current10,11,

I(z, V ) =
πeh̄3A

2m2

∫ eV

0

ρs(E − eV )ρt(E)T (z, V, E)dE , (2.5)

where A is the effective tip area, ρs is the DOS of the sample, ρt is the DOS of the tip, and

T is the transmission function approximation to the vacuum barrier. In most tunneling

spectroscopy experiments the objective is to determine the DOS of the sample surface or

some surface species, and we can see that if the DOS of the tip and the gap width are

mostly constant then the first derivative of the current, dI/dV , will be approximately

proportional to the sample DOS (Eq. 2.6).

dI

dV
∝ ρs(eV ) (2.6)
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This relationship was key to understanding the results of the planar tunneling junction

experiments done by Giaever2. Further discussion of the theoretical implications of Eq. 2.5

for STS will be saved for Chapter 4.

2.2 Instrumentation background

2.2.1 General STM hardware and operation

preamp

Control Electronics
& Computer

X-Y raster

Z control

tunneling
current signal

V

output

Figure 2.4: Diagram showing the setup and operation of a scanning tunneling microscope
in constant-current mode.

In order to use the extraordinary surface sensitivity associated with the exponential

dependence of tunneling probability on gap distance (Eq. 2.2) one needs to be able to

mechanically control the tip position on the sub-̊angstrom scale. This is achieved by

the use of piezoelectric materials for the scan tubes. When an electric field is applied

30



to a piezoelectric material it may compress, expand, bend, or shear depending on the

material and the direction of the applied field. With a moderate voltage of 1 V across

the piezoelectric scan tube the length distortion can be on order of nanometers.

In order to carry out topographic imaging with a STM the tip is brought into the

tunneling regime of the surface and rastered across a region on the surface either at a

constant height or, more commonly, under constant-current feedback control as seen in

Figure 2.4. The resulting data set is a two-dimensional map of the tip height over the

surface as it maintains tunneling current setpoint (typically 1 pA to 10 nA). Due to the

convolution of topography and DOS (described in Eq. 2.5) an STM image does not simply

reflect the topographic height variation on the surface. In certain cases, for example,

scanning over topological protrusions can in fact image as depressions due to a serve

difference in orbital overlaps between the tip and the feature relative to the tip and the

surrounding area. Figure 2.5 shows an example of a constant-current STM image of a

bare Ag(111) surface revealing the atomic spacings in the (111) crystal plane.

Figure 2.5: Atomic resolution on Ag(111), with surface lattice vectors shown in blue.
Imaging was acquired under a gap bias of 0.01 V, and with a current setpoint of 6 nA.
Measurement drift in the raw data has been corrected for so that the lattice vectors match
their known values.

The convolution of topographic and electronic information in a STM measurement

means that it can also be used for spectroscopy studies of electronic states near the

surface; as demonstrated earlier in the development of Eq. 2.6. When the tip is positioned

at a single point on the surface and the current and/or tip height are measured as a
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function of gap voltage this is commonly referred to as scanning tunneling spectroscopy

(or STS for short); this type of measurement will reflect the local electronic density of

states at the tip position. STS was first developed as a constant height differential-

conductance measurement by Feenstra12,13 with his observation of the Si(111)-2×2 band

gap. This measurement is an adaptation of the tunneling spectroscopy studies invented

by Giaever2 to the local scales accessible to STM. Beyond topographic imaging their are

many more advanced techniques the can be performed with a STM, some of which include:

conductance mapping12, atomic manipulation14,15, single molecule chemistry16, inelastic

loss spectroscopy16, and spin-polarized tunneling17.

2.2.2 Omicron UHV VT-STM XA 100

The STM used for the work presented here is a commercially-available Omicron variable-

temperature STM (100 XA model). The microscope tips are homemade from tungsten

wire and electro-chemically etched to a ultra fine point using an Omicron tip etching kit.

To etch the tungsten a short piece of 0.375 mm diameter wire is attached to the anode

of the electrochemical cell which is filled with a 0.2 g/ml solution of NaOH in water.

With the tip of the wire inserted approximately 2 mm into the solution a voltage of 7 V

is applied until the differential current decreases below the cutoff value. The finished

tungsten tips are mechanically crimped into an interchangeable Omicron tip holder.

Because the tips are interchangeable on the scanner tube there are many stored in the

STM chamber carousel at any given time. The microscope uses a radiation-shielded single

tube scanner that is factory calibrated for atomic resolution distances at 9 nm/V; it also

has a maximum lateral scan range of 12 μm and a maximum z-travel range of 1.5 μm at

0.01 nm resolution. Coarse movement of the microscopy scanner assembly is controlled

by a 3-axis, linear, stick-slip, piezoelectric motor.

The entire STM stage is suspended from 4 spring with 40 eddy-current damping copper

fins lining the perimeter; this suspension system provides superb mechanical vibration

isolation of the tunneling junction from the rest of the chamber. To further enhance

the vibration isolation, the entire chamber is sitting on a pneumatic suspension system

composed of four isolator legs (or “air legs”). During microscope operation the air legs

automatically level the chamber to within ±0.25 mm of level, this ensures that the STM

stage suspension system operates properly and it also provides an extra level of isolation

from the rest of the building.
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The electrical signal from the tunneling junction is processed by the MATRIX controller

after being sent through a 2-stage amplification system. The first stage of the amplifier

is located inside the UHV chamber very near the STM stage and converts the current

signal to a voltage signal. The second stage contains a hybrid preamplifier with multiple

selectable bandwidths/gains and corresponding low-pass filters. The MATRIX unit serves

as the electronic feedback control unit and the bridge between the microscope and the

computer control software.

The STM can operate at both elevated temperatures and low temperatures. The

microscope stage has an embedded heater which can raise the temperature at the sample

surface to about 500 K. The stage can also be cooled by a thermally conducting gold wire

braid that is attached to a cold finger located inside the liquid nitrogen dewar attached

to the STM chamber. For typical low temperature scanning the dewar will be filled and

cool the stage to about 131 K ( −142◦ C) at equilibrium, this takes ∼40 min. For some

further cooling it is also possible to pump on the dewar in order to solidify the nitrogen,

but this was not done for any of the work presented here.

2.2.3 Ultra-high vacuum

All of the STM results presented in this thesis were performed under ultra-high vacuum

(UHV), which is typically understood to be at pressures less then 10−8 torr. In these

experiments measurements were taken when the chamber was typically at it’s base pressure

of approximately 7× 10−11 torr. By working in UHV for STM measurements, sample

surfaces can be kept atomically clean in order to enable reproducible, high-resolution

studies of well-defined molecular assemblies. The need for UHV conditions to maintain

sample cleanliness can be understood by examining a simple kinetic gas theory model of

surface adsorption. Equation 2.7 describes the time required to adsorb one monolayer,

tML, as a function of pressure, P (in torr), temperature, T (in kelvin), and molecular

weight, M , assuming only first layer sticking with a coefficient of 118,19.

tML ≈
2.85× 10−8

√
TM

P
(2.7)

We can see that at room temperature (RT) under a pressure of 10−6 torr it would take

about 3 s to form a monolayer of N2, whereas under 10−9 torr it would take about one

hour. This is a elementary demonstration of how an UHV environment ensures that there
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Figure 2.6: Top-down layout of the UHV chamber used for the experiments presented in
this thesis.

will be enough time to perform measurements on the clean surface before it becomes

contaminated. In addition, UHV conditions are required for a myriad of techniques

including (but not limited to): photoelectron spectroscopy, electron loss spectroscopy,

molecular beam epitaxy, electron diffraction, and anything at cryogenic temperatures.

Photoelectron spectroscopy needs UHV in order to allow uninhibited electron flight

between the sample and the detector. In addition molecular beam epitaxy requires UHV

to prevent the decomposition and/or oxidation of organics and metals. Lastly, cryogenic

temperatures simply cannot be reached in a humid environment due to excessive water

condensation.

The UHV chamber used for the STM experiments in this thesis was completely custom-

built and is shown schematically in Figure 2.6. It is composed of three sub-chambers: the

main chamber, the STM chamber, and the fast entry lock (FEL); which is separated by

a gate valve from the other two chambers. There are four different pumps attached to

the chamber. There is a roughing pump attached to the backside of the turbomolecular

pump. The roughing pump is a rotary vane pump that can create vacuum in the millitorr

range. It operates by forcing gas into an expanded piston cavity which is then sealed
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off, re-compressed, and the expels the gas into the atmosphere before cycling over again.

The turbomolecular pump (or just “turbo” for short) further evacuates the chamber with

a series of turbine blades spinning at 1500 Hz, which deflect gas molecules out of the

chamber under at least near-molecular flow conditions. Underneath the main chamber

there is an ion pump attached to maintain UHV when the turbo is sealed off. The ion

pump operates by ionizing gas particles inside the pump cavity and then accelerating them

into solid targets where they become chemisorbed, effectively removing them from the gas

volume inside the chamber. The fourth and final pump is the titanium sublimation pump

(TSP), which is used intermittently for maintaining a high quality UHV base pressure.

The TSP is operated by heating a titanium filament, using about 50 A, in order to sublime

clean titanium onto a surrounding cavity. This clean layer of titanium is highly reactive

and will absorb certain gas very well through chemical reactions; these are typically the

majority gas species in the chamber, such as CO and N2.

The process of achieving UHV begins by pumping the chamber to a high vacuum of

typically 1 ×10−8 torr using the roughing pump and the turbo pump. At this point the

entire chamber is baked at an equilibrium temperature between 100◦ C and 130◦ C for

a few days until the vast majority of water absorbed in the stainless steel walls has been

pumped out of the chamber. Next the ion pump is turned on and the chamber is allowed

to cool back to RT. At this point the base pressure will be near about 4 ×10−10 torr.

After some initial flashing of the TSP and outgassing of all the internal filaments the final

base pressure is achieved, and maintained with daily flashing of the TSP.

2.2.4 Sample cleaning and annealing procedures

The metal surfaces used in this work are cleaved single-crystal metals. The metal samples

are cut to within 2%–0.5% of the desired crystal termination plane, yielding a surface

that is stepped on the nanometer scale where each terrace is of the desired termination.

There are many ways to clean surfaces in UHV with each having its advantages and

disadvantages19. For most single-crystal metals though, the cleaning procedure is a

two-step process of Ar+ ion sputtering followed by moderate annealing20. The sputtering

process used in this work for cleaning the Au(111) and Cu(110) samples was very typical.

Argon gas is leaked into the main chamber, while being pumped on exclusively by the

turbo pump, to a partial pressure of 4 ×10−5 to 1 ×10−4 torr. The filament in the

sputter gun will emit electrons through thermionic emission, and as they collide with
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the Ar gas inside the gun cavity the gas becomes ionized as Ar+. The Ar+ ions are then

accelerated toward the surface at 1 keV. Upon striking the surface the ions will remove

surface matter by momentum transfer and given enough time the surface will become

mostly free of contaminates. After the sputtering process the surface will be unacceptably

rough since the substrate atoms are sputtered at the same time as the contaminants. The

damage can be healed by annealing the surface to approximately 650 K in the case of Cu

and Au to allow rapid surface mass transport19.

2.2.5 Molecular deposition techniques

In order to deposit organic molecules on the substrate surfaces there were two techniques

used in this work, organic molecular beam epitaxy (OMBE), and vapor deposition. All

molecular deposition was performed in the FEL in order to maintain the cleanliness of

the main chamber as well as to enable rapid exchange of solid organic sources between

experiments (see Figure 2.6). An organic molecule will be a good candidate for OMBE

under a few conditions: it must be a solid under UHV and RT with a vapor pressure

less than the required background pressure of the chamber, its sublimation temperature

must be less than its chemical decomposition temperature, and it must allow for proper

outgassing of its impurities. Figure 2.7 shows a schematic representation of a typical

OMBE source. The source material is placed in an upward facing quartz crucible with

a tantalum filament wrapped around it. Direct current passed through the filament

heats the crucible and source material to cause it to sublimate. Typical currents used

for evaporation are 1.5–5 A, but this depends on the temperatures and deposition rates

required. For these experiments the crucible was typically placed 3 in away from the

sample substrate surface. If the source material is known to have significantly high levels

of impurities or if raises the base pressure unacceptably high then the source material

would be first outgassed before it was used for a deposition. To monitor the nominal

deposition rate a quartz crystal micro-balance (QCM) is translated in to face the crucible

mouth until the flux stabilizes at the desired rate, at which point is then retracted to make

room for the sample to receive the molecular deposition. When the crucible is heated

above the sublimation temperature of the source material, it will effuse from the mouth of

the crucible and travel in a “molecular beam” until it deposits onto either the substrate

sample or the chamber walls. Their are many ways that this setup can be modified to

satisfy more stringent deposition requirements such as additional collimation, addition of
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heat shielding, addition of a quartz wool plug for inverted mounting, and more21. None

of these extra steps were necessary for the work reported here because the upward facing

port was not near anything that needed to be shield from the molecule beam or the very

low heating power of the filament.

to pump

valve

liquid organic

precision leak
valve

substrate

quartz
crucible

heater
�lament

organic
sample

molecular
beam

a.) b.)

Figure 2.7: Schematic diagrams of (a) a typical organic molecular beam epitaxy effusion
cell, and of (b) the vapor deposition setup of the Fast-Entry Lock.

When working with organics that are either liquid under UHV at RT or have an

unacceptably high vapor pressure the preferred method that was used was vapor deposition.

For this approach the material is put into an ampule that is differentially pumped and

attached to the FEL behind a precision leak valve. In this instance the source can be

purified by heating (if solid) or freezing (if liquid) with repeated flushing of the ampule

through the differential pump. To perform the deposition the sample surface is placed in

front of the leak valve opening and the vapor in the ampule is leaked into the FEL. The

nominal amount of deposited material is then instead recorded in langmuirs, which is the

product of molecular partial pressure in µtorr and exposure time in seconds.
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2.2.6 Photoelectron spectroscopy
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Figure 2.8: Schematic illustration of photoelectron ejection in (a) UPS and (b) XPS, as
governed by equation 2.8.

Photoelectron spectroscopy (PES) is a family of techniques in which photons are used

to eject electrons from the sample material surface so that the ejected electrons’ kinetic

energies can be analyzed. The kinetic energy of the photoelectrons will be directly related

to what their binding energies were in the material. As illustrated in Figure 2.8, elastic

ejection of photoelectrons from the surface will be governed by the conservation of energy

equation,

Ekin = h̄ω − Ebind − φ, (2.8)

where Ekin is the photoelectron kinetic energy, ω is the frequency of the incoming

photon, Ebind is the photoelectron binding energy, and φ is the surface work function19,22.

Therefore, for a given material’s work function the photon energy will determine what

type of levels one can probe. UV photons (used in ultraviolet PES, or UPS) will probe

occupied states near the Fermi level (see Figure 2.8a), and so for most organic films it is

useful for locating the the frontier orbitals that are most relevent for charge transport, in

particular the highest occupied molecular orbital (HOMO). X-ray photons (used in X-ray
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PES, or XPS), having a much greater energy, are used to access deep atomic core levels

(see Figure 2.8b). This makes XPS an excelent tool for chemical composition analysis.

XPS measurements can also yield some atomic bonding information through analysis of

core-level shifts and satellite features. Both UPS and XPS can be used to measure sample

work function.

The PES experiment results that will be presented in this work all used laboratory

based sources. In order to generate X-rays in a laboratory environment a solid target

(typically Al or Mg) is bombarded with high energy electrons which will cause the Kα1,2

transition (2p1/2 → 1s & 2p3/2 → 1s), emitting 1253.6 eV photons from Mg and 1486.6 eV

photons from Al19,22. Due to the broad linewidth of the Kα1,2 doublet and the presence

of intense satellites the photons must pass through a monochromator before they are

shown on the surface. Although the photon penetration depth into the sample may be

much greater, the escape depth of the photoelectrons is normally 0.1–0.5 nm making PES

a surface sensitive probe22. Laboratory based generation of UV light is garnered through

electrical excitation of He gas. The UV source is commonly tuned to emit 21.22 eV

photons from the He I spectral line, but if desired it can also be tuned to emit 40.81 eV

photons from the He II spectral line instead. After the photoelectrons are ejected from

the sample surface they pass through a hemispherical analyzer so that kinetic energy

dependent count rates may be recorded with ∼3 meV (UPS) or ∼50 mV (XPS) precision

using the time-of-flight method22. In the end these method will yield binding energy

spectra with a wealth of chemical and electronic information about the sample surface.

39



Bibliography

[1] R. W. Gurney and E. U. Condon, Phys. Rev. 33, 127 (1929).

[2] I. Giaever, Phys. Rev. Lett. 5, 147 (1960).

[3] R. Young, J. Ward, and F. Scire, Review of Scientific Instruments 43, 999 (1972).

[4] E. C. Teague, Room temperature gold-vacuum-gold tunneling experiments, Ph.D.
thesis, North Texas University (1978).

[5] G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, Applied Physics Letters 40, 178
(1982).

[6] G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, Phys. Rev. Lett. 49, 57 (1982).

[7] G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, Phys. Rev. Lett. 50, 120 (1983).

[8] R. Serway, C. Moses, and C. Moyer, Modern Physics , 3rd ed. (Thomson Brooks/Cole,
2005).

[9] J. Bardeen, Phys. Rev. Lett. 6, 57 (1961).

[10] A. D. Gottlieb and L. Wesoloski, Nanotechnology 17, R57 (2006).

[11] C. Chen, Introduction to Scanning Tunneling Microscopy , Oxford Series in Optical
and Imaging Sciences (Oxford University Press, 1993).

[12] R. M. Feenstra, Surface Science 299-300, 965 (1994).

[13] R. M. Feenstra, W. A. Thompson, and A. P. Fein, Phys. Rev. Lett. 56, 608 (1986).

[14] J. A. Stroscio and D. M. Eigler, Science 254, pp. 1319 (1991).

[15] M. F. Crommie, C. P. Lutz, and D. M. Eigler, Science 262, pp. 218 (1993).

[16] W. Ho, The Journal of Chemical Physics 117, 11033 (2002).

[17] R. Wiesendanger, Rev. Mod. Phys. 81, 1495 (2009).

[18] D. Woodruff and T. Delchar, Modern Techniques of Surface Science, Cambridge
Solid State Science Series (Cambridge University Press, 1994).

[19] K. Oura, V. Lifshits, A. Saranin, and A. Zotov, Surface Science: An Introduction,
Advanced Texts in Physics (Springer, 2010).

[20] R. Musket, W. McLean, C. Colmenares, D. Makowiecki, and W. Siekhaus, Applica-
tions of Surface Science 10, 143 (1982).

40

http://dx.doi.org/10.1103/PhysRev.33.127
http://dx.doi.org/10.1103/PhysRevLett.5.147
http://dx.doi.org/10.1063/1.1685846
http://dx.doi.org/ 10.1063/1.92999
http://dx.doi.org/ 10.1063/1.92999
http://dx.doi.org/ 10.1103/PhysRevLett.49.57
http://dx.doi.org/ 10.1103/PhysRevLett.50.120
http://books.google.com/books?id=Yfo3rnt3bkEC
http://dx.doi.org/10.1103/PhysRevLett.6.57
http://stacks.iop.org/0957-4484/17/i=8/a=R01
http://books.google.com/books?id=DngHF6Qtw3MC
http://dx.doi.org/10.1016/0039-6028(94)90710-2
http://dx.doi.org/10.1103/PhysRevLett.56.608
http://www.jstor.org/stable/2879595
http://www.jstor.org/stable/2882330
http://dx.doi.org/10.1063/1.1521153
http://dx.doi.org/10.1103/RevModPhys.81.1495
http://books.google.com/books?id=oSirgCsfQ6AC
http://books.google.com/books?id=4Q13cgAACAAJ
http://dx.doi.org/ 10.1016/0378-5963(82)90142-8
http://dx.doi.org/ 10.1016/0378-5963(82)90142-8


[21] S. R. Forrest, Chemical Reviews 97, 1793 (1997).
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Chapter 3

Impact of Local Molecular

Environment on the Decay of Image

Potential States

3.1 Preface

This chapter will be comprised of a reproduction of work that was previously published

in Journal of Physical Chemistry Letter, vol. 1 page 2613, in 2010.
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Impact of Local Molecular Environment on the
Decay of Image Potential States
Alex Pronschinske and Daniel B. Dougherty*

Department of Physics, North Carolina State University, Raleigh, North Carolina 27695

ABSTRACT Image potential-derived states of upright chemisorbed benzoate
molecules on a Cu(110) surface have been measured with scanning tunneling
spectroscopy. The widths of image-derived features for these adsorbates are
sensitive to the presence of coexisting flat-lying benzoate molecules. This depen-
dence is attributed to the different couplings between image potential state wave
functions and bulk metal states that result from differences in substrate-mediated
intermolecular interactions. The comparative trends are semiquantitatively mod-
eled using a dielectric continuum approach.

SECTION Surfaces, Interfaces, Catalysis

M olecular self-assembly provides a very efficient and
simple means of controlling nanometer-scale sur-
face properties. Hierarchies of intermolecular inter-

actions lead to enormous structural diversity in monolayer
films on metal surfaces that suggest opportunities for tuning
chemical reactivity, selectivity, and physical properties. Sig-
nificant work has categorized and explained the structural
diversity that ariseswhen organicmolecules self-assemble on
surfaces.1,2 As structure and interaction motifs become in-
creasingly clarified, it is essential to focus experimental atten-
tion on the impact of molecular assembly on physical and
chemical properties that will directly influence future applica-
tions of these systems.

Here, we present a scanning tunneling microscopy (STM)
and scanning tunneling spectroscopy (STS) study of a se-
quence of self-assembled molecular overlayers that form
when benzoic acid dissociatively chemisorbs on a Cu(110)
surface.3,4 Our experiments show that the coupling of image
potential-derived surface states to bulk Cu states is sensitive to
the localmolecular environment of chemisorbed species. The
benzoic acid on Cu(110) system allows a unique tuning of the
local environment as a function of surface coverage that
reveals its impact on the dynamics of surface excitations. In
particular, the coexistence of different molecular orientations
in the molecular assemblies provides efficient pathways for
the decay of image potential state electrons.

When an electron just outside of a surface interacts with
the electrical polarization that it induces in the near-surface
region, it can be transiently bound in an image potential
state5,6 (Figure 1a). These unique surface states have wave
functions located typically a few angstroms outside of the
surface and form a Rydberg series converging on the vacuum
level (Figure 1b). Due to their location far from the surface,
they have relatively long lifetimes (∼20 fs or more) that
depend primarily on the spatial extent of wave function
penetration into the metal surface.7-9

The impact of molecular adsorption on image potential
stateshasbeen illustrated inanumberof importantexperiments

using two-photon photoemission (2PPE). Harris and co-
workers first demonstrated that image potential states on
metal surfaces persist upon organic adsorption up to several
layers with changes in binding energy, dispersion in the
plane of the surface, and lifetime.10,11 Velic et al. showed that
the corrugated in-plane structure of the benzene bilayer is
crucial in determining image state lifetimes and in-plane
dispersions.12 Dutton et al. proposed unique 2D dispersion
effects resulting from charge-transfer-induced interface di-
poles at a C60/Cu(111) surface.13 In each of these experi-
ments, spatially averaged 2PPEmeasurements were used to
infer the role of molecular-scale film structure. The work
described belowaims to directly probe such effects using the
high spatial resolution of STS.

Image potential-derived states (IPSs) can be observed
using STS, though they are distorted by the strong electric
field in the region of the STM tip (Figure 1c).14-16 The field
moves all members of the original Rydberg series upward in
energy and expands their spacings. Despite the complication
of this so-called Stark shift, the ability to access image
potential states using a local probe has enormous value by
allowing direct spatially resolved structure-electronic property
correlations to be made. For example, highly localized
modification of IPSs by single benzene molecules has been
observed along with coverage-dependent shifts tracking
local work function changes due to adsorption.17

An interesting but relatively under-utilized observation
about Stark-shifted IPSs is that their line shapes in a tunneling
spectrum reflect well-established comparative trends in IPS
wave function penetration into the bulk. States that are
energetically resonant with bulk bands (more appropriately,
resonances rather than states) have been reported as very
broad features in tunneling spectra for clean Cu(110) and
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clean Au(111).15 In addition, even for IPSs that fall within a
projected band gap, it is possible to discern significant dif-
ferences in line widths for states on (100) surfaces near the
gap center compared to those for states on (111) surfaces
closer to the upper bulk band edge.15 The main results of the
present work compare IPS line widths for different molecular
environments of an upright benzoate molecule on Cu(110).

Figure 2a shows a STM image of the lowest density
benzoate structure on Cu(110), called the R phase. In this
structure, benzoate species initially adsorbwith their aromatic
planes parallel to the Cu(110) surface plane.3,18 These flat-
lying benzoates are assembled into an oblique net by ada-
tom-mediated interactions that lead to very interesting
surface coordination compounds.3,19 Increasing benzoate
surface coverage maintains the same surface net but inserts

standing up benzoate species among the flat-lying species.
These are imaged in Figure 2a as bright orange protrusions,
and a schematic model of the insertion location is shown in
Figure 2b.

The fraction of standingbenzoates on the surface increases
with coverage until a saturated monolayer forms that has a
c(8 � 2) structure. A STM image of c(8 � 2) benzoate on
Cu(110) is shown in Figure 2c. Here, all benzoate species
chemisorb with the carboxylate oxygen atoms bonded to
adjacent short-bridge sites on the Cu(110) surface, as shown
in Figure 2d. In this structure, no evidence for the coexis-
tence of different molecular orientations has been obtained.
Infrared spectroscopy3,18 and electron stimulated desorp-
tion ion angular distribution20 indicate a standing orienta-
tion with the C2 axis perpendicular to the surface in the
saturated c(8 � 2) layer.

Figure 3 shows tunneling spectra measured for different
benzoate structures on Cu(110). Spectra measured for flat-
lying coordination-bonded benzoate in the R phase exhibit a
broad peak at ∼3.8 eV that we assign as the n = 1 Stark-
shifted imagepotential state. Similarmeasurements on stand-
ing benzoate in the R phase exhibit an n = 1 peak at higher
energy (4.0 eV) and also show a weak feature at ∼3.0 eV
above the Fermi energy. This feature is attributed to resonant
tunneling through the π* LUMO state of benzoate. A recent
DFT study by Lennartz et al.21 calculated the density of states
of standing benzoate on Cu(110) and placed the π* state at
about 2.3 eV. The difference between the peak position re-
ported here and the DFTcalculation is expected based on the
well-known technical problems with ground-state DFT calcu-
lations of the energies of unoccupied orbitals.

Tunneling spectra for the standing benzoate in the c(8� 2)
structure show a shift in the π* feature to about 3.2 eV. The
n = 1 IPS occurs at essentially the same (4.0 eV) energy as
that for standing benzoate in the R structure. The most re-
markable feature of the spectra inFigure 3 is that then=1IPS
peak for standing molecules in the c(8� 2) structure is more
narrow by about a factor of 2 than the n = 1 IPS peak for
standing molecules in the R structure. These adsorbate spe-

Figure 2. (a) STM image (14 nm � 14 nm, 1.0 V, 2 pA) and
(b) schematic structural model of the R phase of benzoate on
Cu(110), where Cu adatoms have been omitted for clarity. (c) STM
image (5.6 nm� 5.6 nm,-0.8 V, 0.25 nA) of the saturated c(8� 2)
layer of benzoate on Cu(110). (d) Schematic structural model of
the c(8 � 2) phase.

Figure 3. Numerically differentiated constant current distance
versus voltage spectra measured for different benzoate overlayer
structures onCu(110). Each curve is the result of coaveragingmore
than 100 different single distance-voltage curves measured for
overlayers prepared on multiple different occasions.

Figure 1. Schematic of an electron bound to the polarization that
it induces in the near-surface region. (b) Coulombic potential just
outside of a surface with the Rydberg series schematically depicted.
(c) Impact of the electrostatic field of a STM tip on the Rydberg
series outside of a surface.
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cies are identical in terms of their local bonding site and
orientation on the Cu(110) substrate; therefore, themeasured
differences in the n= 1 IPS and π* peaks are unexpected.

The difference in the π* derived peaks in Figure 3 can be
understood by considering the possibility of substrate-
mediated intermolecular coupling of adjacent benzoate spe-
cies. While the direct bonding interactions between a stand-
ing benzoate and the Cu(110) surface are expected to be
similar in the different structures in terms of bond lengths and
site location, there is substantial orbital mixing between the
molecular orbitals and the bulk bands of the Cu surface, as
shown in the DFT studies of Lennartz et al.21 This metal-
molecule coupling is expected to be evenmore important for
flat-lying benzoate species on Cu(110) due to geometrically
enhanced overlap between the π electron system and the
metal. Experimentally, enhanced overlap results in sufficient
broadening of theπ* states for flat benzoate in theR structure
on Cu(110) that it is not clearly resolved by STS (Figure 3).

We hypothesize that the strong coupling of the flat-lying R
phase molecules to the substrate indirectly modifies the local
bonding environment of the coexisting standing species in
the R phase. The result is that the π* peak is shifted to lower
energy compared to the c(8� 2) phase, where only standing
molecules exist.Wearguebelow that theobserved0.2eV shift
is responsible for the dramatic changes in the IPS line width
for the two different structures.

The difference in IPS line width for the upright species in
different local environments results from stronger IPS cou-
pling to the substrate in the standing R structure compared to
that in the c(8 � 2) structure. This idea can be related to the
measured difference in π* levels by applying the dielectric
continuum model (DCM) that has been frequently used to
describe IPSs of molecular films on metal surfaces.10 In this
model, the film is considered to be a slab of dielectric constant
ε and electron affinity EA. The one-dimensional potential in
the z direction perpendicular to the surface takes the form
given by Hotzel et al.22

VðzÞ ¼ EA-
e2

4ε

X¥
k¼1

ð-βÞk
ðkd- zÞ þ

X¥
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ð-βÞk
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2 lnð1þβÞ
d

 !
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þ 4ε

ðεþ1Þ2
 !X¥
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0
@
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A

z > dþ b=2 ð1bÞ

In these formulas, EA is the electron affinity of the organic
material, d is the thickness of the molecular layer, ε is the
dielectric constant of the organic, β= (ε- 1)/(εþ 1), and b is
an interpolation distance calculated to be 0.91 nm (following
ref 23, with an estimated 1 eV polarization energy), which
removes divergences in themodel potential at themolecule-
vacuum interface.

The molecular “thickness”was set to the height of a single
benzoate species of 0.8 nm,21 and the dielectric constant was

approximated as about 3, a value appropriate for a small
aromatic species. The work function of the benzoate-covered
copper surface was taken to be 3.5 eV based on the observa-
tion that the n=1 IPS is∼1 eV lower than the n=1 state on
cleanCu(110) (work function≈4.5 eV).15 The screened image
potential inside of the dielectric was cut off at the 3.5 eVwork
function at the metal-molecule interface. The 1D time-
independent Schrodinger equation was integrated with a
fourth order Runge-Kutta method to obtain wave functions
and binding energies of the n= 1 IPS.

A deeper EA with respect to the vacuum level for the
standingR phase pulls the IPSwave function farther in toward
the metal (z = 0) compared to the c(8 � 2) phase. This is
shown for the two calculated wave functions in Figure 4b.
Intuitively, this observation suggests a reduced coupling of the
n=1state in the c(8� 2) phase. Semiquantitative support for
this idea can be obtained by integratingψ2 for each film from
z = 0 up to the film thickness d to obtain a measure of the
wave function penetration into the substrate region. Similar
measures of IPS penetration have been found to provide
comparative guidelines for understanding line widths and
associated lifetimes.9,12 For the R phase, 43.6% of the wave
function penetrates into the film, while for c(8� 2), 27.6%of
the wave function penetrates. Given the simplicity of the
model, the correspondence between the ratio of these pene-
trations (∼1.6) and the ratio ofmeasured linewidths (∼2.0) is
satisfactory. More quantitative understanding requires de-
manding computational studies of the electronic structure at
the metal-molecule interface in both phases. Our experi-
mental work provides strong practical impetus to carry out
such important theoretical studies on benzoate and related
systems.

The lifetimes of surface excitations like IPSs can significantly
impact surface chemistry.23,24 In the case of benzoate on
Cu(110), Richardson and co-workers have reported electron-
beam-induced disordering of the c(8 � 2) structure, which
was attributed to a negative ion resonance.25-27 The narrow
peak and reduced penetration of the n=1 IPSwave function

Figure 4. Results of numerical integration of a dielectric con-
tinuum model for the different benzoate structures; the top curve
is the probability density corresponding to c(8 � 2), and the
bottom corresponds to the R phase. The (red) vertical line at
0.8 nm represents the “thickness” of a single standing benzoate
adsorbate.
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for c(8 � 2) strongly implicates it in determining the
efficiency of the disordering process. An electron can reside
outside of the c(8� 2) structure for sufficient time to deposit
energy (e.g., by creating a π* negative ion resonance) and
cause surfacemass transport. No reports of a similar process
for theR structure exist, but the observations presented here
suggest that it would occur with significantly less likelihood
than the disordering process for c(8 � 2).

The implications of this general idea extend beyond the
case of benzoate overlayers on Cu(110). The sequence of
structures for this system is very similar to the coverage-
dependent sequence for the extensively studied thiolate self-
assembled monolayers (SAMs) on Au. Thiolates first form a
low density striped phase that consists of flat-lying molecules
linked by direct bonds to Au adatoms.28 As molecular surface
density increases, the molecules tilt upward to form the well-
known and highly robust SAM. Coexistence of different orien-
tations can be expected depending on surface coverage and
possibly growth kinetics for different SAM molecules.29 As
described here, this coexistence of orientations could modify
surface chemical processes such as dissociative electron
attachment by subtle and indirect modifications of local
electronic structure. With the advent of novel single-molecule
and nanoscale surface chemical modification techniques,
considerations of local environmental effects will be increas-
ingly important.

In summary, we have used local tunneling spectroscopy to
measure the unoccupied electronic structure of benzoate on
Cu(110) including the π* derived affinity level and image
potential-derived surface states. For the c(8 � 2) overlayer
consisting of only standing benzoate species, the affinity level
occurs at about 3.2 eVabove the Fermi level, and then=1 IPS
occurs at 4 eV. In comparison, standing benzoate species in
the lower coverage R phase that coexist with nearby flat-lying
molecules have both amore bound affinity level at 3.0 eVand
a more broad n = 1 image potential state at 4 eV. The dif-
ference in affinity levels is attributed to indirect intermolecu-
lar interactionsmediated by different metal-molecule hybri-
dization for standing compared to flat benzoate. In turn, the
difference in affinity levels for the two structures explains the
difference inwidths of image state peaks as a result of greater
wave function penetration into the organic film. These ob-
servations illustrate the crucial role of local molecular envir-
onment in determining physical properties at surfaces and
are particularly relevant to the important area of electron-
induced reaction, diffusion, and desorption processes at
surfaces.

EXPERIMENTAL METHODS

Experiments were carried out in amultichamber ultrahigh
vacuum system. A Cu(110) single crystal was cleaned by
cycles of Arþ sputtering (1 keV) followed by annealing at
∼650 K in a main chamber with a base pressure ∼7 � 10-11

Torr. Benzoic acid was loaded (as received, Sigma Aldrich
99.5%) into an ampule sealed to a mini-conflat flange. It was
mounted behind a precision UHV leak valve on a small
deposition chamber (base pressure ≈ 1 � 10-8 Torr) con-
nected to themain chamber by a gate valve. Benzoic acidwas

deposited onto a clean Cu(110) surface at room temperature,
where it is known to deprotonate and form a coverage-
dependent sequence of ordered benzoate structures. STM
imaging was carried out in constant current mode with
electrochemically etched tungsten tips using a commercial
microscope (Omicron, VT-XA) housed in the main chamber.
The tunneling bias is reported here as the sample bias with
respect to the tip, so that positive bias corresponds to elec-
trons from the tip tunneling into normally unoccupied states
of the sample.

Tunneling spectroscopywas carried out in constant current
distance versus voltage mode. In this measurement, the
tunneling bias between the tip and sample is changed with
the constant current feedback on. In response, the tip moves
vertically relative to the surface, and the rate of retraction
corresponds to the tunneling probability. The use of this
technique for tunneling spectroscopy of molecules is crucial
to minimize the likelihood of tip-induced chemical reactions
or diffusion. Presented spectra have been numerically differ-
entiated with the centered difference method. To maximize
the available data for noise reduction, we coaveraged several
hundred spectra measured in the constant current range of
1-100 pA, where the dependence of IPS behavior on the
tunneling current is sufficientlyweak that it does not influence
the analysis below (Supporting Information, S1).

SUPPORTING INFORMATION AVAILABLE Tunneling spectra
at different currents and a comparison of a subset of datameasured at
fixed current. Thismaterial is available freeof chargevia the Internet at
http://pubs.acs.org.
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Chapter 4

Modeling the Constant Current

Distance-Voltage Mode of Scanning

Tunneling Spectroscopy

4.1 Preface

This chapter will be a reproduction of work that was previously published in Physical

Review B, vol. 84 page 205427, in 2011.

I would like to acknowledge the contribution of Daniel Mardit to this work. During

the initial phase of this project he contributed to the progress toward Equation 11; his

work suggested that more investigation would be fruitful which pushed the project into

the full effort that produced the following paper.

48



PHYSICAL REVIEW B 84, 205427 (2011)

Modeling the constant-current distance-voltage mode of scanning tunneling spectroscopy
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We demonstrate the relationship between sample density of electronic states and constant-current distance-
voltage spectra starting from the usual expressions for tunneling current in scanning tunneling microscopy
experiments. First-order differential equations are derived for the tip position as a function of voltage drop across
the tunnel junction for both square and trapezoidal barrier transmission functions. Numerical solutions of the
square barrier equation are carried out for different sample density of states and compared with self-consistent
integration of the tunneling integral equation. It is shown that normalization of the distance vs voltage spectra
by taking logarithmic derivatives reproduces the peak positions in the sample density of states usually to within
0.1 eV. The use of differential equations is proposed as an accurate method for analyzing experimental data and
applied to the example case of the π∗ orbital of the c(8 × 2) phase of benzoate on Cu(110).

DOI: 10.1103/PhysRevB.84.205427 PACS number(s): 68.37.Ef

I. INTRODUCTION

The ability to measure local electronic properties at
surfaces has been one of the most important outcomes of
the invention of the scanning tunneling microscope (STM).
Tunneling current in an STM junction depends not only on
surface topography but also on the density of electronic states
of the tip and the sample. The dependence on density of
states makes the STM a tool for revealing structure-function
connections at the atomic and nanometer length scale by
carrying out scanning tunneling spectroscopy (STS). Scanning
tunneling spectroscopy measurements have been used to study
surface states on metals1 and semiconductors,2 band gaps in
semiconductors,3 molecular orbital-derived states in organic
adsorbates,4 and superconducting gaps.5,6

The standard approach to STS was adapted from the
revolutionary tunneling studies of Giaever7 and others that
were crucial to the advance of condensed matter physics over
the past 50 years. Macroscopic planar tunnel junctions can be
created by growing a very thin (1–3 nm) and uniform insulating
film between two metallic electrodes. A bias applied over the
electrodes results in a measurable tunneling current through
the film. The normalized differential tunneling conductance in
this experiment has been extensively argued to be proportional
to the density of states in the sample.7–9 At its core, this can
be understood as an application of Fermi’s golden rule to
the scattering of a tunneling electron from one electrode to
another.

The analogous STS-based measurement of local electronic
structure at a surface involves positioning an STM tip above
a feature interest and measuring a local current-voltage (I/V)
characteristic at fixed tip height [Fig. 1(a)]. The conceptual
connection between local density of states (LDOS) of the
sample and the normalized first derivative of the I/V curve
is then strongly established by analogy with previous planar
tunneling studies. If ρS is the sample LDOS, the most common
way to express the relationship is:

V

I

dI

dV
∝ ρS(eV ), (1)

where the V/I factor is an empirical normalization that
corrects for the exponential background due to the tunneling

transmission function.10 The goal of this paper is to describe
the relationship between sample LDOS and a less commonly
used method of STS called constant-current distance-voltage
spectroscopy, or z(V) spectroscopy for short.

Since the earliest days of STM/STS, it has been recognized
that a local measurement of relative tip displacement as a
function of voltage [Fig. 1(b)] often exhibits abrupt step-like
features related to the high-bias electronic structure in the
tunneling junction.11,12 Initially, z(V) spectroscopy was used
to measure barrier resonances in the field emission regime11

and to relate these resonances to image potential-induced
surface states.12 Later, z(V) measurements were applied to
the study of electron and hole polaron levels in polymer and
organic films to provide an estimate of transport gaps.13,14 In
recent years, the primary use of z(V) spectroscopy has been
to study barrier resonances for the purpose of characterizing
local surface potential variations. It has been applied to
ultrathin insulating films,15,16 small organic molecules,17,18

semiconductors,19 fullerenes,20,21 and graphene.22,23

The basic z(V) measurement is very simple, as illustrated
schematically in Fig. 1(b). An STM tip is positioned over a
feature of interest under constant-current feedback control.
The voltage across the tunnel junction is then varied, and the
tip moves vertically in order to maintain a constant current
at the new voltage. If voltage increases, the tip retracts away
from the surface to maintain the setpoint current. If voltage
decreases, the tip advances toward the surface. Intuitively, the
rate of tip motion is proportional to the tunneling probability,
so it is expected that a bias regime with an enhanced LDOS
will result in an increase in the rate of vertical tip motion.

The major advantage of STS in z(V) mode is that
constant-current control allows more gentle probing of surface
structures. Small structures can often be strongly perturbed
by the injection of tunneling current from an STM tip. In
a constant-height [I(V)] measurement, the current increases
rapidly with voltage, making the probability of tip-induced
perturbations increase dramatically. In a z(V) measurement,
a small tunneling current can be maintained to minimize
this effect and allow STS measurements routinely at higher
biases than constant-height mode. This is a very significant
advantage for the study of molecular adsorbates which may
have important electronic states at high energies and are well

205427-11098-0121/2011/84(20)/205427(8) ©2011 American Physical Society
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FIG. 1. (Color online) Schematic illustration of (a) constant-
height current-voltage and (b) constant-current distance-voltage
tunneling spectroscopies.

known to be susceptible to tip-induced chemical reactions,24,25

diffusion,26 or desorption.27,28 Such instabilities are expected
to be a general concern for studies of almost any small
structure. A possible technical disadvantage of the z(V)
technique is that spatial resolution could degrade as the tip
moves farther from the surface. However, the total distance
moved by the tip is usually small (see results below), and
resolution at the scale of single organic molecules has been
demonstrated even in the field emission regime.17

The most significant drawback to the z(V) method is that
its theoretical interpretation has not been made as explicit as
the very heavily used constant-height spectroscopy [Eq. (1)].
This was pointed out recently by Ziegler et al.29 who showed
experimental evidence that constant-current spectra need to be
analyzed with great care. That paper suggested a numerical
procedure for extracting density of states information from
constant-current spectra that assumed a vanishingly small rate
of change of tip position with changing junction voltage.
In this paper, we address the detailed connection between
density of states and constant-current spectra from a more
general theoretical perspective that illustrates the conceptual
connection between DOS and z(V) spectra and also allows
quantitative analysis of a broad range of experimental data.

This paper is organized as follows. In Sec. II, we will
recount the basic tunneling equations as well as recent
progress in clarifying the analysis of traditional constant-
height measurements. We then derive an ordinary differential

equation for tip position as a function of voltage under
constant-current conditions for both square and trapezoidal
tunneling barriers. In Sec. III, we describe numerical methods
for solving this differential equation and characterizing its
accuracy. In Sec. IV, we present numerical results followed by
discussion of these results in Sec. V, including application to
previously published experimental data.

II. TUNNELING EQUATIONS

The starting point for considering most scanning tunneling
spectra is the expression for tunneling current that amounts to
Fermi’s golden rule using a tunneling transmission function
calculated in the Wentzels–Kramer–Brillouin (WKB) approx-
imation. For low temperatures where the Fermi functions of
both tip and sample are approximately step functions,30,31 this
can be written as:

I (z,V ) = B

∫ eV

0
ρS(E)ρT (E − eV )T (z,V,E)dE. (2)

In this expression, ρS is the LDOS of the sample, ρT

is the LDOS of the tip, T(z, V, E) is the WKB tunneling
transmission function, and B = (1/2) πeh̄3m−2A with A being
the effective tunneling junction area and m the mass of the
tunneling electron.32 We have explicitly indicated in Eq. (2)
that I is a function of both z and V. Keeping in mind that z
is also a function of V, we find the total derivative of I with
respect to V is:

dI/dV = ∂V I (z,V ) + ∂zI (z,V )dz/dV . (3)

This expression is a complete relationship between all of the
variables relevant to any kind of STS measurement: tunneling
current I, junction bias V, and tip height z. To proceed to
a more practical form of Eq. (3), the integral expression
in Eq. (2) is used to calculate the partial derivatives for
specific choices of barrier transmission function T(z, V, E).
In this paper, we consider the two most common cases of
square and trapezoidal barrier transmission functions. For the
square (voltage-dependent) barrier, the transmission function
is expressed as:29–31

T (z,V,E) = exp

(
−αz

√
φ + eV

2
− E

)
, (4)

where α = 2
√

2m/h̄, z is the distance between tip and sample,
φ the apparent barrier height of the tunneling junction, and E
the energy of the tunneling electron. We substitute this into the
integral in Eq. (2) and also make the common assumption that
the LDOS of the tip ρT is a constant. With these two steps, the
partial derivative of I with respect to V can be calculated (being
careful to consider the V dependence of the upper integration
limit using Leibniz’s rule):

∂V I (z,V ) = BeρS(eV )ρT (0)T (z,V,eV )

+B

∫ eV

0
ρS(E)ρT ∂V T (z,V,E)dE. (5)

At this point, if we were to assume a constant-height mea-
surement and that the transmission function is approximately
constant in the integration range, we would have the usual STS
result given by Eq. (1). As noted in several recent works,30,31
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it is rare that the transmission function will be approximately
constant, so the second term should not be neglected as a
matter of principle, even for traditional constant-height STS.
To proceed, with this term, we evaluate the partial derivative
of T(z, V, E) with respect to V:

∂V T (z,V,E) =− αez

4
√

φ+ eV
2 − E

exp

(
−αz

√
φ+ eV

2
− E

)
.

(6)

Since the prefactor multiplying the exponential in this
expression is slowly varying relative to the exponential, we
now approximate it as a constant by evaluating it at the
midpoint of the integration interval, eV/2, so that it can be
factored out of the integral in Eq. (5). This step was first applied
by Koslowski et al.30 in their analysis of constant-height STS,
though, in their case, it was described (equivalently to our
zeroth-order Taylor midpoint expansion) as an application of
a well-known generalized mean value theorem for integrals.
When the expanded prefactor is removed from the integral,
what is left is simply the original integrand for tunneling
current that appears in Eq. (2). Thus we can write the partial
of I with respect to V as:

∂V I = BeρS(eV )ρT T (z,V,E = eV ) − αezI

4
√

φ
. (7)

Calculating the partial derivative of I with respect z follows
precisely the same set of steps except that the only explicit
z dependence appears in the exponential of T(z, V, E). The
partial of T(z, V, E) with respect to z reads:

∂zT =
(

−α

√
φ + eV

2
− E

)
T . (8)

Once again, expanding the slowly varying prefactor to
lowest order allows the partial of current with respect to z
to be written as:

∂zI = −α
√

φI. (9)

With both partial derivatives in hand, we can substitute into
Eq. (3) to find the total derivative of I with respect to V:

dI

dV
= BeρS(eV )ρT T (z,V,eV ) − αezI

4
√

φ
− α

√
φI

dz

dV
. (10)

However, since we are considering constant-current mea-
surements, ideal electronic feedback will ensure that the total
derivative of I vanishes, resulting in the following differential
equation for tip position z as a function of voltage V:

α
√

φI
dz

dV
+ αeI

4
√

φ
z − eBρT ρS(eV )T (z,V,E = eV ) = 0,

(11)

with T(z, V, eV) given by Eq. (4). This relatively simple ex-
pression is analogous to the expression derived by Koslowski
et al.30 for dI/dV in constant-height mode STS [see their
Eq. (4)]. In addition, it modifies the approach to constant-
current STS proposed by Ziegler et al.29 by recognizing that
dz/dV cannot vanish in such measurements.

Equations (10) and (11) are the most important results of
this paper. They provide an explicit mathematical relationship

between a measured z(V) spectrum and the LDOS of a sample.
Subsequent sections are devoted to numerical studies of these
differential equations as well as discussion of their use in
the analysis of experimental STS data. However, the use of
a square barrier transmission function can be criticized for
consideration of high bias electronic structure where constant-
current spectroscopy is most severely needed. Therefore, we
will also consider the analog of Eq. (11) derived for the case
of a trapezoidal transmission function expressed as:32

T (z,V,E) = exp

{
−2

3
αz

[
(φ+ eV − E)3/2− (φ − E)3/2

eV

]}
.

(12)

Following similar steps to calculate partial derivatives and
approximating the prefactor functions by their midpoint values
yields:

αf1/2I
dz

dV
+ αf ′

1/2Iz− 3

2
eBρT ρS(eV )T (z,V,E = eV ) = 0,

(13)

where f1/2 = 1
eV

[(ϕ + eV/2)3/2 − (ϕ − eV/2)3/2] and f ′
1/2 −

1
v
( 3

2

√
ϕ + eV/2 − f1/2).

As described in Sec. IV below, consideration of the more
complicated trapezoidal transmission function does not appear
to significantly improve the accuracy of a self-consistent
integration of Eq. (2). Therefore, numerical study of Eq. (13)
is omitted from what follows in favor of focusing attention on
the simpler square barrier result, Eq. (11).

III. NUMERICAL METHODS

Numerical integration of the basic tunneling equation
[Eq. (2)] was carried out using the MatLab software package’s
adaptive Gauss–Kronrod quadrature. To simulate constant-
current spectra, we numerically integrated Eq. (2) to obtain
I, then iteratively adjusted z until we obtained a current equal
to the setpoint (Iset) within a tolerance of 10−16%. By doing
this procedure across a set of different voltage values (N =
200), the result is a self-consistent set of simulated z(V) data
at a constant current equal to Iset. During this process, one
can also record the final current values [I(V)] at each step
to yield a complete set of simulated data similar to what is
obtained during real measurements where an I(V) curve from
a constant-current mode measurement can be thought of as a
way of tracking measurement error.

The differential equation [Eq. (11)] was solved numerically
using the method of recursive Taylor coefficients (also known
as automatic differentiation),33 but we also confirmed that a
more standard fourth-order Runge–Kutta approach produces
the same results. Our numerical solutions of Eq. (11) by
this method were also done for 200 points over a given
voltage range with the Taylor expansion at each step taken
out to 24 terms. In order to obtain an initial value for the
differential equation that satisfies Eq. (2), we ran a self-
consistent integration at the first voltage point to derive an
appropriate starting tip height for the relevant apparent barrier
height and tip and sample densities of states.
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IV. NUMERICAL RESULTS

A. Numerical integration

As a benchmark for analyzing the differential equations
expressed in Eqs. (11) and (13), we directly integrated Eq. (2)
for constant-current conditions. This procedure was also used
to simulate constant-current STS by Ziegler et al.29 Figure 2
shows a sample LDOS function defined as a flat background
(ρ0) and a single Gaussian peak defined by its height (ρmax),
center (E0), and full-width at half-maximum (w). For our
example calculations, we have chosen various physically
motivated parameters and display spectra in corresponding
physical (nonarbitrary) units. We used an apparent barrier
height of 5.0 eV, which is typical for metal surfaces probed
with STM tips made from materials like tungsten or Pt-Ir. The
simulations used a current setpoint of 10 pA similar to the low
currents often used in this form of STS in real experiments.
We used a constant 1 eV−1nm−3 for the tip LDOS and a
baseline value of 10−3 eV−1nm−3 for the sample, following
the same typical numbers from the seminal work of Tersoff
and Hamman.34 We also approximated the tip by a circular
cross-sectional area of radius 1 nm in accordance with the
effective areas reported by Pitarke et al.35 It is shown in
Fig. 3 that the peaks in the LDOS of the sample translate to
peaks in dz/dV(V) with reasonable accuracy. This integration
method qualitatively confirms the intuition that peaks in LDOS
result in an enhanced rate of vertical tip motion that has
been the basis for interpreting previous studies using z(V)
spectroscopy.14,16,20

In agreement with Ziegler et al.,29 we also find that peaks
in the simulated dz/dV(V) spectra tend to be systematically
downshifted in energy compared to peaks in the LDOS. The
size of the downshift, �E, depends on the width and location
of the LDOS peak, as illustrated in Fig. 3 for LDOS peaks
with widths varying from 0.1 to 1.0 eV. The absolute value of
�E increases with increasing width of the peak as exhibited
by comparison of the dz/dV(V) spectra in Fig. 3(c) with the
LDOS functions in Fig. 3(a). For very wide low-energy peaks,
the downshift can be as much as 0.35 eV [Fig. 4]. We also note
that the peak width is qualitatively transferred from the LDOS
to the dz/dV(V) spectrum.

The origin of the systematic downshifts seen in Fig. 4 is
the comparable retraction rate due to the LDOS peak and

FIG. 2. Gaussian function used for example sample LDOS peaks.
Adjustable parameters include peak amplitude (ρmax), baseline (ρ0),
center (E0), and full-width at half-maximum (w).

(a)

(b)

(c)

FIG. 3. (Color online) (a) Example LDOS functions with varied
centers and widths (E0 = 1.0, 2.5, and 4.0 eV, and w = 0.1, 0.5,
and 1.0 eV). (b) Resulting z(V) curves found by solving the integral
tunneling equation [Eq. (2)] with the square barrier transmission
function (all middle and top curves are vertically offset for clarity).
(c) Numerical derivative of the z(V) curves from part (b).

the transmission function background. The closer these rates
are to one another, the more distorted peaks in dz/dV will
be compared to peaks in LDOS. Much like the case of STS
in constant-height dI/dV mode, it is crucial to correct for
the transmission function background. We have found that
the approach of taking the logarithmic derivative of z(V)
[d(ln z)/d(ln V)] as opposed to the simple derivatives in
Fig. 3(c) can correct the distortion due to this background
with a high degree of accuracy. The results of this procedure
are shown for the case of a square barrier in Fig. 5(a). The
offsets �E in peak position between the model LDOS and the
peaks in the logarithmic derivative of z(V) [i.e. V/z(dz/dV)] are
typically less than 0.1 eV in almost all experimentally relevant
cases, as indicated in Fig. 5(b).

The direct integration method is a brute force way to attack
the problem with the advantage that it can be easily and quickly
expanded to more complicated transmission functions, such as
the trapezoidal barrier function. In Fig. 6, we present the results
of self-consistent integration of Eq. (2) using the same example
LDOS functions and the trapezoidal barrier approximation.
We can see very similar behavior as compared with the use
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FIG. 4. (Color online) Peak location offsets for E0 = 1.5 eV
(blue, circle), 2.5 eV (green, box), and 4.0 eV (red, triangle) as a
function of peak width. Peak offset is defined as actual position in
LDOS minus position in dz/dV(V) curve. All dz/dV(V) curves are
found by solving the integral tunneling equation [Eq. (2)] with the
square barrier function.

of the square barrier approximation (Fig. 7). Peak positions
in the logarithmic derivative of z with respect to V (to within
∼0.1 eV) reflect peak positions in the LDOS. Peak widths are
translated accurately, and the monotonic background also has a
similar character. Since direct numerical integration shows no
significant differences between square and trapezoidal barrier
transmission functions, we restrict attention in what follows
to the simple square barrier that is most commonly used in
theoretical treatments of STS.

(a)

(b)

FIG. 5. (Color online) (a) Normalized dz/dV(V) curves for the
example LDOS function seen in Fig 3(a). (b) Peak location offsets
for E0 = 1.5 eV (blue, circle), 2.5 eV (green, box), and 4.0 eV
(red, triangle) as a function of peak width. Peak offset is defined
as actual position in LDOS minus position in (V/z)dz/dV(V)curve.
All (V/z)dz/dV(V) curves are found by solving the integral tunneling
equation [Eq. (2)] with the square barrier function.

(a)

(b)

FIG. 6. (Color online) (a) Here, z(V) curves found by solving the
integral tunneling equation [Eq. (2)] for LDOS functions in Fig. 3(a)
with the trapezoidal barrier transmission function (all middle and
top curves are vertically offset for clarity). (b)Logarithmic derivative
[(V/z)dz/dV] of the z(V) curves from part (a).

B. Differential equations for a square barrier

From our translation of Eq. (2) into a differential equation
[Eq. (11)] for the square barrier transmission function, one
can also simulate constant-current STS in an efficient manner
using standard numerical methods for first-order differential
equations. In addition, Eq. (11) provides a direct analogy for
constant-current spectra of the tunneling equations to those
used to describe constant-height STS derived by Koslowski
et al.30 This is of important conceptual value in defining the
spectroscopic information obtained in z(V) spectroscopy.

We solved Eq. (11) for the same model LDOSs considered
by numerical integration above. When evaluated over our set

FIG. 7. (Color online) Peak location offsets for E0 = 1.5 eV
(blue, circle), 2.5 eV (green, box), and 4.0 eV (red, triangle) as a
function of peak width. Peak offset is defined as actual position in
LDOS minus position in (V/z)dz/dV(V) curve. All (V/z)dz/dV(V)
curves are found by solving the integral tunneling equation [Eq. (2)]
with the trapezoidal barrier function.
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(a)

(b)

FIG. 8. (Color online) (a) Here, z(V) curves found by solving
the differential tunneling equation [Eq. (11)] for LDOS functions in
Fig. 3(a) (all middle and top curves are vertically offset for clarity).
(b) Logarithmic derivative [(V/z)dz/dV] of the z(V) curves from
part (a).

of center and width LDOS peak variations, as seen in Fig. 8,
we find this method is comparable to the direct integration.
The example z(V) curves obtained by solving the differential
equation [Eq. (11)] never vary more than 0.6% from the
z(V) curves obtained by self-consistent integration. The small
differences in the spectra can be seen as a measure of error
for the method and can be attributed to our approximation
of the transmission function derivatives and accumulation
error from the sequential differential equation solution. Due
to the small magnitude of this error, we consider it empirical
evidence validating the assumption of slowly varying prefactor
functions in Eqs. (6) and (8).

Figure 8 shows that when constant-current distance-voltage
spectra are modeled with Eq. (11), it is possible to accurately

FIG. 9. (Color online) Peak location offsets for E0 = 1.5 eV (blue,
circle), 2.5 eV (green, box), and 4.0 eV (red, triangle) as a function of
peak width. Peak offset is defined as actual position in LDOS minus
position in (V/z)dz/dV(V) curve. All (V/z)dz/dV(V) curves are found
by solving the differential tunneling equation [Eq. (11)].

associate peaks in V/z(dz/dV) with peaks in the LDOS. Both
peak width and peak position are preserved to good accuracy.
In addition, the small systematic downshifts are essentially
identical when compared to the self-consistent quadrature
solution described above as shown in Fig. 9.

V. DISCUSSION

A. Relating constant-current STS to density of states

The calculations described above establish a clear connec-
tion between structure in z(V) measurements and structure in
the sample local density of states. This is seen both by direct
self-consistent numerical integration of the standard tunneling
equation and solution of a corresponding differential equation.
Peaks in LDOS translate into peaks in the normalized dz/dV
spectra with widths accurately preserved and peak positions
preserved up to a systematic correction that is small in many
cases. Remarkably, the traditional normalization of dI/dV
tunneling spectra has a precise analog that arises empirically
from our numerical studies. To a good approximation, we find
that:

ρ(eV ) ∝ V

z

dz

dV
. (14)

Calculating the logarithmic derivative of a z(V) spectrum
allows determination of peak positions in the LDOS to an
accuracy of typically no worse than 0.1 eV. However, this
normalization is not perfect, as indicated by Fig. 5, where a
small systematic downshift of the peaks in the spectra still
exists compared to the model LDOS peak positions. For very
high accuracy prediction of expected z(V) spectra from a given
density of states, it is necessary to carry out the full solution of
Eq. (11). For maximum accuracy extraction of LDOS from
experimental z(V) data, it is necessary to use Eq. (11) to
directly solve for this quantity, as described in the following
section. This will be most important for low-temperature STS
experiments, where intrinsic energy resolution may be very
high.

B. Application to experimental data

In experiment, constant-current conditions will only be
approximate, especially when the sample LDOS changes very
rapidly with changing energy near peaks. Equation (11) can be
used to solve for the sample LDOS function directly but should
be modified to allow for a nonzero dI/dV that must be measured
in the experiment in addition to z(V). The resulting equation for
sample LDOS using the square barrier transmission function
is the following,

ρS(E) = 2m2

πe2h̄8Aρt

[
dI

dV
(V ) + α

√
ϕI (V )

dz

dV
(V )

+ eα

4
√

ϕ
I (V )z(V )

]
eαz(V)

√
ϕ− eV

2 . (15)

The evaluation of this equation requires knowledge of the
absolute initial tip position, tip DOS ρt , the effective tip area
A, as well as the apparent barrier height φ. In principle,
apparent barrier height could be measured by measuring
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the exponential decay constant of tunneling current as a
function of relative tip-sample distance. In addition, absolute
tip-sample distance can be estimated by controlled crashes
of the STM tip with careful monitoring of the total distance
the tip moves. In practice, the addition of such delicate
measurements to tunneling spectroscopy experiments may
not be possible, and these two parameters can be calculated,
guessed, or taken as fit parameters. The later approach was
used by Ziegler et al. in their analysis of constant-current
spectra.

The effective tip area and DOS are both very difficult
to access experimentally (though proposals for dealing with
this problem have been suggested31,36,37) and sensitive to
uncontrolled tip changes during experiments. This fact, along
with the difficulty of reliably measuring both barrier height
and absolute tip-sample distance, means that the absolute
value of the sample LDOS extracted from z(V) experiments
using Eq. (15) is likely to be subject to large uncertainty.
However, the shape of the LDOS, including most importantly
peak positions, can be extracted reliably.

Figure 10 shows the result of using Eq. (15). Spectra in
this figure represent coaverages of 65 constant-current spectra

(a)

(b)

(c)

FIG. 10. (Color online) (a) Experimental z(V) spectra (I = 5 pA)
measured for the c(8 × 2) phase of benzoate on Cu(110) along with
dz/dV obtained by numerical differentiation. Each curve is the result
of coaveraging 65 individual spectra followed by smoothing using
2 near neighbor points. (b) Corresponding current and dI/dV data
measured simultaneously with the data in part (a). (c) Sample LDOS
calculated via Eq. (15) from the data shown in (a) and (b) using A =
1 nm, ϕ = 4.25 eV, and z0 = 0.34 nm (dotted line with circle markers);
also shown is the (V/z)dz/dV(V) curve (solid line) from the same
data.

(Isetpoint = 5 pA) measured over the c(8 × 2) phase of benzoate
on a Cu(110) surface from a previous study.18 The raw z(V)
data show weak structure around 3V that is assigned as the π

orbital-derived electronic state as described in the ground state
DFT calculations of Lennartz et al.38 The bias at which this
peak occurs is ideal for the use of z(V) spectroscopy. Numerical
extraction of the DOS using Eq. (15) amounts to the removal
of a weak background from the dz/dV data.

For the benzoate/Cu(110) data shown here, we estimated
an effective tip area of 1 nm, an apparent barrier height of
4.25 eV, and an initial tip-sample distance of 0.34 nm. The
initial tip-sample distance was derived from a self-consistent
integration of Eq. (2) using the estimated barrier height and
the square barrier transmission function. The apparent barrier
height was estimated as the mean value between the estimated
work function of benzoate/Cu(110) (3.5 eV)18 and a value
typical of tungsten (5.0 eV).39 All of the z(V) and I(V) curves
were smoothed by averaging each point with its two nearest
neighbors, differentiated using the central difference method,
and after transforming to DOS were all coaveraged together
in an effort to reduce noise. The average z(V) and I(V) curves
are presented in Figs. 10(a) and 10(b), respectively, along with
their first derivatives.

The sample DOS extracted by this method [Fig. 10(c),
dash-connected dots] has an improved peak shape as compared
to the measured dz/dV curve despite increased noise due
to numerical differentiation of the current [Fig. 10(b)]. The
close correspondence between dz/dV and DOS is qualitatively
expected for a peak with width less than ∼0.5 eV centered
relatively far from the Fermi level. In this case, systematic
offsets are likely to be small (Fig. 4). Conditions where
such small offsets will be observable have been demonstrated
by Ziegler et al. for the case of the relatively low energy
LUMO+1 peak of C60 on Ag(111) measured at cryogenic
temperatures.29

Figure 10(c) also shows the logarithmic derivative of
the z(V) data (solid line) from Fig. 10(a). This also agrees
with the LDOS extracted from Eq. (15) in peak position
and has better signal-to-noise but does not match the peak
shape improvements. In order to minimize noise due to
numerical differentiation, it would be preferable to carry out
measurements, such as those shown in Fig. 9, using two
separate lock-in amplifiers to measure dz/dV and dI/dV.
Combining these low-noise analog derivatives with measured
z(V) and I(V) in Eq. (14) will result in the highest-quality
extraction of DOS from experimental data. However, it is
worth pointing out that the positions of peaks in the DOS
can be read directly from d(ln z)/d(ln V) with an accuracy that
will usually be better than 0.1 eV.

VI. SUMMARY AND CONCLUSIONS

In summary, we have illustrated a quantitative relationship
between sample local density of states and constant-current
distance-voltage spectra measured with an STM tip. Direct
integration of the tunneling equations shows that peaks in the
LDOS translate into peaks in the first derivative of relative
tip displacement as a function of tip-sample voltage for
both square and trapezoidal tunneling barrier transmission
functions. This is also true for solutions of a conceptually
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simpler differential equation derived from integral expression
for tunneling current. Our numerical results show that normal-
izing z(V) spectra by taking a logarithmic derivative does a
very good job of removing most distortions due to the trans-
mission function background. Furthermore, the differential
equation [Eq. (10)] provides a straightforward and accurate
means of extracting sample LDOS from constant-current
tunneling spectra without need for empirical normalization
strategies.

These results establish a strong basis for the interpretation
of peaks in tunneling spectra measured in constant-current
mode. This technique has great advantages in that it allows
tunneling spectroscopy to be carried out on physical systems
that may be sensitive to high-current densities injected from an
STM. The use of small constant currents in tunneling spectra
is expected to allow increasingly routine spectroscopic studies
of nanoscale systems, including single molecules, molecular
assemblies, and nanostructured surfaces.
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Chapter 5

Molecular Spin Crossover Constraint

in Ultra-Thin Films

5.1 Background and Motivation

Motivation to consider molecular and organic materials for spin-based electronics ap-

plications derives to a large extent from the extraordinary degree to which molecular

spin state can be controlled by synthetic chemistry1. It has already been demonstrated

that unexpected spintronic effects such as giant magnetoresistance2 and giant tunnel-

ing magnetoresistance3 can be obtained in diamagnetic organic semiconductor films.

Spin injection4,5 and spin dependent interfacial coupling6,7 across organic semiconductor-

ferromagnet interfaces has also been demonstrated. Extending prototype spintronic device

investigations to highly tunable paramagnetic molecular materials is an important goal

that is likely to lead to new molecular functionality associated with the intrinsic molecular

spin state and its intimate connection to electronic structure.

An intriguing class of materials for molecular spintronics exhibit spin crossover (SCO)

as a function of external stimulus8. In the most common example, octahedral coordination

compounds of Fe2+ with intermediate field ligands (usually involving Fe–N bonding) show

a change from high-spin (S = 2) at high temperatures to low spin (S = 0) at low

temperatures. The transition to a high-spin state at high temperature has a strong

entropic origin due to the increase in spin multiplicity as well as the simultaneous increase

in vibrational entropy, due to softening of Fe–N bonds9. It is well known that the electronic

structure of a SCO compound also changes dramatically across the spin transition, as

evidenced by the strong visible light absorption in the metal-to-ligand charge transfer

band present only in the low-spin state8.

In addition to temperature, spin crossover can occur in response to mechanical

pressure, magnetic field, and photoexcitation8. The later has been shown to result in light
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induced excited spin state trapping (LIESST)10 when a low-spin sample is photoexcited

at sufficiently low temperature to prevent rapid activated de-excitation11. This has been

of particular interest for optical memory and display elements12 and is a clear example of

the practical value of the tunable properties of SCO materials.

For spintronic applications, the connection between the spin transition and carrier

transport must be understood. Spin crossover materials have been recently predicted to

show large changes in charge transport properties in response to a change in molecular

spin state13,14 that are connected in a straightforward way with the change in frontier

orbitals resulting from the transition. A related class of compounds called “valence

tautomers”, that undergo a simultaneous SCO and intramolecular charge transfer, have

been shown to have similar spin state-dependent charge transport in both molecular

and polymeric forms15. Furthermore, density functional theory calculations suggest that

the spin transition in valence tautomers is remarkably tunable by the application of an

electrostatic field16.

On the experimental side, thin films of a spin crossover compound Fe[HBpz3]2 have

been reported to show a large decrease in hopping conductivity when cooling from

the high-spin to the low-spin state; and the shape of the temperature dependence of

conductivity was observed to approximately mimic the temperature dependent changes in

high-spin composition of the SCO material17. Nano-scale electrical transport measurements

have shown interesting hysteresis effects in current-voltage characteristics18 and ligand

spin control19. In a similar vein, two recent reports have shown evidence for scanning

tunneling microscope-induced excited spin state trapping20,21, suggesting new possibilities

for electrically-based functional control of these important materials. These reports use

the characterization of a Kondo resonance to establish the existence or absence molecular

spin at the metal-molecule interface.

The characterization of films of SCO materials with thicknesses in the range of several

hundreds of nanometers has shown that the spin transition persists essentially unchanged

compared to the spin transition in a bulk powder22. In nano-structured environments

such as ultra-thin films or single molecules in small junctions, it is not obvious that this

similarity will persist. In particular, a two layer film of Fe[(phen)2(NCS)2] on Cu(100)

was shown by STM and X-ray absorption spectroscopy to have significant coexistence of

high-spin and low-spin forms even at temperatures far below the sharp spin transition in

the bulk powder21. Understanding the origin of such deviations from bulk behavior is

important to the development of nanoscale spintronic devices based on the motif of spin
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crossover.
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Figure 5.1: (a) Line drawing of Fe-bpy chemical structure; (b) magnetic susceptibility as
a function of temperature for the bulk powdered form of Fe-bpy measured by SQUID.

In this chapter, we describe STM observations of co-existing spin domains in bilayer

films of Fe[H2BPz2bpy] through the use of IV-STS and conductance mapping. The obser-

vation of temperature independent domain composition deviates strongly from the bulk

behavior. At all temperatures, we find domain patterns consistent with spinodal separa-

tion of high-spin and low-spin molecules. These molecules can be locally distinguished by

STS measurements of their density of states that agree with density functional theory

calculations23. We will also elaborate on the change in molecular SCO property through

the transition from the highly ordered bilayer film to a more disordered multi-layer film.

While bilayer films show no evidence of temperature dependence of spin state composition

by STM conductance mapping or ultraviolet photoelectron spectroscopy, thicker films do

show a transition as evidence by changes in Fe 2p core level spectroscopy. The return

to behavior more reminiscent of the bulk material in thicker films is directly correlated

with the observation of disruption of the unique bilayer crystal packing and the onset of

significant film disorder.

5.2 Experimental Methods

The Fe[(H2BPz2)2bpy] (“Fe-bpy”, Figure 5.2a) was prepared using air-free Schlenk tech-

niques by direct ligation of Fe2+ from Fe(ClO4)6H20 with ligands derived from K(H2Bpz2)

and bipyridine.24. The purple product material was confirmed to exhibit the known
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spin transition at ∼160 K22,24 by magnetometry in a Quantum Design MPMS 5 SQUID

as shown in Figure 5.2b. Fe-bpy compound preparation and magnetometry measure-

ment was done by Geoff Lewis in David Shultz research group at North Carolina State

University. STM experiments were carried out in an ultra-high vacuum system (base

pressure ∼ 5× 10−11 torr) connected by a gate valve to a molecular film growth chamber

(base pressure < 1× 10−7 torr) with home-built sublimation sources monitored by quartz

microbalances. A Au(111) single crystal was cleaned by Ar+ ion sputtering at 1 kV and a

subsequent annealing to approximately ∼700 K. Films of Fe-bpy were grown on a room

temperature substrate at of rate of ∼0.1 nm/s monitored by a quartz crystal microbalance.

STM experiments were performed at temperatures between room temperature (300 K)

and 131 K, as monitored by a K-type thermocouple on the sample stage. STM scans

were conducted in constant-current mode with a setpoint of 1 nA. Point spectroscopy

experiments were performed at constant height (feedback loop off) and both the current

and the differential conductance (dI/dV (V )) were recorded. A lock-in amplifier was

used to obtain the dI/dV spectra operating with a modulation frequency of 10 kHz and

amplitude of 0.152 V.

Atomic force microscopy (AFM) was carried out in non-contact mode, in air, using

a commercial instrument (Asylum Research, MFP-3D). Films for AFM were grown in

a turbo-pumped high vacuum chamber (base pressure 2 × 10−7 torr) with a quartz

microbalance, for stabilizing deposition rate. Film thickness was calibrated by AFM

imaging across a film-to-substrate edge.

X-ray photoelectron spectroscopy (XPS) was carried out in a commercial Kratos

system (Kratos Axis Ultra DLD, base pressure ∼ 2 × 10−9 torr) for thick Fe-bpy films

on Au(111)/mica, that had been transport through air from the turbo-pumped high

vacuum chamber to the XPS chamber. Spectra were measured with monochromatized Mg

Kα radiation at room temperature and with the sample cooled to ∼115 K using liquid

nitrogen. Spectra are reported here with a Shirley background subtracted.25

Ultraviolet photoelectron spectroscopy (UPS) was carried out in a Specs UHV chamber

(base pressure 3 × 10−10 torr) using He I radiation from a duoplasmotron lamp and a

150 mm mean radius hemispherical electron spectrometer (Specs Phoibos 150). For these

measurements, a bilayer sample was transported through air from the STM chamber

described above to the UPS chamber. After introduction it was gently annealed to drive

off possible ambient contaminants. UPS spectra were measured at room temperature and

at 114 K by liquid nitrogen cooling.
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5.3 Results and Discussion

5.3.1 STM and STS of bilayer films

a. c.

b.

Figure 5.2: (a) Top-down view of Fe-bpy in its bilayer orientation; with an overlayered
triangle icon where the thick side of the trianle represents the whole upward H2B(pz)2

group, and the opposite point on the trianlge represents the end of the other H2B(pz)2

group (grayed parts of the molecule are pointing inward toward the surface and H atoms
are exluded for clarity). (b) Large scale STM image (200 nm) × 200 nm, V = -1.5 V,
I = 1 nA) of the ordered bilayer of Fe-bpy on Au(111). (c) High resolution STM image
(12 nm × 12 nm, V = -1 V, I = 1 nA) of the bilayer film with molecular tiling overlaid.
The inset indicates the pair of molecules associated with each depression.

Figure 5.2b shows an STM image of a bilayer film of Fe-bpy on Au(111). This well

ordered structure is remarkably similar to the bilayer film of a related Fe(II) spin-crossover

molecule first observed by Gopakumar et al.20 These authors proposed a bilayer structure

that we interpret as applicable for Fe-bpy bilayers. In this structure, the π-π interaction

between the ligands drive large-scale ordering of the two molecular layers. The repeating

3-lobed structure in the STM image in Figure 5.2c is due to the upward-facing pyrazole

groups (key in Figure 5.2a). By tiling the surface with this repeat unit we also identify
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the depressions in the second layer as comprising parts of two adjacent molecules (i.e.

they are not simply vacant lattice sites) and assign these depressions as defects due to

elastic distortions in the film. As justified in more detail below, these distortions are a

signature of spin-state coexistence in the bilayer film.

DFT calculations of the electronic structure of a periodic π-stacked structure have

been completed by Nardelli and Chen23 (Figure 5.3). Significant changes were found in

the high-spin DOS (Figure 5.3a) as compared to the low-spin DOS (Figure 5.3b). As

seen in Figure 5.3b, the energy difference between the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO) is drastically reduced in

the high-spin state versus the low-spin state. This trend is in agreement with several

recent DFT calculations for similar Fe(II) SCO molecules13,14. The calculations performed

by Nardelli and Chen23 are explicitly relevant to the bilayer geometry of Fe-bpy because

they include the explicit π-stacking interactions (Figure 5.3d) that are the dominant

driving force for stabilizing this structure. In addition, the bilayer geometry makes the

neglect of the Au substrate an acceptable approximation.
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Figure 5.3: (a) Geometry of the DFT calculation of π-stacked Fe-bpy molecules in
the proposed bilayer geometry (Au substrate position is illustrated schematically and
not calculated). (b) Spin-averaged theoretical DOS for high-spin (HS, blue) and low-
spin (LS, red) configurations. Vertical lines indicate the electron energy spectrum of
the system. The DOS curves are broadened with a Gaussian spreading of 0.02 Ry to
mimic the experimental resolution. The zero of energy is taken as the mid-point of the
HOMO–LUMO gap of the HS state, which agrees qualitatively with the experimental
reference.23
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In order to investigate the electronic structure of Fe-bpy on Au(111) we carried out

conductance mapping as shown in Figure 5.4. Figure 5.4a shows a typical topographic

STM image measured at 154 K (barely below the bulk spin transition) including pyrazole

corrugation and 2nd layer film defects. Remarkably, a conductance map (Figure 5.4b)

– measured simultaneously with the topography – (Figure 5.4a) shows supramolecular

variation in the local conductance at -1 V that is not correlated with any molecular feature.

Typical variations in conductance from high to low domains are approximately 30%–40%

at -1 V. In comparing topography and conductance maps, it is seen that low conductance

domains are strongly correlated with the presence of local film distortions in the second

molecular layer. We find that these distortions are only located in low-conductance

domains and never in high-conductance domains. These facts together suggest that the

domains are due to spin-state coexistence in the bilayer since both elastic distortion and

conductance changes are expected across a spin transition. This can be clearly seen in

Figure 5.4c, which co-plots the topography with simultaneously-measured conductance

maps. It is seen that depressions due to paired molecular distortions always occur in

low-conductance domains.

10 nm

a.

5 nm

c. dI
dV

z
dI
dV

b.

10 nm

Figure 5.4: (a) STM image (36 nm × 36 nm, V = -1 V, I = 1 nA) at 154 K over Fe-bpy
bilayer and (b) the conductance map measured simultaneously with the topography. (c)
“Domain-colored” STM topography/conductance composite map measured at 131 K (20 nm
× 20 nm, V = -1 V, I = 1 nA), where the pixel lightness is proportional to topographic
height (i.e. darker is lower and lighter is higher) whereas pixel hue is proportional to
conductance (i.e. red is more and blue is less conductive).

The assignment of conductance domains as due to spin coexistence allows for the
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extraction of the high-spin fraction in the top layer as a function of temperature. At

temperatures very close to the SCO transition, we expect co-existence of the two spin

states, but surprisingly, we observe a weak temperature dependence of the domain pattern

(Figure 5.4c) for the bilayer that differs from expectations for the bulk spin transition. The

fraction of 2D image area covered by dark domains corresponds to high-spin species in the

top layer (see Figure 5.5) and is essentially unchanging to within statistical uncertainty

between room temperature and 130K.

Local tunneling spectra measured in different spin domains illustrates the predicted

changes in DOS for different molecular spin states, as shown in Figure 5.5, and validates

the interpretation of spin coexistence. The local tunneling spectra show peaks in the DOS

centered around the Au Fermi level (at 0 V) that are assigned as the molecular HOMO and

LUMO orbitals. The HOMO–LUMO peak separation is ∼1.8 eV for the low-spin state and

∼1.3 eV for the high-spin state. The measured absolute values for the HOMO–LUMO gaps

are larger than predicted by ground state DFT due to the well-known “gap problem”26.

However, the general trend and the approximate size of the change in gap due the spin

transition is in good agreement with the spin-averaged DOS extracted from Figure 5.3a–b.
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Figure 5.5: (a) Comparison of single point constant-height dI/dV STS curves measured
in different spin domains at 131 K. The HS and LS spectra are averages (NHS = 36,
NLS = 100) of spectra taken over the area shown in Figure 5.4c. (b) Fraction of high-spin
area, as measured by fraction of low conductance area at various temperatures; error bars
indicate standard deviation of multiple area analyses.

The persistence of spin domain coexistence at temperatures outside the bulk transition

region must be attributed to a unique impact of the ultra-thin assembly of molecules in
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the bilayer. It is established that the temperature dependence of high-spin fraction in a

spin crossover compound is strongly controlled by cooperative effects due to solution phase

or solid state environments27. The sharpness of the spin transition is determined by the

existence of long range elastic interactions that allow the geometric (bond length) changes

due to spin state switching to rapidly propagate through the material. In the bilayer films

described here, the structural constraints arising from molecule-substrate interactions

are likely to limit the impact of long range elastic interactions in the film, leading to a

more gradual spin transition than in the bulk. The existence of a significant low spin

population even at room temperature suggests that the transition is shifted to higher

temperature on average in addition to being significantly broadened. This is consistent

with the reported up-shift in spin transition temperature due to surface attachment of

thiolate functionalized valence tautomers on Au nanoparticles28.

The meandering domain patterns that we observe in conductance maps suggest a spin

composition that is frozen in by thin film structure effects. Monte Carlo simulations of

spin crossover show spinodal spin and elastic domain patterns during the course of a

spin transition that are consistent with the static patterns we have observed29. The spin

transition can be modeled in a Landau approach that expands the free energy in powers

of an order parameter which in this case can be taken as the high-spin mole fraction30.

Symmetry allows odd powers of this order parameter to appear in the expansion, leading

to the possibility of spinodal decomposition (concave down free energy as a function

of composition) that would establish meandering spin domains. It is crucial to find

methods for controlling the electronic inhomogeneity (see Figure 5.4b) associated with

these domains as molecular spintronic devices are explored. It is clear that ultra-thin

devices will exhibit very different spin crossover behavior than thicker, more bulk-like

ones. In addition, the interfacial constraints that lead to persistent domain coexistence in

bilayer films will also determine the spin dependence of carrier injection into thick films.

Efficient spin injection is a crucial, sometimes limiting step in spintronic device operation

and the impact of interfacial modifications to molecular spin-state needs to be considered.

5.3.2 Photoelectron spectroscopy of the bilayer

To further characterize the bilayer DOS, we also performed ultraviolet photoelectron

spectroscopy (UPS) measurements on the sample film shown in Figure 5.5. The sample

was removed from the STM chamber and transported through air to the UPS chamber.
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Once under UHV again, the sample was annealed with increasing temperature until a

distinctive gas desorption event was observed, via the chamber pressure reading. There

were no significant changes to the UPS spectrum of the sample before and after annealing.

As shown in Figure 5.6, the bilayer Fe-bpy spectra are modified compared to spectra

measured on clean Au(111) by broadening of the sharp structure in the Au d-band region

due to molecule-derived bands. UPS spectra of the bilayer film were acquired at room

temperature (∼300 K) and 114 K. At these temperatures, a bulk powder sample is

expected to be completely low-spin or completely high-spin (Figure 5.2b). We can see

in Figure 5.6 that the bilayer spectra agree with the expectations established by the

conductance map data that there is no appreciable large-scale temperature dependence of

the Fe-bpy film.
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Figure 5.6: (a) UPS spectra (hν = 21.2 eV) of Fe-bpy bilayers on Au(111) at 114 K
and 300 K. The UPS spectrum of the bare Au(111) is scaled and offset for clarity. The
lowest curve shows a 1:1 mixture of the spin-averaged DOS, calculated by DFT. (b) UPS

spectrum near the HOMO region of the Fe-bpy bilayer. Weak structure can be seen just
below the Fermi edge that is assigned as the HOMO, as indicated. A 3rd-order polynomial
background subtraction allows this structure to be better discerned, as shown in the inset.
The peak position is in good agreement with both STS and DFT.

The bottom curve in Figure 5.6a represents an expanded view of the DFT calculated
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density of states for both spin channels (i.e. up and down, or α and β) with high-spin

and low-spin isomers averaged together, to simulate the spin composition observed by

conductance mapping. This shows a large number of closely-spaced occupied electronic

states that can explain the general appearance of the UPS spectra for the films shown

above it. In particular, the large numbers of states broaden the Au d-band region so

that only one sharp peak near −6 eV remains clearly visible (though several other Au

shoulders can be seen that have large substrate contributions). We note here that the

distinction between high-spin and low-spin states is not likely to be discernible in UPS

measurements at this energy resolution (∼ 120 meV) due to the close spacings between

states and the convolution with substrate bands. Nevertheless, the observations are

qualitatively consistent with the DFT calculations and with the HOMO assignment and

spin-state coexistence interpretation.

Increased resolution at low temperature allows the identification of very weak structure

at ∼ 0.7 eV below the Fermi level (Figure 5.6b and its inset) that is consistent with the

HOMO position observed in STS (Figure 5.5) and predicted by the DFT calculations for

the average of the spin-states in Figure 5.3. The low intensity of this feature in the UPS

spectrum arises from its substantial d-orbital character, which is expected to result in a

low photoionization cross section for the 21.2 eV photons used in our experiment.

5.3.3 Multi-layer film characterization

Thicker films beyond a bilayer of molecules were also studied by STM, AFM, and XPS to

investigate the transition to bulk-like structure. Growth of vacuum-deposited multi-layer

films was done by growing films on Au(111)/Mica samples to a nominal thicknesses

greater than what would typically yield a bilayer. The multi-layer thickness of the film

was verified following scanning by observation of a bilayer structure after annealing away

all of the extra layers. A typical STM result from scanning a multi-layer film is presented

in Figure 5.7a. Over a large area of the surface, we see no discernible order with the

exception of rare, small patches of a row-aligned dimer pairs. Thickest films that we were

able to scan never showed larger domains of the dimer-row structure or any long-range

ordering due to the formation of bulk crystal structure.

Film thicknesses beyond the access of STM (> 60 nm) were grown and studied by

AFM and XPS. At these thicknesses AFM imaging (Figure 5.7b) shows small grains that

are consistent with a poorly-crystalline film. This change in structure is expected to
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40 nm 2 μm

a. b.

Figure 5.7: (a) STM image (100 nm × 100 nm, V = -1 V, I = 10 pA) of the third layer of
Fe-bpy on Au(111), showing predominantly disordered structures with only small domains
of order; (b) AFM image (∼ 4 μm × 4 μm) of a 50 nm film of Fe-bpy on Au(111).

lead to different cooperative effects compared to the bilayer, and, in particular, the AFM

studies suggest a spin crossover behavior more like that observed in a bulk powder. Indeed,

essentially bulk-like behavior has already been observed for ∼400 nm films on ITO using

optical absorption measurements.22

In our XPS studies at room temperature, each member of the Fe 2p spin-orbit doublet

shows a significant satellite feature on the high binding energy side as shown in Figure 5.8.

Similar to many 3d transition metal compounds, these satellites arise from the possibility

of ligand-to-metal charge transfer (LMCT) in the XPS final state (i.e. with a 2p core hole

present).31–33 These satellites are known to be absent in many low-spin compounds.34,35

We find that the satellites for thick Fe-bpy films on Au(111) are indeed absent at 115 K

and interpret this as evidence for a dominant low-spin configuration at low temperature,

as expected from the bulk powder magnetometry (Figure 5.2b).

Understanding the origin of this effect requires first assigning electronic configurations

to the XPS final states that give rise to the main lines and the satellites in the 2p region.

Based on the cluster calculations of Bocquet et al.35, the main lines are assigned as LMCT

final states and denoted as |2p53d7L−1〉, where L−1 denotes a hole in a ligand π orbital.

The physical origin of this assignment is that it is energetically favorable to transfer charge
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Figure 5.8: XPS (hν = 1235.6 eV, Mg Kα) measured on a 100 nm Fe-bpy on Au/mica
at 115 K (blue, lower curve) and 295 K (red, upper curve), showing the temperature-
dependent presence of satellite features (∼730 eV and ∼716 eV) on the the Fe 2p core
levels main lines (∼725 eV and ∼711 eV).

from the ligand to the metal d-orbitals in order to screen the 2p core hole in the final

state. The unscreened final state without charge transfer is denoted as |2p53d6L〉, and

corresponds to the satellite line at apparently higher binding energy. The large reduction

in intensity of the unscreened satellite line for low-spin (d6) Fe2+ is predicted by the

cluster calculations of Bocquet et al.35 This difference arises from the reduced overlap

between the initial state and unscreened final state for the low spin form in the calculation

of photoelectron current. The calculation of photoelectron current can be understood as

a specific application of Fermi’s golden rule:

w ∝ 2π

h̄
|〈Ψf |r|Ψi〉|2δ(Ef − Ei − h̄ω) , (5.1)

where w is the transition probability from some initial state, i, to some final state, f .

Equation 5.1 is expressed using the position operator, r, which is the proper Hamiltonian

to use when considering photoelectron emission33. The crucial elements here are inside
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the matrix element, 〈Ψf |r|Ψi〉. The overlap integral is written as:

〈Ψf |r|Ψi〉 = 〈φf,Ekin
|r|φi,k〉

∑
s

cs

with, cs = 〈Ψk
f,s(N − 1)|Ψk

i,R(N − 1)〉 ,

(5.2)

where 〈φf,Ekin
|r|φi,k〉 represents the ejection of the photoelectron, and cs is the overlap of

the N − 1 remaining electons in the initial state, |Ψk
i,R(N − 1)〉, (i.e. electrons other than

the photoelectron) with the N − 1 excited final state electrons, 〈Ψk
f,s(N − 1)|.33 Thus, we

can see explicitly that the relative intensities of the different state-to-state transitions (i.e.

core-leve main line and its satellites) will depend on their initial and final proportions

of the total wavefunction, as well as the amount of overlap between the intial and final

wavefunctions. Intuitively, this relative difference in the main line and the satellite peak

intensities may be understood to result from the fact that the both the inital and final

states of the low-spin molecule contains more ligand-to-metal charge-transfer character

compared to the high-spin state, due to the shorter Fe–N bonds. Thus, it is qualitatively

more similar to the charge-transfer (screened) final state that contributes to the main 2p

line than it is to the (unscreened) satellite line. As a result, the relative intensity of the

main line to the satellite is expected to be enhanced for the low-spin state, as we observe.

5.4 Summary and Conclusions

In summary, we have observed spin domain coexistence in local conductance maps of

bilayer films of Fe[(H2Bpz2)2bpy] on Au(111) in a temperature range that suggests a

very different character of the spin transition compared to the bulk solid or even thicker

films. The origin of this difference is attributed to the constraints on elastic interactions

determined by molecule-substrate interactions that significantly broaden the transition.

Domain patterns exhibit a spinodal character consistent with Monte Carlo simulations of

the spin crossover process29. Local density of states measured in different spin domains

show a reduction in HOMO–LUMO gap size for the high-spin form of the molecule that is

in agreement with predictions from DFT calculations. Analysis of temperature-dependent

high-spin area fraction combined with temperature-dependent photoelectron spectroscopy

indicate bulk-like spin-crossover behavior in thick multi-layer films that is lacking in

the bilayer structure. The results described here indicate significant opportunities for
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Figure 5.9: Schematic energy diagram showing the two possible final states that can
contribute to the Fe 2p core level spectra for the high-spin form of Fe-bpy. The d-orbitals
in the final states are all lowered in energy by the 2p core hole. In the low-spin form,
excitation to “final state 2” is dominant, leading to enhanced main line intensity.

controlling molecular spin-state through the design of thin film structure. Given the

intimate connection between spin-state and charge transport shown here and in several

very recent works13,14,17,20,21, the motif of spin crossover appears to be an extraordinarily

promising approach to creating highly tunable materials for molecular spintronics.
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Chapter 6

Summary and Conclusions

This thesis has presented studies that investigate how molecular surface assembly can

change inherent molecular properties, and how aggregate film properties can be modified

by modifying properties of the molecular components. These studies were performed

in controlled vacuum environments using well-established surface science measurement

techniques, as well as some novel variations of these techniques.

In Chapter 3, local tunneling spectroscopy was used to measure the unoccupied

electronic structure of benzoate (BZO) on Cu(110), including the π* derived affinity level

and image potential-derived surface states (IPS). In the c(8×2) structural phase, consisting

of only standing benzoate species, the affinity level was found to occur at ∼3.2 eV above

the Fermi level and the n = 1 IPS was found to occur at 4 eV. The energies of these states

were compared to standing benzoate species in the lower coverage α phase, which coexist

with nearby flat-lying molecules. The standing α-BZO molecules had a more strongly

bound affinity level at 3.0 eV and a more broad n = 1 image potential state at 4 eV.

The difference in affinity levels was attributed to indirect intermolecular interactions

mediated by different metal-molecule hybridization between the standing and flat-laying

BZO orientations. In turn, the difference in affinity levels for the two structures was

able to explain the difference in widths of image state peaks as a result of greater wave

function penetration into the organic film. These observations illustrated the crucial role

of local molecular environment in determining physical properties of molecular films.

In Chapter 4, a quantitative relationship between sample local density of states (LDOS)

and constant-current distance-voltage spectra measured with an STM tip was developed.

Direct integration of the tunneling equations showed that peaks in the LDOS translated into

peaks in the first derivative of relative tip displacement as a function of tip–sample voltage

for both square and trapezoidal tunneling barrier transmission functions. Numerical

results showed that normalizing z(V ) spectra, by taking a logarithmic derivative, does a

very good job of removing most distortions due to the transmission function background.

The differential equation that was derived provided a straightforward and accurate means
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of extracting sample LDOS from constant-current tunneling spectra, without need for

empirical normalization strategies. These results served to establish a strong basis for

the interpretation of peaks in tunneling spectra measured in constant-current mode. The

advantages of z(V )-STS are expected to allow increasingly routine spectroscopic studies of

nanoscale systems, including single molecules, molecular assemblies, and nanostructured

surfaces.

In Chapter 5, observations of spin domain coexistence in local conductance maps of

bilayer films of Fe[(H2Bpz2)2bpy] on Au(111) we presented in a temperature range that

suggested a very different character of the spin transition compared to the bulk solid

or even thicker films. The origin of this difference was attributed to the constraints on

elastic interactions. The domain patterns that were found exhibited a spinodal character.

The local density of states was measured by I(V )-STS in different spin domains, and

showed a reduction in HOMO–LUMO gap size for the high-spin form of the molecule

as compared to the low-spin form of the molecule. Analysis of temperature-dependent

high-spin area fraction combined with temperature-dependent photoelectron spectroscopy

indicated a bulk-like spin-crossover behavior in thick multi-layer films that was lacking

in the bilayer structure. The results indicated that the change in structural assembly

between the bulk crystal and the bilayer film were enough to cause a subsequent change

in the spin crossover properties of the constituent molecules.

Together these studies provide significant insight into how the surface regime can

change the physical properties of molecular assemblies. Furthermore, the properties

studied in this thesis have very real importance and promise for devices made using

“bottom-up” architectures.
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