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Summary

In this thesis the surface reconstructions of (110) terminated single crystalline

Fe3O4 and SrTiO3 have been investigated by a host of surface-sensitive tech-

niques. The core of this work focuses on two contrasting Fe3O4(110) surface

reconstructions investigated primarily by Scanning Tunneling Microscopy

(STM). Additionally, the anisotropic optical response of bulk isotropic

Fe3O4(110) and SrTiO3(110) are investigated by Reflectance Anisotropy Spec-

troscopy (RAS).

The anisotropic optical responses of the two metal oxides show similar-

ities: RAS is sensitive to the influence the surface termination has on the

bulk-like region in the vicinity of the selvedge. The response is interpreted

to originate from small anisotropic shifts in energy of the bulk-like optical

transitions associated with an anisotropic strain gradient in the surface re-

gion.

Theoretical calculations of the {111}-nanofaceted row reconstruction of

Fe3O4(110) confirm the presence of an anisotropic strain gradient. The al-

tered stoichiometry of SrTiO3 surface terminations related to ex-situ pre-

cleaning, and/or in-situ cleaning procedures is suggested to give rise to strain

and the modification of bulk-like states.

The altered spectra of different SrTiO3(110) terminations suggests RAS

is sensitive to the contrasting modification of bulk-like states by different

terminations. Additionally, this optical technique is extremely sensitive to

the formation of an anisotropic conductance in the bandgap region associated

with the formation of oxygen vacancies correlated to a metallic state and the

modification of the Ti 2p core level. This electron gas is concluded to be close



to the surface and is likely anisotropic due to the influence of an anisotropic

surface termination.

Annealing Fe3O4(110) in oxygen or Ultra-High Vacuum (UHV) environ-

ments results in the formation of the known {111}-nanofaceted row recon-

struction. However, sputtering prior to annealing results in the coexistence

of an atomically flat surface structure alongside the row reconstruction.

Density functional theory calculations combined with the simulation of

STM images provides insight into the atomically flat surface structure. Twofold-

coordinated oxygen represents the most energetically stable oxygen vacancy

on B-plane terminated Fe3O4(110). STM simulations reveal that that the

atomically flat surface structure corresponds to this energetically favourable

B-termination and the oxygen surface vacancies form an ordered array. Cal-

culations of the spin density distributions indicate charge ordering of the

surface and sub-surface octahedrally coordinated iron. Charge ordering on

this oxygen vacated surface compensates towards a polar compensated ter-

mination, and additional polarity compensation mechanisms can lead to a

stabilised surface.

X-ray photoelecton spectroscopy measurements of the {111}-nanofaceted

row reconstruction demonstrate that the reconstruction exhibits increased

Fe2+/Fe3+ and Fe/O ratios. However, the electronic properties are observed

to differ depending on preparation environment, indicating the reconstruction

is stable across some stoichiometry range.

Finally, the anisotropic strain gradient in the surface region identified by

RAS, which is sensitive the termination has on the underlying bulk-like re-

gion, provides insight into surface sensitive STM/STS measurements: firstly,

one-dimensional electronic states are observed and are suggested to originate

from the compressive and tensile strain along the [1̄10] direction which gives

rise to the inequivalence of electronic states. Secondly, the analysis of missing

rows and atomic steps demonstrates that the {111} coverage is maximised

at these irregularities. The row reconstructions (1× 3) periodicity opposed

to a larger periodic unit, which would increase the energetically favourable

{111} coverage, is suggested to be a result of the competition between {111}
coverage and the associated strain energy.
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Brian Walls*, Olaf Lübben, Krisztian Palotás, Karsten Fleischer, Kil-

lian Walshe and Igor V. Shvets

32nd European Conference on Surface Science (ECOSS32), Grenoble,

France, August 2016

3. Electronic structure and transport properties of graphene

nanoribbons grown on SiC(001)

A. N. Chaika*, H. -C. Wu, O. V. Molodtsova, S. V. Babenkov, M. -C.

Hsu, T. -W. Huang, Mourad Abid, Mohamed Abid, Y. Niu, B. Walls,

B. E. Murphy, I. V. Shvets, H. Liu, B. S. Chun, Y. T. Janabi, S. N.

Molotkov, A. I. Lichtenstein, M. I. Katsnelson, C. -R. Chang and V.

Yu. Aristov.

XXI International Conference on Nanophysics & Nanoelectronics, Nizh-

niy Novgorod, Russia, March 2017

4. STM visualization of surface and subsurface atomic struc-

ture of Gd3Si5/Si(111) using clean and oxygen-terminated

tungsten tips
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Chapter 1

Introduction

Metal oxides display a wide variety of structures and correlated physical

and chemical properties due to the range of different oxidation states metal

cations can adopt. This versatility sees the class of materials utilised in a

diverse range of applications and the surface plays a role in the vast majority

of these. For example, metal oxide surfaces are pivotal in fields ranging from

catalysis to modern electronics, and the oxidation of metals in ambient condi-

tions results in metal oxides dictating processes such as friction, lubrication,

wetting and corrosion.

Arguably the most important industrially and economically application

of metal oxide surfaces is found in heterogeneous catalysis, where they are

utilised as catalysts and offer catalytic support for a diverse range of reac-

tions. For example, metal oxides routinely serve as a source of oxygen [1], are

catalysts in industrial processes such as ammonia [2] and methanol synthesis

[3] and catalyse the reduction of H2O and N2O to form molecular hydrogen

[4] (the water-gas shift reaction) and elemental nitrogen [5], respectively.

Metal oxide terminations prepared in Ultra-High Vacuum (UHV) often

exhibit complex reconstructions related to the ease at which their stoichiom-

etry can be altered by in-situ preparation techniques and, in the case of po-

lar terminations, the need to compensate for their polarity [6]. The range of

structures and correlated properties which these surfaces can adopt sees them

provide excellent templates for the growth of nanostructures of various sizes

1



2 Chapter 1. Introduction

and shapes (see for example, [7–11]). The fundamental understanding of the

formation and atomic structure of Fe3O4(001) has lead to the emerging study

of single atom catalysis whereby this magnetite surface acts to catalyse the

splitting of single molecules [12] or supports catalytically active single atoms

[13]. It has been demonstrated that the surface and near-surface atomic scale

structure dictates the absorption properties [10, 12–15]. Finally, heterostruc-

tures comprised of one or more polar metal oxide terminations often show

fascinating properties at the interface, which drastically differ from those of

their individual components. For example, heterostructure interfaces com-

prised of insulating oxide perovskites, which can grow epitaxially due to their

similar lattice parameters, exhibit properties ranging from high-mobility to

superconductivity [16–20].

It is clear that the characterisation of metal oxide terminations is required

in order to probe their potential as a template for both nanostructure growth

and the fundamental investigation of catalysis on the atomic scale. The

understanding of the surface physics is also of importance in heterostructures,

where interesting phenomena occur at the interface where two terminations

interact.

As such in this thesis an investigation of the (110) terminations of mag-

netite (Fe3O4) and strontium titanate (SrTiO3) is presented. Fe3O4 and

SrTiO3 crystallise into cubic inverse spinel and perovskite structures, respec-

tively, and their (110) terminations are polar. The focus of this work is on for-

mation and structure of two contrasting Fe3O4(110) surface reconstructions.

The primary technique utilised is Scanning Tunneling Microscopy (STM),

which is combined with a range of surface-sensitive techniques and Density

Functional Theory (DFT) calculations. Due to strontium titanate’s insulat-

ing nature the focus of the SrTiO3(110) study is on the optical anisotropy

of different surface terminations probed by Reflectance Anisotropy Spec-

troscopy (RAS).

The experimental techniques and set-up are discussed in chapter 2. In

chapter 3 iron oxides and perovskites in general are introduced and a de-

tailed introduction to Fe3O4 and SrTiO3 is presented. A literature review of
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metal oxide, magnetite and strontium titanate surface science is presented in

chapter 4.

In chapter 5 the anisotropic optical response of the (110) terminations

of bulk isotropic SrTiO3 and Fe3O4 are investigated by RAS. In both cases

RAS is sensitive to the influence that the surface structure has on the bulk-

like region in the vicinity of the selvedge. The response is interpreted to

originate from small anisotropic shifts in the energy of bulk-like optical tran-

sitions associated with an anisotropic strain gradient in the surface region.

In the case of the {111}-nanofaceted row reconstruction of Fe3O4(110), the

existence of an anisotropic strain gradient is confirmed by DFT calculations

and provides insight into surface sensitive STM measurements. Therefore,

this study demonstrates the potential of combining surface sensitive measure-

ments with RAS measurements, which are sensitive the termination has on

the underlying bulk-like region. In the case of wide bandgap SrTiO3, RAS is

sensitive to the formation of a 2-Dimensional (2D) anisotropic conductance

in the bandgap correlated to oxygen vacancies, which form during vacuum

annealing. This is promising for work on SrTiO3/LaAlO3 heterostructures

as RAS is a non-destructive probe, which can monitor the formation of the

2D electron gas which forms at the interface during growth.

In chapter 6 the surface structure of the {111}-nanofaceted row recon-

struction of Fe3O4(110) is examined. The chapter is split into two parts,

firstly the influence of the annealing environment on the formation and struc-

ture of the reconstruction is presented: X-ray Photoelectron Spectroscopy

(XPS) measurements demonstrate that the reconstruction is reduced, how-

ever the combination of Scanning Tunneling Spectroscopy (STS) and RAS

measurements suggest the reconstruction’s electronic properties differ de-

pending on the annealing environment, and this indicates the reconstruction

is stable across some stoichiometry range. Secondly, an investigation of the

atomic and electronic structure is presented: analysis of high resolution STM

images provides insight into the surface termination, while the observation

of 1-Dimensional (1D) electronic states and the analysis of atomic steps and

missing rows is understood in terms of the anisotropic strain in the termi-

nating layers identified by RAS.
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A contrasting atomically flat Fe3O4(110) reconstruction is presented in

chapter 7 which forms as a result of sputtering prior to annealing. The com-

bination of a DFT study with the simulation of STM images allows one to

draw conclusions on the atomic structure of the termination. Furthermore,

the DFT calculations provide insight into the polarity compensation mecha-

nism.



Chapter 2

Experimental Techniques &

Set-up

2.1 Scanning tunneling microscopy

The scanning tunneling microscope was developed in the early 1980s, and in

1986 the Nobel prize in Physics was awarded to Binning and Rohrer for its

development. The (110) surface of Au and CaIrSn4 were initially investigated

and the resolution of monoatomic steps demonstrated the STM’s capabilities

[21]. 30 years later the STM can routinely probe features on the Ångström

scale and in this decade orbital resolution has been reported [22].

At the time of its invention the STM represented a real-space, non-

destructive technique with order of magnitudes better resolution than any

and all other techniques. In the proceeding 30 years, the ability of the STM

to observe electronic and structural features on the sub-nanometer scale has

led to the technique playing a vital role in the growth of the surface science

field.

2.1.1 Tunneling theory

The underlying principle behind the operation of the STM is quantum tun-

neling. Consider an electron with energy E in a potential U(z). The spatial

evolution of the electron’s wavefunction, ϕ(z), can be described by the time-

5
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independent Schrödinger equation:(
−~2

2m

d2

dz2
+ U(z)

)
ϕ(z) = Eϕ(z) (2.1)

m is the mass of the electron and ~ is the reduced Planck constant.

For an electron encountering a potential barrier there are three regions

(depicted in figure 2.1(a)) to be considered: (I) The wave incident on the

barrier, U = 0 and −∞<z≤ 0. (II) The wave inside the barrier, U >E

and 0≤ z≤ d. (III) The wave transmitted through the barrier, U = 0 and

d≤ z <∞. Classically, in region II with U >E, the electron’s wavefunction

is exactly zero. Therefore, the probability of an electron tunneling through

the barrier is also zero. However, a non-zero solution for equation 2.1 exists∗:

ϕ(z) = ϕ(0) exp(−κz) κ =

√
2m(U − E)

~2
(2.2)

Taking into account periodic boundary conditions:

ϕ(d)II = ϕ(d)III = ϕ(0) exp(−κd) (2.3)

The probability of tunneling occurring is proportional to the square of the

electron’s wavefunction (equation 2.2):

P ∝ |ϕ(0)|2 exp(−2κd) (2.4)

When considering STM, regions I, II and III in figure 2.1(a) represent

the sample, vacuum gap and the STM tip as seen in figure 2.1(b). z= 0

and z= d correspond to the surface and the tip apex, respectively. At 0 K,

a bias voltage, V , must be applied between the STM tip and the surface for

electrons to tunnel into unoccupied states. The applied bias voltage defines

the energy range for which tunneling can occur. d now represents the tip-

surface distance and at low bias voltages (U -E) is approximately equal to

the surface work function, φs.

∗A positive exponent would also provide a solution. However, an exponentially increas-
ing wavefunction is unrealistic.



2.1. Scanning tunneling microscopy 7

Figure 2.1: (a) An electron with an associated wavefunction, ϕ(z), approach-
ing an energetic barrier. Three regions are considered: (I) The wave incident
on the barrier, (II) The wave inside the barrier and (III) The wave trans-
mitted through the barrier. ϕ(z)I takes the form of a sine wave. Within the
barrier ϕ(z)II decays exponentially. On the other side of the barrier ϕ(z)III
takes the form of a sine wave, the magnitude of which depends on the magni-
tude of ϕ(z)I and the energetic barrier width and height (see equation 2.3).
(b) When considering this tunneling phenomena in STM, regions I, II and III
represent the sample, vacuum gap and the STM tip. A bias voltage must be
applied between the STM tip and surface for electrons to tunnel into unoc-
cupied states. In the above case a negative bias is applied to the sample with
respect to the tip, and hence, the samples filled states are probed as electrons
tunnel from the surface to the tip. In the low bias limit, the energetic barrier
is approximated as the work function of the surface atoms.



8 Chapter 2. Experimental Techniques & Set-up

The tunneling current is proportional to the sum of the individual prob-

abilities (equation 2.4) over the energy range Ef − eV ≤E≤Ef :

It ∝
Ef∑

Ef−eV

|ϕ(0)|2 exp(−2κd) κ =

√
2mφs
~2

(2.5)

Ef and V represent the Fermi energy and the applied bias voltage. Fur-

thermore, the tunneling current depends on the number of states present at

each energy increment across the probed energetic range. By definition, the

Density Of States (DOS) at some energy, E, is the sum of the square of the

wavefunctions between E - ε and E, per unit energy:

ρ(E, z) =
1

ε

E+ε/2∑
E−ε/2

|ϕn(z)|2

In the low bias voltage limit the energy increment, ε, is equal to eV . Fur-

thermore, if we take z= 0 we consider the DOS of the surface states (see

figure 2.1(b)):

ρs(Ef , 0) =
1

eV

Ef+eV/2∑
Ef−eV/2

|ϕn(0)|2 (2.6)

Combining equations 2.5 and 2.6 we obtain an expression for the tunneling

current which is related to the surface DOS:

It ∝ V ρs(Ef , 0) exp(−2κd) κ =

√
2mφs
~2

(2.7)

The most important thing to note from this equation is that the tunneling

current varies exponentially with d, the tunneling gap.

It is worth considering a hypothetical tip-surface system to explore the

relative contribution from different surface atoms and atomic layers to the

overall tunneling current. Let us consider Au(110), the first surface examined

by STM. Consecutive (110) layers of gold are separated by 1.4 Å and the unit

cell distance of the (110) surface is 2.8 Å. Considering that gold has a work

function of 5.1 eV, κ= 1.15 Å−1. If we take a typical tip-surface distance of
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5 Å the ratio of current contributions from the surface and first sub-surface

layer is I1/I2≈ 25. Similarly, the current contributions from an atom directly

under the tip-apex and its nearest neighbour on the surface is I1/I2≈ 5.

These examples demonstrate that the surface sensitivity and high resolution

of the STM is due to the exponential dependence of the current with the

tunneling gap width. For more in depth reviews of the operating principle

and theory of STM the reader is referred to [23] and [24].

2.1.2 The scanning tunneling microscope

An STM consists of an extremely sharp conducting tip, with an apex radius

of curvature of tens of nanometers, which is approached to a conductive

sample surface. At extremely small tip-surface distances, of the order of a

nanometer or less, the tip detects the surface via the tunneling of electrons

from tip to surface or vice versa when a bias is applied across the junction.

Once the tunneling current is achieved the tip is rastered across the surface.

Two scanning modes which are depicted in figure 2.2 are widely used; (1)

Constant-Current Mode (CCM): as the tip is rastered across the surface a

constant current is maintained by a feedback loop which adjusts the tip height

accordingly. Atomic steps, absorbents or different atomic species can lead

to an increase or decrease in the tunneling current, and hence, a change in

the tip height to maintain the desired current. Therefore, in CCM a map of

Figure 2.2: (a) Constant-current mode: the feedback loop adjusts the z-
height as the tip is moved across the surface in order to maintain a desired
current. (b) Constant-Height Mode: the feedback loop is turned off. The
current is recorded as the tip is moved across the surface at a constant height.
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the z-height provides information related to surface features. (II) Constant-

height mode (CHM): the tip is rastered across the surface with the feedback

loop turned off. Here, the current at each point is plotted and this three-

dimensional map provides insight into structural features. In practice, prior

to scanning in CHM, a CCM scan is obtained and the slope of the image is

utilised in such a way that the plane of the CHM image is parallel to the

surface. This reduces the likelihood that the tip will crash into the surface

whilst scanning.

Each scanning mode has its advantages and disadvantages. CCM is better

suited to atomically rough surfaces. The feedback loop adjusts the z-height

to maintain a constant current, hence preventing the tip from crashing into

the surface. However, one disadvantage is that the finite response time of the

feedback loop network limits the speed at which the tip can be moved across

the surface. In CHM there is no feedback loop, and hence, no limitations to

the scan speed. Therefore, CHM images can minimise image distortion due

to piezo creep and thermal drift. One clear disadvantage is the possibility of

crashing the tip into the surface.

Extremely fine, controllable and reproducible movement of the tip is

required to realise the potential of the STM. Such movement is provided

by piezoelectric ceramics. Piezoelectric crystals are materials which exhibit

spontaneous ferroelectricity, that is, the charge centres of the positive and

negative ions of the crystals unit cell are separated. Applying an electric field

along the axis of charge separation gives rise to the elongation or compression

of the unit cell. Such crystals routinely exhibit a piezoelectric constant of a

few Å/V. Therefore, they are ideal for the movement of an STM tip.

Scanning can be performed by a piezo tube which consists of four quad-

rant piezo stripes. Applying positive and negative biases to opposing stripes

will result in these two quadrants expanding and compressing, respectively,

the net result is the bending of the piezo tube, and hence, movement of the

tip.

The STM utilised in this work makes use of slip-stick motion for course

movement. If the rate at which the voltage applied to the piezo (slew rate)

is above a certain threshold, the piezo can overcome the friction between it
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and the body it contacts (ceramic plate) and ’slip’ relative to this ceramic

plate. In turn, if the slew rate is below the threshold as the voltage is reduced

back to zero, the piezo will not overcome the friction and will ’stick’ relative

to the ceramic plate. Hence, a waveform consisting first of a high slew rate

increasing the voltage to some value V , followed by a low slew rate reducing

the voltage to zero can move a piezo relative to the ceramic plate it contacts.

2.1.3 The scanning tunneling microscopy system

The UHV STM chamber consists of a load-lock, preparation chamber and

analysis chamber. Typical cleaning procedures such as annealing in UHV

and oxygen atmospheres and ion bombardment can be performed within the

preparation chamber. Low-Energy Electron Diffraction (LEED) apparatus

is utilised to characterise the surface. A base pressure of 1× 10−10 mbar is

maintained by an ion pump and a Titanium Sublimation Pump (TSP), which

resides inside the ion pump. The TSP is typically utilised after the chamber

has been exposed to argon or oxygen atmospheres. Whilst the preparation

chamber is exposed to argon or oxygen atmospheres, the ion pump valve is

closed and the pressure is maintained by a turbo pump which resides in the

adjoining load-lock. Argon and oxygen are introduced to the chamber via

leak valves. The preparation chamber is equipped with a strain-free silica

window which allows for in-situ optical measurements to be performed.

Sample or tip heating can be performed by resistive heating alone or by

the combination of resistive heating and electron bombardment. The fil-

ament (tungsten) for restive heating resides under the sample plate (back

heating). The heating stage is electrically isolated from the chamber, hence,

a voltage can be applied to the heating stage. Thermally emitted electrons

are accelerated towards the heating stage, and hence, the back of the sample

plate. The temperature of the sample can be estimated from a K-type ther-

mocouple. Furthermore, above 600 ◦C the temperature can be measured by

an optical pyrometer. Electron bombardment, which is a more localised heat-

ing technique, will lead to the thermocouple drastically underestimating the

temperature. Therefore, when electron bombardment is utilized to achieve
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higher temperature and/or a lower base pressure, the pyrometer represents

a better method of estimating the sample temperature.

For sputtering, argon is leaked directly into the gas cell of the ion gun

and is ionised by electron bombardment. Ar+ ions are accelerated through

a biased ring. Typically, voltages ranging from - 0.5 to - 2 keV are applied.

Depending on the bias voltage and argon partial pressure, Ar+ currents of

10µA to 40µA are measured.

With the STM cooled to 78 K, a base pressure of 3× 10−11 mbar is main-

tained in the analysis chamber by an ion pump and a TSP. Surface analysis

is performed by a low-temperature slider-type STM from Createc. Course

movement is performed by shear piezo stacks which are in contact with ce-

ramic plates. Vibration isolation is provided by springs from which the mi-

croscope hangs from as well as by an eddy-current damping system. Further-

more, the entire chamber can be floated by a damping system which consists

of four pressurised (2 bar) canisters. The STM can be operated at room,

liquid nitrogen (∼78 K) and liquid helium (∼4 K) temperatures. The STM

is positioned directly below two cryostats. The inner cryostat is a meter-tall

cylinder and is surrounded by the outer cryostat. For operation at ∼78 K

both of the cryostats are filled with liquid nitrogen. For operation at ∼4 K

the inner cryostat is filled with liquid helium while the outer is filled with

liquid nitrogen, which acts to reduce the evaporation of liquid helium. The

cables of the STM run vertically in-between the two separated cryostats to

connectors above the cryostats outside of the chamber. One disadvantage of

this configuration is that noise can be introduced in the tunneling current

due to the relatively long length of wire between the tip and the operational

amplifier, which converts the small (of the order of a nanometer) tunneling

current into a relatively large (of the order of a volt) voltage.

2.1.4 Tip preparation

STM tips have been prepared ex-situ by electrochemically etching polycrys-

talline and single-crystalline tungsten ingots. The electrochemically etching

set-up is presented in figure 2.3. NaOH pellets are mixed with deionised
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Figure 2.3: Schematic of electrochemically etching. Tungsten reacts with
ionised hydroxide to form soluble tungstate (WO4

−2) which falls and acts as
a protective layer against etching. Therefore, etching predominately occurs
at the meniscus. The ingot will break when the tungsten cross section at the
meniscus can no longer support the weight of the immersed tungsten.

water at a ratio of 8 g of NaOH per 100 ml of deionised water. A cylindrical

stainless-steel cathode is placed at the edge of a beaker and the tungsten

ingot which serves as an anode is partially immersed in the solution at the

centre of the beaker. When a direct current voltage is applied the following

reaction takes place [23]:

Cathode : 6H2O + 6e− → 3H2 + 6OH−1

Anode : W + 8OH−1 →WO4
−2 + 4H2O + 6e−

Overall : W + 2OH−1 + 2H2O→WO4
−2 + 3H2
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This reaction involves the oxidation dissolution of tungsten into soluble tungstate

(WO4
−2) at the anode. This heavy tungsten oxide falls down and forms a

protective layer around the tungsten ingot resulting in a reduced etching rate

below the meniscus [25]. A cut-off current is set such that when the current

drops below this value the voltage is cut-off. In the tip preparation set-up

used in this work, with a cut-off of 2.5 A, the current drops below this value

when the tip breaks in half. Hence, the cut-off prevents further etching of

the tip apex.

Ideally, an electrochemically etched tip should have an aspect ratio of

approximately 1:1, be symmetric and be as sharp as possible. The length of

the ingot, which is immersed in the solution dictates the shape and length

of the resultant etched tip: a greater length (and hence, weight) will lead

to the ingot breaking at larger cross sectional areas (at the meniscus). To

ensure the etched tip is symmetric the ingot should be perpendicular to the

solution’s surface. Through trial and error it has been determined that the

best tips are produced by immersing ∼2.5 mm of an ingot of diameter 0.2 mm

into the solution. This is judged by both the shape of the tip viewed by an

optical microscope and the performance of the tip during STM experiments.

After etching the tip is dipped in isopropanol and hot water several times

in order to remove any remaining NaOH solution. It is paramount that the

tip apex does not rapidly breach the surface of the isopropanol or warm water

as this action can alter the tip apex. After the tip is washed it is loaded in

a UHV chamber as soon as possible to limit oxidation.

2.1.5 Scanning tunneling spectroscopy

STS examines of how the tunneling current varies as a function of the bias

voltage or tip-surface separation. The bias voltage defines the surface and

tip states which are probed. Say the bias voltage is +V , increasing the bias

voltage by some energy increment, ε, leads to new surface states which reside

eV + ε above the Fermi level being involved in the tunneling process. The

change in the tunneling current as the bias voltage is increased by ε reflects

the presence of states at eV + ε. Hence, dI
dV

reflects the local DOS of the
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surface. To express this mathematically, we return to equation 2.7, however

the surface DOS is replaced with the local density of states, Ns(E):

It ∝ V exp(−2κd)

∫ eVbias

0

Ns(E)dE

Taking the first derivative with respect to the voltage, and expressing it at

V =Vbias, gives:

dIt
dV

(Vbias) ∝VbiasNs(eVbias) +

∫ eVbias

0

Ns(E)dE (2.8)

This derivation relies on the approximation that in the low bias limit the

tunneling current is linearly proportional to the bias voltage. At larger bias

the tunneling current does not exhibit ohmic behaviour; the tunneling proba-

bility of electrons is always higher closer to the Fermi level. Furthermore, the

tunneling current is a convolution of the tip and surface DOS. Equation 2.8

involves the gross assumption that the tip DOS is constant.

In practice I(V)-curves can be performed on a point, a line or a grid. In

line and grid measurements, initially the tip is moved to the point at which

an I(V) measurement will be performed, the feedback loop is then disengaged

for a period of time as the voltage is swept across some desired range. Prior

to moving to the next spectroscopy point, the feedback loop is re-engaged,

the tip is moved and the CCM parameters dictate the tip height at the next

spectroscopy point.

2.2 Low-energy electron diffraction

The diffraction of electrons from a single crystalline sample was first observed

by Davisson and Germer in 1927 [26]. The experiment was a result of an

accident which resulted in a polycrystalline nickel sample being over oxidised.

The subsequent prolonged high temperature annealing required to remove

the surface oxide led to the formation of larger crystallites. The distribution

of scattered electrons showed large variations before and after the crystal

growth. It appeared that the electrons were behaving like waves incident on
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a diffraction grating. Considering the lines of nickel surface atoms as lines

of a diffraction grating and the electron to have a de Broglie wavelength

associated with the its energy, lead to a very satisfactory agreement with

the experimental scattering profiles. Such an event is depicted schematically

in figure 2.4, in which wave-like electrons are back scattered from a line of

atoms. This work was the first to experimentally confirm the wave-like nature

of the electron hypothesised by Louis de Broglie in his PhD thesis. Hence, it

represented a large step forward in the development of quantum mechanics.

2.2.1 The electron’s de Broglie wavelength

The wavelength, λ, associated with an electron with momentum, p, was

described as follows by L. de Broglie:

λ = h/p

h represent Planck’s constant.

When considering an electron beam the electron’s energy and momentum are

related to the accelerating voltage:

1

2
mv2 = eV

Solving for the momentum:

p = mv =
√

2meV

Therefore, the electron’s wavelength is inversely proportional to the square

root of the voltage which it is accelerated through:

λ =
h√

2meV

The wavelengths associated with voltages of 20 V and 200 V are 2.75 Å and

0.87 Å, respectively. Wavelengths of this order, which are comparable to

atomic spacing, are the fundamental reason why low-energy electrons can be
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diffracted by a periodic lattice. Furthermore, the inelastic mean free path

of low-energy electrons ranges from 6 - 10 Å [27]. Considering we are only

interested in elastically scattered electrons, the low inelastic mean free path

leads to LEED being a surface sensitive technique.

2.2.2 Bragg’s law

Consider a monochromatic electron beam as a plane wave at normal incidence

to a uniform periodic lattice. Each of the atoms will act as scattering centres

due to their high electron density. Each atom will scatter the plane wave in all

directions and the back-scattered intensity will depend on the interference of

the scattered waves. Let us consider a 1D chain of atoms which are separated

by the lattice constant, d. Figure 2.4 depicts the condition for constructive

b
b

b
bbb bb

d

θ

dsinθ

b
b

b
b

b
b
b

b

Figure 2.4: Bragg’s condition for constructive interference of plane waves
scattered by a 1D chain of atoms. Blue and red waves depict incident and
scattered plane waves. Waves are scattered by surface atoms which are sepa-
rated by the lattice constant, d. Electrons which are scattered at some angle
θ will constructively interfere if their path difference is an integer times the
electron’s wavelength. In this example, in which constructive interference
occurs, the path difference is four times the wavelength.
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interference of plane waves scattered at some angle θ, by neighbouring atoms

in the 1D chain. Constructive interference will occur if the path difference,

d sin θ, is equal to an integer times of the wavelength, λ:

d sin θ = mλ (2.9)

The important result to note is that the set of angles for which constructive

interference will occur is dependent on the lattice spacing. Therefore, the

diffraction pattern provides insight into the periodic lattice structure.

2.2.3 Reciprocal space

Equation 2.9 demonstrates that the sine of the scattering angle is inversely

proportional to the lattice spacing:

sin θ ∝ 1/d

Therefore, the diffraction pattern represents the reciprocal space Bravais lat-

tice of the surface.

It is worth returning to Bragg’s law, but with a different formulation,

to derive Bragg’s condition for constructive interference in terms of the re-

ciprocal space lattice vectors. Let us consider two incident parallel plane

waves, with wavelength λ, which are at an angle of θi to the surface normal.

The first and second plane wave are scattered at an angle θs by an atom in

the first and second layers, respectively†. The two layers are separated by

the interlayer distance d. The schematic in figure 2.5 depicts such an event.

Bragg’s condition for constructive interference is as follows:

d cos θi + d cos θs = mλ (2.10)

†For the ease of the derivation the interference of two plane waves scattered by a surface
and sub-surface atom, respectively, is considered. However, the derivation is equally valid
for interference of two plane waves scattered by two surface atoms.
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Figure 2.5: Two parallel plane waves are scattered elastically by atoms in
consecutive layers of a crystal which are separated by the interlayer distance
d. The incident and scattered waves forms angles relative to the surface
normal, N̄ , of θi and θs, respectively. Their path difference is equal to
dcosθi + dcosθs. Constructive interference will occur if the path difference
is equal to some integer times the electron’s de Broglie wavelength.

Taking the dot products of the interlayer vector d̄ and the unit vectors along

the incident (n̄i) and scattered (n̄s) directions yields the following:

n̄i · d̄ = −|d̄||n̄i| cos θi n̄s · d̄ = |d̄||n̄s| cos θs (2.11)

Considering that |n|= 1, combining equations 2.10 and 2.11 gives the fol-

lowing expression for Bragg’s condition:

d̄ · (n̄s − n̄i) = mλ

Rewriting this equation in terms of the wave vector k̄, with k̄= 2π
λ
n̄, yields:

d̄ · (k̄s − k̄i) = 2πm
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Finally, defining the reciprocal lattice vector as ḡ= 2mπ
d̄

, we reach Bragg’s

condition for constructive interference in term of the reciprocal lattice vector,

ḡ:

(k̄s − k̄i) = ḡ

The set of vectors which satisfy this relation will give rise to constructive

interference. Furthermore, the LEED pattern represents the reciprocal space

lattice of the crystal.

2.2.4 Experimental apparatus

The LEED set-up, which is depicted in figure 2.6, consists of a filament,

electron gun, a series of four grids and a fluorescent screen. Electrons emitted

by the filament are accelerated by a voltage, V , towards the sample. The

Figure 2.6: Experimental set-up of the low-energy electron diffraction ap-
paratus. A potential difference of −V ± δV (V being the gun accelerating
voltage) is generated between the second and third grids. This prevents
undesirable inelastically scattered electrons from reaching the screen.
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first and fourth grids are held at ground to eliminate stray fields. A potential

difference of −V ± δV is generated between the second and third grids.

This prevents undesirable inelastically scattered electrons from reaching the

screen. The fluorescent screen, beyond the second and third grids, are held

at a large positive bias in order to accelerate the transmitted elastically

scattered electrons towards it.

2.3 Reflectance anisotropy spectroscopy

RAS is a non-destructive optical probe which investigates the optical anisotropy

of surface region in the plane of the termination. This is achieved by illu-

minating the sample with near normal incidence linearly polarised light and

measuring the difference in reflectance from two orthogonal surface direc-

tions:
∆r

r
= 2

(rx − ry)
(rx + ry)

(2.12)

The difference in the reflectance from the two orthogonal surface directions

(x, y) is normalised to the total reflectance (rx + ry). Fundamentally, the

RAS signal represents the anisotropy of the electronic states along the bond

axes.

Isotropic and amorphous materials as well as anisotropic materials with

randomly orientated domains will not exhibit a RAS signal. RAS repre-

sents a probe which can be extremely sensitive to surface reconstructions;

an anisotropic signal from a reconstructed surface of an isotropic material

will be solely due to surface reconstruction and/or its influence on the near-

selvedge bulk. Even in the case of (110) orientated cubic crystals, which are

terminated by anisotropic planes, the stacking of orthogonal planes in the

bulk sees the signal of individual planes cancel.

The initial and majority of RAS studies have been conducted on semi-

conducting surfaces [28–30]. The technique has been utilised to investigate

semiconductor surface reconstructions and to monitor the growth of epitax-

ially grown semiconductor surfaces. The structure of metal absorbents on

metal and semiconductor surfaces or the absorbent induced reconstruction
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of the substrate has received considerable attention [28, 31–34]. RAS studies

of metal oxides have received little attention, wide-bandgap ZnO [35], ex-

situ polished Fe3O4(110) [36] and superconducting cuprates [37] have been

investigated.

2.3.1 Experimental set-up

The initial and simplest RAS setup was designed by Aspnes [38]; linearly

polarised light was incident onto a rotating sample, the reflected light was

passed through an analyser and subsequently a monochromator and detec-

tor. Such a set-up is not possible for many in-situ measurements, as the

sample often cannot be rotated in the plane perpendicular to the light prop-

agation direction. The solution is the use of a Photo Elastic Modulator

(PEM). A PEM consists of a piezoelectric crystal coupled to a transparent

material. Applying an alternating voltage along the polarisation axis of the

piezoelectric crystal gives rise to oscillatory (in the range of 105 Hz) stress

which is sustained in the transparent material. The transparent material is

made to oscillate at its natural frequency and an oscillatory birefringence is

induced. Hence, the component of the reflected beam along the oscillatory

axis undergoes a time-dependent phase change while the orthogonal compo-

nent remains unchanged. The RAS signal is now fully expressed as a complex

quantity. At any given energy, the ratio of the second order oscillating and

the time-independent intensities is directly proportional to the real part of

the complex RAS quantity [28]. A standard analogue lock-in amplifier can

be used to measure the second harmonic.

The standard RAS setup for in-situ measurements consists of a light

source, polariser, window, sample, PEM, analyser, monochromator and a

detector. Figure 2.7 depicts the RAS setup for in-situ measurements. The

light emitted from a xenon lamp is linearly polarised. A strain-free fused

quartz window minimises the induced birefringence in the incident and re-

flected beams. The sample is oriented such that its surface primitive surface

unit cell directions are rotated by 45 ◦ with respect to the polariser orienta-

tion. The analyser and PEM oscillation axes are aligned with the samples
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axis and the polarisers axis respectively. Once the reflected beam passes

through the analyser it is directed to the monochromator and subsequently

the detector. Two detectors are utilized, an InGaAs detector for energies be-

tween 0.8 - 1.2 eV and a Si detector from 1.2 - 5.5 eV. Ex-situ measurements

follow a similar design. However a larger spectral range is realised using a

Bentham TMc300 triple grating monochromator and three individual detec-

tors (InAs, InGaAs and Si).

Figure 2.7: Depicted is the in-situ RAS set-up used in this work. Light from
a xenon lamp is polarised in the x - y direction. This linearly polarised light
enters the UHV chamber via a strain-free quartz window and subsequently
is reflected by the sample. The primitive unit vectors of the surface are
orientated at 45 ◦ with respect to the polarisation direction. In this schematic
the surface vectors correspond to a (110) terminated cubic material. The
reflected beam passes through a PEM and subsequently an analyser whose
oscillation and polarisation directions are x - y and y, respectively. Finally,
the beam enters the monochromator and detector.
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2.3.2 The three-phase model

The reflectance anisotropy can be related to the dielectric function of the

bulk and surface region. The dielectric tensor fundamentally describes the

interaction of the light with a media. McIntyre and Aspnes developed the

three-phase model to determine the change in reflectance when a thin-film

was grown on a bulk substrate [39]. The three phases are the ambient (1), a

thin-film (2) of thickness d and the substrate or bulk (3), which the thin-film

is grown on. Considering the Fresnel reflections, and considering a thin-film

with depth far smaller than the light wavelength, the difference between the

total reflection when a thin-film of thickness d is present (R(d)) and the total

reflection when no thin-film is present (R(0)), normalised to R(0) is given by

[39]:
∆R̃

R̃
=
R̃(d)− R̃(0)

R̃(0)
=

4πdñ1i

λ

ε̃3 − ε̃2
ε̃3 − ε̃1

(2.13)

Here ε̃i represents the complex dielectric function of the three phases labelled

above. In real systems the dielectric function does not abruptly change at the

bulk–thin-film interface. Equation 2.13 can equally be defined by replacing

the difference between the bulk and thin-film dielectric functions with the

gradient of the dielectric function from the bulk–thin-film interface to the

thin-film–ambient interface (∆ε̃) [39]:

∆R̃

R̃
=
R̃(d)− R̃(0)

R̃(0)
=

4πdñ1i

λ

∆ε̃

ε̃3 − ε̃1
(2.14)

The three-layer model was later used by Aspnes [38] to describe the differ-

ence in reflectance of linear p-polarised light from two orthogonal directions

perpendicular to the surface normal:

∆R̃

R̃
= 2

R̃x − R̃y

R̃x + R̃y

=
4πdi

λ

∆ε̃

ε̃b − 1
(2.15)

With ∆ε̃= ε̃x - ε̃y. ε̃x and ε̃y are the average dielectric functions in the sur-

face region (thin film in the above discussion) along the orthogonal surface
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directions x and y. ε̃b is the dielectric function of the underlying bulk and ε̃1

and ñ1 in equation 2.14 are replaced with unity representing the vacuum.

An extension of the three-phase model is the derivative model which

relates the reflectance anisotropy to the first energy derivative of the bulk

dielectric function (ε̃b). The reflectance anisotropy is expected to resemble the

first energy derivative of ε̃b if the orthogonal components of the surface regions

dielectric function, ε̃x and ε̃y, are similar in magnitude but differ slightly in

broadening and/or energy shifts [40]. For example, in cubic optically isotropic

materials, this shift produces a non-zero cancellation of optical transitions

which are orthogonal and would otherwise cancel. Such a situation is depicted

in figure 2.8. The difference of states slightly shifted into energy is analogous

to the first energy derivative of ε̃b. Replacing ∆ε̃ with dε̃b
dE

in equation 2.15 and

extracting the real component (experimentally the real part of the complex

RAS signal is measured) by taking the complex conjugate, we obtain the

following expression:

Re
(∆R̃

R̃

)
=

4πd

λ

(ε
′ − 1)dε

′′

dE
− ε′′ dε

′

dE

(ε′ − 1)2 + ε′′2
(2.16)

Figure 2.8: Depicted are consecutive (110) planes of a cubic material. (a)
The signal from an individual anisotropic plane is cancelled by the signal from
an underlying identical, but orthogonal, plane. (b) If the surface induces a
small modification of optical transitions, orthogonal transitions will no longer
cancel, and a net signal remains. Here the signal is due to the difference in
bulk-like and slightly modified, and otherwise identical, bulk-like transitions
(a

′
-a). This is analogous to the first energy derivative of the bulk dielectric

function.
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With ε̃b = ε
′

+ iε
′′
. One must keep in mind that this expression is only

valid for the transitions in the vicinity of a single critical point. Optical

anisotropies originating from the modification of different states can produce

signals of different width, sign and magnitude.

The derivative model has been applied to metal and semiconductor sur-

faces. The d-band is narrowed at the Cu(110) surface due to a reduced

number of bonds. The number of dangling bonds along the orthogonal [11̄0]

and [001] surface directions are nonequivalent. Hence, the d-band narrow-

ing and the related energy shift is anisotropic and generates a derivative-like

RAS signal [41]. In the case of isotropic silicon, derivative-like structures

are induced by mechanically applying strain. The magnitude of the induced

RAS signal varies linearly with the applied stress [42].

2.3.3 Drude model

It has been demonstrated that RAS signals can originate from anisotropic

conductance. This was first realised in the case of metallic islands on semi-

conducting substrates [43]. The experimental RAS signal showed good agree-

ment with the calculated RAS signal which considered anisotropic Drude-like

dielectric functions within the three-layer model.

The dielectric function of a free-electron gas can be described using the

Drude-Lorentz formulas for an oscillator with eigen frequency ω0 = 0:

ε
′
= 1− ωp

2

ω2 + γ2
, ε

′′
=

ωp
2γ

ω(ω2 + γ2)

where ε̃ = ε
′

+ iε
′′

and γ is the scattering rate. In the Drude theory, ωp is

given by ω2
p=Nce

2/meε0, were Nc is the free-electron density and me the free-

electron mass. Although originally derived for non-interacting electrons in

3D, the Drude dielectric function nevertheless agrees well with the measured

dielectric function of bulk metals.

The RAS quantity is calculated within the framework of the three-phase

model from equation 2.14 whereby ∆ε̃ is the difference between the orthogo-

nal Drude dielectric functions in the surface region. Optical anisotropy can
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arise from anisotropic effective masses (and hence plasma frequencies) and/or

anisotropic scattering rates.

2.4 X-ray photoelectron spectroscopy

The underlying principle of XPS and Ultraviolet Photoelectron Spectroscopy

(UPS) is the photoelectric effect, which is depicted in figure 2.9. Heinrich

Hertz discovered the effect in 1887 and Albert Einstein was awarded the

Nobel prize for its explanation in 1905. The photoelectric effect represents an

important milestone in modern physics. The energy of electrons emitted from

an illuminated metal surface was observed to increase only when the light’s

frequency was increased. Increasing the amplitude only increased the number

of emitted electrons. Furthermore, electron emission was only observed if the

light’s frequency was above some threshold value. These observations were

Figure 2.9: Schematic of the photoelectron effect taking iron as an example.
At the Fermi level the kinetic energy of photoelectrons is the difference be-
tween the photon energy, hf , and the workfunction, φ. For electrons beneath
the Fermi level, the binding energy is subtracted from the kinetic energy.
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directly contradictory to Maxwell’s equation. Einstein solved this problem

by describing light as individual quanta - in this case the photon - which

had a discrete amount of energy. Individual photons are absorbed by the

electrons, and if the photon energy is greater than the metal’s work function,

electron emission occurs. The energy of a photoelectron, which prior to

photon absorption has a binding energy EB relative to the Fermi level, is as

follows:

Ek = hf − (φm + EB)

The electron’s kinetic energy can be directly related to the binding energy of

the orbital it resided in prior to photoemission.

XPS and UPS involves a monochromatic, collimated beam of X-rays or

UltraViolet (UV) light incident on a samples surface. An electron energy

analyser allows for the flux of photoemitted electrons at specific kinetic en-

ergies to be measured by a spectrometer. XPS can identify elements and

their valence state. Furthermore, the cross section for absorption of photons

at some energy increment depends on the number of electrons available to

absorb such photons, hence, XPS can provide elemental ratios. UPS can

provide information about the valence band states.

The incident x-ray flux can induce the emission of Auger electrons. Al-

though this phenomena can provide important information about the elec-

tronic orbitals an Auger electron’s energy is not related to the binding energy.

Hence, peaks in XPS spectra due to Auger processes need to be attributed

as such.

Due to the short inelastic mean free path of electrons XPS & UPS repre-

sent surface sensitive techniques. In this work, XPS and UPS measurements

were performed using a laboratory-based Omicron MultiProbe-XPS system

using monochromated Al-K X-rays (hυ= 1486.7 eV), a He(I) UV-lamp and

an EA125 analyzer.
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2.5 Density functional theory

DFT is a computational quantum mechanics modelling method used to per-

form calculations of materials’ physical and chemical properties on the atomic

scale. It is an ab-initio approach which makes use of reasonable approxima-

tions (which will be outlined in this chapter) to perform calculations, which

would otherwise require an unreasonable amount of memory and time.

Determining physical and chemical properties of a system requires solving

the Schrödinger’s equation for all the electrons and nuclei of the system:

ĤΦ(~Ra;~ri) = εΦ(~Ra;~ri)

Ĥ, ε and Φ represent the Hamiltonian, Hamiltonian energy and the system’s

wavefunction. Ra and ri correspond to the nuclei and electrons’ positions,

respectively. The Hamiltonian contains terms describing electron and nuclear

motion and terms describing electron-nuclei, electron-electron and nuclei-

nuclei interactions:

Ĥ = −
∑
i

~2

2m
∇2
i −

∑
α

~2

2M
∇2
α −

e2

2

∑
i,α

Zα

|~ri − ~Rα|

+
e2

2

∑
i,j

1

|~ri − ~rj|
+
e2

2

∑
α,β

ZαZβ

|~Rα − ~Rβ|

m, M and Z correspond to the electron mass, nuclear mass and nuclear

atomic number. A system which contains N electrons and M nuclear has

3(N +M) variables. For even the simplest of systems, this results in a prob-

lem which is impossible to solve in practice.

The Born-Oppenheimer (BO) approximation allows for the simplification

of the Hamiltonian. Considering Newton’s third law, the electronic momenta

change, mvi, is equal and opposite to the nuclear momenta change, MVα,

during an interaction between them. Hence, the ratio of the velocities is equal

to the inverse ratio of the masses, vi
Vα

= M
m

= 1836. The BO approximation

states that the kinetic energy of the ’slow’ nuclei can be ignored. Further-

more, on the timescale of the nuclear motion the electrons will rapidly relax
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into their ground state. Therefore, we can assume that no transitions occur

due to the nuclear motion. The nuclear positions, Rα, enter the Hamilto-

nian as external parameters and are therefore decoupled from the electronic

dynamics. The electrons experience a constant external potential.

Applying the wavefunction to the Hamiltonian and describing the wave-

function of the system in terms of Slater determinants, which account for the

electron’s antisymmetric nature, leads to the following expression:

< Φn|Ĥ|Φn >=
−~2

2m

∑
i

∫
d3rφ∗i (~r)∇2φi(~r)

−e
2

2

∑
i

∫
d3rφ∗i (~ri)φi(~ri)

∑
i,α

Zα

|~ri − ~Rα|

+
e2

2

∑
i

∫
d3rφ∗i (~r)φi(~r)

∑
i 6=j

∫
d3r

′ φ∗j(
~r′)φj(~r

′)

(~r − ~r′)

+
e2

2

∑
i,j

δχiχj

∫
d3rφ∗i (~r)φi(~r)

∫
d3r

′ φ∗j(
~r′)φj(~r

′)

(~r − ~r′)
(2.17)

The first term accounts for the kinetic energy of the electrons. Bare in mind

that, based on the BO approximation, the nuclei motion is omitted. The

second term describes the energy due to electron’s electrostatic interaction

with the static nuclei (external potential term). The third term describes

electron-electron electrostatic interaction (Hartree term). Finally, the fourth

term accounts for repulsion of like-spins (Pauli exclusion principle). Consid-
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ering that n(r) =
∑

i
φ∗i (~r)φi(~r) equation 2.17 can be rewritten as follows:

< Φn|Ĥ|Φn >=
−~2

2m

∑
i

∫
d3rφ∗i (~r)∇2φi(~r)

−
∫

d3rn(~r)Vext(~r)

+

∫
d3rn(~r)VH(~r)

+
e2

2

∑
i,j

δχiχj

∫
d3rφ∗i (~r)φi(~r)

∫
d3r

′ φ∗j(
~r′)φj(~r

′)

(~r − ~r′)

Here, Vext(~r) = e2

2

∑
i,α

Zα
|~ri−~Rα|

and VH(~r) = e2

2

∫
d3r

′ n(r
′
)

(~r−~r′ )
. The Hartee term,

VH(~r), can be calculated from the full charge density. This leads to the key

idea of DFT: each of the electron wavefunctions, φi(r), does not need to be

solved for. Instead, it is sufficient to solve for the full charge density, n(~r),

directly. This was first proposed by Hohenberg and Kohn in 1964 [44].

Hohenberg and Kohn’s theorems [44] are as follows:

1. The external potential, Vext, is uniquely determined by the ground state

density, n(~r). There cannot exist two potentials which give the same

n(~r). All ground state properties are uniquely determined by n(~r).

2. An energy functional, E(n), exists, such that the exact ground state

is the minimum of E(n). Furthermore, the ground state density min-

imises E(n).

The second theorem can be expressed as follows:

EGS = min
n

[E[n]] = min
n

[< φ|T̂ + V̂ee + V̂ext|φ >]

= min
n

[F [n] +

∫
d3rn(~r)Vext(~r)]

F [n] =< φ|T̂ + V̂ee|φ >
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F [n] (density functional including electron kinetic and electron-electron in-

teraction terms) is uniquely determined by the interacting particles, and does

not depend on the external potential. Furthermore, by the first theorem, the

density which minimises F [n] uniquely determines the external potential.

Solving for the exact form of the density functional is unpractical, it would

require a constrained search over all of the electrons within the system. In

1965, Walter Kohn and Lu Jeu Sham developed a method to determine the

ground state density by solving a non-interacting problem, with the same

density and ground state energy as the interacting case [45]. The energy

functional which is minimised to obtain the ground state energy can be ex-

pressed as follows:

E[n] = T̂ [n] +

∫
d3rn(~r)

(
Vext(~r) + VH(~r)

)
+ Ẽxc (2.18)

Ẽxc, the ”exchange-correlation” term, contains all interactions not included

in the electron-electron term (VH(~r)). The exact form of the kinetic energy

term is unknown. However, the kinetic energy term for a non-interacting

case (T̂0[n]) is known exactly. Equation 2.18 is written in terms of the kinetic

energy of the non-interacting case:

E[n] = T̂0[n] +

∫
d3rn(~r)

(
Vext(~r) + VH(~r)

)
+ Exc

Here, Exc = Ẽxc + (T [n]− T0[n]). Additionally, the energy functional of the

non-interacting case is as follows:

E0[n] = T̂0[n] +

∫
d3rn(~r)Veff (~r)

The effective potential, Veff , is chosen such that the ground state charge

density of the non-interacting system is equal to that of the interacting one.

At the ground state charge density, the rate of change of the energy

functional with respect to the charge density is zero. By definition, the

effective potential of the non-interacting system yields the same ground state
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charge density as the interacting system. Hence:

δE0[n(r)]

δn(r)

∣∣∣
nGS(r)

=
δE[n(r)]

δn(r)

∣∣∣
nGS(r)

= 0

∴ Veff (~r) = Vext(~r) + VH(~r) + Vxc(~r)

Here, δExc
δn(r)

= Vxc[n(r)]. The ground state of the interacting system can be

found by solving for the ground state of the non-interacting problem in a

self-iterative fashion.

What remains to be chosen is an approximation for the exchange-correlation

term. This term can be split into two independent exchange and correlation

components. The exchange component is due to Pauli’s exclusion principle

and the correlation component takes into account effects which are not ac-

counted for in equation 2.17. The two commonly utilised approximations for

the exchange-correlation term are the Local Density Approximation (LDA)

and the General Gradient Approximation (GGA). LDA approximates the

electron density to be homogeneous:

Exc[n] =

∫
d3rn(~r)Vxc[n(~r)]

With Vxc = Vx + Vc. The exchange component is known exactly from

equation 2.17 and the correlation can be numerically calculated by quantum

Monte-Carlo methods [46]. GGA additionally considers the gradient of the

electron density:

Exc[n] =

∫
d3rn(~r)Vxc[n(~r),∇n(~r)]

The LDA has been proved to be sufficient for calculations of band struc-

ture and total energy in solid state physics [47]. However, LDA is not widely

used in quantum chemistry: the approximation does not provide sufficiently

accurate results to quantitatively discuss chemical bonds in molecules. GGA

provides an improved approximation to calculate chemical bonds. However,

GGA is known to underestimate lattice constants.



34 Chapter 2. Experimental Techniques & Set-up

The core idea of DFT is to consider the density of the entire system,

and calculate all quantities from this density. Within this framework, each

particle-particle interaction doesn’t need consideration. One issue that arises

from DFT is that a single particle, for example an electron, is influenced by

the charge density in its neighbourhood. However, this electron is part of

this density. This leads to electron self-interaction and delocization, which

gives rise to a non-physical homogeneous charge density [48]. To account for

this, an energetic penalty is applied to the electrons in the system [48]. This

parameter, termed U , is often used as a free parameter to fit an experimental

observable. The questions arises: what quantity should the calculation be fit

with respect to. In this work the U parameter for Fe3O4 has been taken from

work conducted by Anisimov et al. [49, 50], who choose a U parameter to fit

the experimental magnetic moments. It is noted, that the best approach is

to explicitly calculate the U parameter, in a self-consistent manner, for the

given system (see for example [51]).
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Iron Oxides & Perovskites

3.1 Iron oxides

Iron and oxygen are among the four most abundant elements on the planet.

Due to iron’s wide range of available oxidation states, it forms a number of

different compounds with oxygen. Under ambient conditions iron oxidises to

form rust which consists of hydrated α - Fe2O3. This iron oxide, known as

hematite, forms a hexagonal unit cell, which differs from the other naturally

occurring iron oxides which are cubic. Magnetite (Fe3O4) forms when iron

is oxidised at high temperatures. Maghemite (γ - Fe2O3) is very similar in

structure to magnetite, it is essentially magnetite with cation vacancies. It

can be formed by the oxidation of magnetite and can be transformed into

hematite at high temperatures. Wüstite (Fe1−xO) can be formed by the

reduction of any of the aforementioned iron oxides. The temperature-pressure

phase diagram of the iron oxides is presented in figure 3.1 [52].

Iron oxides exhibit a variety of magnetic and electronic properties. Fe3O4

and γ - Fe2O3 are ferrielectric and exhibit the largest magnetisation among

minerals. On the other hand, Fe1−xO and α - Fe2O3 are antiferromagnetic.

The oxides’ electric properties are also diverse; γ - Fe2O3 is insulating, α -

Fe2O3 is a poor conductor, Fe1−xO has a reasonably high conductivity, and

Fe3O4 is metallic.

35
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Figure 3.1: Calculated temperature-pressure phase diagram of the iron ox-
ides taken from [52].

Iron oxides find industrial relevance in a variety of fields [53]. They dis-

play a number of attributes desirable for pigments: a range of colours, highly

resistant to acids and bases and can be used in water and organic-based

paints. Maghemite finds use as a magnetic pigment in electronic record-

ing devices. Although magnetite has a higher magnetisation, maghemite is

cheaper and more chemically and magnetically stable. Hematite is used as a

starting material in the production of hard ferrites, for example, barium and

strontium ferrites. Finally, magnetite and hematite are used as catalysts for

several industrial syntheses such as the synthesis of ammonia [2], methanol

[3], the water-gas shift reaction [4] and the Fischer-Tropsch synthesis [53].

3.1.1 Magnetite, Fe3O4

Magnetite forms upon the slow cooling of silicate material high in iron and

magnesium content. This cooling is required to be sufficiently slow such that
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small crystals of magnetite can agglomerate. Magnetite can also form during

the metamorphism of impure iron-rich limestone.

As the story goes, the magnetic material lodestone, which is natural mag-

netised magnetite, was discovered roughly 4000 years ago in an area of mod-

ern day Turkey called Magnesia which was inhabited by Magnates. Mag-

netite and the class of material which produce a magnetic field, i.e magnets,

were named after the Magnates. It is believed that lodestone was the first

discovered magnet. Furthermore, it is a rare example of a strongly magnetic,

naturally occurring mineral and is utilised by organisms for navigation [54].

Fe3O4 exhibits an extremely interesting range of properties such as half-

metallic conductivity, high Curie temperature (858K) ferrimagnetism and

undergoes a Verwey transition (simultaneous electronic and structural phase

change) at ∼ 120K. These properties have lead to extensive research on

the possibility of utilising magnetite in applications such as spin sources in

spintronic devices [55], magnetic storage of information [56] and magnetic

sensor applications [57]. Magnetite is an industrially relevant material; it is

utilized in the cores of electromagnets, microwave resonant circuits, computer

memory cores and in high density magnetic recording media [53].

The structure of magnetite, whose unit cell is depicted in figure 3.2, is

that of an inverse spinel structure [58] with a lattice constant of 0.8398 nm.

Iron atoms occupy both octahedral (denoted Feoct) and tetrahedral (denoted

Fetet) coordination with a ratio of 2:1. The oxygen atoms form a face-centred

cubic (FCC) sublattice.

Feoct atoms are formally divalent or trivalent with a ratio of 1:1, while

Fetet atoms are all formally trivalent. Taking into account the valency the

formula unit can be written as Fe3+
tetFe2+

octFe3+
octO

−2
4 . Magnetite has an electri-

cal conductivity of around 250 Ω−1 cm−1 [59][60] at room temperature and is

predicted to be a half-metallic conductor, which means the electrons at the

Fermi level are 100% spin polarised. This half-metallicity has been predicted

by DFT calculations [61] and observed experimentally by spin-resolved pho-

toelectron spectroscopy [62]. The majority spin channel is semiconducting,

while the minority spin channel is conducting. The Fermi level is based at the

3d band of the octahedral iron, and hence, the conductivity arises from the
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Figure 3.2: Magnetite unit cell. Oxygen, Feoct and Fetet are coloured red,
blue and silver, respectively. The (110) plane is approximately perpendicular
to the page.

continuous hopping of delocalised electrons between divalent and trivalent

Feoct sites [63][64].

Néel used magnetite to demonstrate his theory of ferrimagnetism. A fer-

rimagnetic material is antiferromagetic, however the magnitude of the up

and down moments differ, and hence, a net magnetisation remains. Néel

proposed that the octahedral and tetrahedral sites of magnetite were an-

tiferromagnetically aligned, hence, the trivalent octahedral and tetrahedral

magnetic moments cancel. Therefore, the magnetism arises solely from the

octahedral divalent site. Divalent iron has a valence state of 3d6. Crys-

tal field theory predicts that the d-level will split as depicted in figure 3.3.

There are three possible configurations of the six 3d Feoct electrons which

are depicted in figures 3.3(b), 3.3(c) and 3.3(d). Magnetite has a magnetic

moment per formula unit of 4µB, and therefore the configuration depicted in

figure 3.3(d) is in agreement with experiment. This configuration is energet-

ically favourable due exchange splitting of ∼3.5 eV which is greater than the
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Figure 3.3: (a) The five energetically equivalent d-levels of the free ion are
split by the tetrahedral and octahedral crystal fields. The Feoct site is further
split by the asymmetry of the octahedral cell (not shown here). (b), (c) and
(d) illustrate the possible configurations that the six valence electrons of the
divalent octahedral site can occupy. The configuration in (d) is in agreement
with the experimentally observed magnetic moment of 4µB per formula unit.
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crystal field splitting (∆ECF in figure 3.3(a)). Therefore, the five majority

3d levels have are lower in energy than all of the minority levels and are filled

first (Hund’s rule).

In 1926 Parks and Kelley discovered, via heat capacity measurements,

that magnetite exhibited a phase change at ∼120 K [65]. The phase change

lead to a reduction in symmetry from cubic to monoclinic [66]. The mono-

clinic phase space group is Cc and its unit cell has dimensions
√

2ac×
√

2ac× 2ac

relative to the Fd3̄m cubic inverse spinel unit cell.

In 1939, Verwey discovered that this phase transition is accompanied

by a drop in the conductivity by two orders of magnitude [59]. The class of

transition in which both a structural and electronic change occurs are termed

Verwey transitions, and the temperature at which the transition occurs is

called the Verwey transition temperature (TV ). Feoct atoms are considered

as either divalent or trivalent at room temperature. However, due to their

delocalised nature their formal oxidation state is 2.5+. Verwey proposed that

below TV these electrons became localised, with an oxidation state of either

2+ or 3+ [59]. Verwey believed this phenomenon, known as charge freezing

which localises the electrons, leads to the sharp drop in conductivity and a

structural change.

Although the Verwey transition was discovered nearly 80 years ago, the

mechanism behind the proposed charge ordering and its relationship with the

structural phase change is still debated. For the most part charge freezing

has been accepted and research has focused on determining the nature of the

charge ordering. Several models have been proposed [67–71]. Alternatively,

Pasternak et al. [72] proposed that the charge ordering is not confined to

the octahedral sites; charge is transferred from the tetrahedral to octahedral

sites, which results in the tetrahedral and octahedral sites being divalent and

trivalent, respectively. Some studies have entirely refuted the occurrence of

charge ordering; lattice distortions have been suggested to lead to an opening

of a gap at the Fermi level [73] and Garćıa et al. argued that there is no strong

experimental evidence that charge ordering occurs at all [74]. Recently, Liu

and Di Valentin have preformed hybrid DFT+U calculations, which show

that there is charge disproportionation (0.3 e) between two evenly occupied
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Feoct sites in the high temperature phase, leading to a small bandgap (0.2 eV)

[75]. This would suggest that the Verwey transition in a semiconductor-to-

semiconductor transition. Clearly, the remains no clear consensus on the

nature of the Verwey transition within the community.

3.1.2 Maghemite, γ - Fe2O3

Maghemite’s name originates from it similarities to both magnetite and

hematite. The iron to oxygen ratios of hematite and maghemite are iden-

tical, however their crystal structures are certainly not. The structure of

maghemite is very similar to that of magnetite, both being inverse spinel.

However, maghemite’s space group is P4332, compared to the Fd3̄m space

group of magnetite. The octahedral sites of γ - Fe2O3 are all 3+. This is

achieved by introducing Feoct vacancies. If we consider magnetite’s formula

unit - Fe3+
tet(Fe2.5+

oct )2(O−2)4 - it is clear that the oxygen atoms accept eight elec-

trons. Rewriting this formula for maghemite with Feoct vacancies and with

the remaining Feoct sites trivalent we obtain: Fe3+
tet(VFeoct)x (Fe3+

oct)2−x(O
−2)4.

Oxygen atoms now gain their 8 electrons from the trivalent tetrahedral and

octahedral sites, that is: 8 = 3 + 3 ( 2 - x ) ∴ x = 1/3. Therefore, to form

maghemite from magnetite, one sixth of the Feoct sites are vacant and the

remainder are trivalent. The vacancies are predicted to be fully ordered [76].

Like Fe3O4, γ - Fe2O3 is a ferrimagnet, with a magnetic moment of 3.3̇µb

per formula unit. Its high Curie temperature of ∼950 K has seen maghemite

utilized in recording media [53]. Due to the absence of 2+ octahedral sites,

hopping is not possible and maghemite is insulating. DFT+U calculations,

which reproduce the experimentally observed gap of ∼2 eV, predict that the

gap is different for each spin orientation [76], making γ - Fe2O3 potentially

useful as a spin-filter in spintronic devices.

Maghemite can be formed by oxidising magnetite. In ambient conditions

the surface region of magnetite is transformed into maghemite, although this

is a very slow process [43]. It is metastable against the formation of hematite

due to the oxygen sublattices of maghemite and hematite being FCC and

Hexagonal Close-Packed (HCP), respectively.
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3.1.3 Hematite, α - Fe2O3

Hematite, commonly known as rust, is the most abundant of the iron oxides.

It can be formed from γ - Fe2O3 at elevated temperatures. α - Fe2O3, with its

hexagonal (R3̄c) unit cell (a= 0.5034 nm and c= 1.375 nm), is the only iron

oxide whose unit cell is not cubic. The oxygen atoms form a HCP sublattice

and two thirds of the octahedral positions are occupied by Fe3+ cations.

Along the c-axis the stacking sequence is O-Fe-Fe repeating.

3.1.4 Wüstite, Fe1−xO

Wüsite crystallises into a rocksalt (Fm3m) structure (the lattice constant

ranges from 0.428 - 0.430 nm) with oxygen and iron forming FCC sublattices.

Fe1−xO is always defective in reality, the common defect is a Fe3+ cation

which resides in a tetrahedral position [77]. This interstitial is accompanied

by iron vacancies: the four neighbouring Fe2+ sites are vacated. The defects

can cluster to form regions with up to four interstitials and thirteen vacan-

cies [77]. Wüsite can be formed at high temperatures in heavily reducing

conditions from any of the other iron oxides [52]. If Fe1−xO is quenched after

being exposed to such conditions it can exist as a metastable phase. On the

other hand, if it is cooled slowly, it will form Fe and Fe3O4.

Fe1−xO displays reasonably good conductivity [78], the conductivity in-

creases with the defect density [79]. At room temperature wüstite is para-

magnetic and below its Néel temperature of 200 K it exhibits antiferromag-

netism. The defects also affect wüstite’s magnetic and electrical properties

[80].

3.2 Perovskites

Calcium titanate, CaTiO3, was discovered in the Ural mountains in 1839,

and was named ”perovskite” after the Russian mineralogist Lev Perovski.

Further ABX3 materials were subsequently discovered and their common

crystal structure was termed the perovskite structure. A and B are cations

of different sizes, while the X anion is for the most part oxygen, although
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perovskites with N, F, or I anions exist. Bridgmanite, (Fe,Mg)SiO3, is the

most abundant solid phase within the earth’s interior, however it is only

stable at high temperature and pressure and so is not found at the earth’s

surface. The unit cell is very flexible and perovskites crystallise into struc-

tures ranging from cubic to hexagonal. Furthermore, inverse perovskites can

be synthesised which exhibit an A3BX formula. The ideal perovskite struc-

ture, illustrated in figure 3.4, is cubic and is adopted by SrTiO3. Sr and Ti

form cubic sublattices. At the centre of each Sr and Ti cube sits a Ti or

Sr atom, respectively. The oxygen atoms reside at the centre of the Sr cube

faces. The unit cell can be considered as a TiO6 octahedron in the middle of

a Sr cube. Sr2+ and Ti4+ are bonded to 12 and 6 oxygen atoms, respectively.

ABX3 perovskites in which the A and B cations are both trivalent are also

common (e.g. LaAlO3). The symmetry breaking shift of the Ti atom from

the centre of the TiO6 octahedron or the tilt of the entire octahedron gives

Figure 3.4: Ideal cubic perovskite structure. Here, SrTiO3 is illustrated.
Green, cyan and red represent strontium, titanium and oxygen, respectively.
Sr and Ti form cubic sublattices. Oxygen atoms reside on the faces of the Sr
cube and form a TiO6 octahedron.
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rise to the tetragonal and orthorhombic symmetry displayed by, for example,

BaTiO3 and LaTiO3, respectively.

Intense research into the perovskites was stimulated in the 1940s, when

barium titanate’s ferroelectric properties were discovered. BaTiO3 was read-

ily employed in capacitors and transducers. It represented an important mo-

ment is the understanding and use of ferroelectrics, as BaTiO3 was the first

ferroelectric material not to contain hydrogen. The proceeding decades saw

a dramatic increase in the number of synthesised perovskites and hundreds of

perovskite compounds exist today. In recent times, perovskites continue to

see substantial research interest. Most notable is the magnetic [17, 18] and

conducting [16] properties which form at the interface of insulating, non-

magnetic perovskites. Furthermore, some of the highest Tc superconductors

consist of layered material containing slabs of perovskites and copper oxide

[81].

Oxide perovskites with transition metals at the B site show a diverse

range of electronic properties, for example: superconducting (Cu or Bi at

the B site) to dielectric (Ti at the B site) and magnetic (Mn→ Ni at the

B site). Focusing on the titanates, the insulating nature and the relative

ease at which perovskites can sustain cation shifts and octahedron tilt gives

rise to the host of interesting dielectric properties and the phase strongly

influences the dielectric properties. For example, BaTiO3 is cubic above

∼400 K, however at room temperature the titanium atom shift from the

centre of the TiO6 octahedron resulting in a phase change to tetragonal

symmetry and associated ferroelectricity.

Industrial application of titanate perovskites include piezo ceramics, mi-

crophones, high voltage capacitors, transducers and thermal cameras which

all make use of dielectric properties. PbZrxTi1−xO3 (PZT) ceramics are uti-

lized in STM as they exhibit piezo constants in the range of a few Å/V.

3.2.1 Strontium titanate, SrTiO3

Strontium titanate was first synthesised, along with several other perovskite

titanates, in the 1940s. It was long thought to only exist in its synthesised
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form. However, its naturally occurring counterpart, tausonite, was discovered

in Siberia in the 1980s. Figure 3.4 displays the cubic unit cell. Below 105 K

SrTiO3 undergoes a transition to the ferroelectic tetragonal phase [82].

SrTiO3 is transparent and insulating with a direct and indirect bandgap

of 3.25 eV and 3.75 eV, respectively [83]. The conductivity can be drasti-

cally improved by doping with a small percentage of Nb. Unsurprisingly,

this doping also reduces the transparency of pure SrTiO3. Alternatively,

high temperature annealing in a reducing environment can induce oxygen

vacancies which increases the conductivity and opacity [84]. Interestingly,

SrTiO3 single crystals display persistent photoconductivity: when exposed

to sub-bandgap light the free electron contribution increases by a factor of

two. Once the illumination is removed, the increased conductivity persists

with negligible decay. The photoconductivity has been related to excitation

of an electron from titanium vacancies to the conducting band, with an ex-

tremely high decay time [85]. Reduced strontium titanate was the first oxide

found to be superconducting, with the critical temperature in the range of

0.25 K [86]. The defect chemistry, whether it be in the form of anions or

cations, clearly plays a vital role in the conductivity of SrTiO3.

Strontium titanate is commonly used as a substrate for the growth of

oxide perovskites, high temperature superconductors and oxides in general.

Its lattice constant of ∼ 3.9 Å makes it suitable for the growth of many oxides.

Furthermore, Nb:SrTiO3 is a rare commercial conducting oxide substrate.

The LaAlO3/SrTiO3 interface displays interesting properties such as a

Quasi-2-Dimensional Electron Gas (Q2DEG) [16], magnetism [17] and even

superconductivity [87]. The majority of studies involve the growth of (001)

oriented LaAlO3 on SrTiO3(001) substrates [16, 17, 87–91]. However, the

LaAlO3/SrTiO3(110) heterostructure, depicted in figure 3.5, has also been

investigated and the interface displays an anisotropic Q2DEG [92].

Ohtomo et al., who discovered the Q2DEG at the (001) interface, con-

cluded that it was a result of charge transfer to the interface, which compen-

sates for the polar nature of LaAlO3(001) [16]. It was later demonstrated

that the high-mobility was not present until the LaAlO3 reached some crit-

ical thickness [88, 89]. This in is line with the polarity compensation in-
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[O2]4−

[SrTiO]4+

[O2]4−

[LaAlO]4+

Figure 3.5: The SrTiO3/LaAlO3(110) heterostructure. Sr, Ti and O are
depicted as cyan, green and red. La and Al are depicted as blue and orange.
Here, SrTiO3(110) is terminated by the oxygen plane. The terminating plane
plays an important role in the formation of the electron gas at the interface.
Pre-treatment is often applied to the SrTiO3 substrate in order to form a ti-
tanium oxide termination. Oxygen vacancies in the SrTiO3 substrate, which
can form during LaAlO3 growth, and charge transfer to the interface to com-
pensate for the polarity of LaAlO3, have also been inferred as the mechanism
behind the formation of the Q2DEG at the (001) and (110) interfaces.

terpretation: the oppositely charged LaO and AlO2 layers generate a dipole

perpendicular to the surface, and the stacking of these dipoles results in an

unphysical surface potential. At some critical thickness charge transfer to

the interface, which removes the diverging surface potential, is energetically

favourable over sustaining the surface potential. These studies could not

rule out the possibility that strontium titanate oxygen vacancies near the

interface contribute to the increased mobility: oxygen vacancies which form

during UHV annealing, and hence heterostructure growth [90, 91], are ac-

companied by an increase in the mobility which is comparable to that of

the heterostructure [93]. Several studies conclude that these vacancies are

the main contributor towards the high-mobility [90, 91]. Varying the oxygen
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partial pressure during growth alters the mobility [91] and pulsed-laser depo-

sition, which is the growth technique used throughout, is suggested to prefer-

entially remove oxygen from the strontium titanate substrate [90]. However,

this does not account for the dramatic increase in mobility at some critical

LaAlO3 thickness [88, 89]. It is evident that oxygen vacancies have a role to

play, however, the entire picture remains unclear.

An additional factor influencing the formation of the Q2DEG is the

SrTiO3 termination. Recently, in the case of the (001) interface, it has been

demonstrated that if the SrTiO3 is SrO-terminated the formation of the elec-

tron gas is suppressed. While if the SrTiO3 substrate is TiO2-terminated,

the heterostructure exhibits good conductivity. Finally, a Ti-rich termina-

tion produces the highest conductivity heterostructure [94]. Evidently the

SrTiO3 termination plays a crucial role. Many studies employ ex-situ pre-

cleaning techniques, such as chemical etching, to produce titanium oxide

terminations [92, 94, 95]. However, the influence of the growth conditions,

which may change the surface structure of the SrTiO3 substrate, appears to

be overlooked.





Chapter 4

Metal Oxide, Fe3O4 & SrTiO3

Surface Science

4.1 Metal oxide surface science

The vast majority of metals oxidise in ambient conditions. As a result, metal

oxides play a pivotal role in processes such as friction, catalysis, lubrication

and corrosion. Hence, the importance of understanding metal oxide surfaces’

physical and chemical properties is clear. Metal oxides form a diverse range

of crystal structures resulting in them exhibiting a wide variety of properties,

such as superconductivity [96], semiconductivity [97], magnetoresistance [98],

as well as acting as some of the best insulators. They can be inert enough to

protect against corrosion but also act as catalysts. Metal oxide surfaces find

industrial relevance in heterogeneous catalysis and modern-day electronics to

name a few.

The field of oxide surface science has seen rapid growth in the last couple

of decades. This was prompted by the emergence and combination of STM

and DFT-based calculations which allow for the oxide surface to be examined

on the atomic scale. Research initially focused on the atomic structure of

oxides. STM provides unrivalled information about the features within the

surface unit cell and the comparison between experimental and simulated

images can be of great value. Furthermore, DFT calculations can provide

49
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insight into the relative energetic stability of different terminations. The

combination of STM and DFT remains the most commonly used method

of determining surface structure, and combining them with techniques which

average over larger surface areas, such as LEED, XPS and optical techniques,

is clearly advantageous. In recent years, focus has shifted from the determina-

tion of the surface structure to the deposition of single-atoms and molecules

on the oxide surface, so that absorption properties, dynamic behaviour and

atomic-scale catalytic processes can be examined [9, 12–15, 99].

Metal oxides surface reconstructions are extremely common. Further-

more, the nature of the reconstruction is linked strongly to the preparation

procedure [100–106]. Metal oxides surfaces have been utilized as templates

for the deposition of single atoms and molecules [14, 107, 108]. Absorbents

range in structure from 2D nanostructures [7] to stable single atoms [109].

The stoichiometry of the oxide template can dictate the size and shape of

the nanoclusters, and hence, the electronic properties [7]. Furthermore, sin-

gle atoms and molecules can nucleate in distinct sites or as clusters depending

on the conditions [10]. This allows for the study of both catalysis of single

atoms and the size effect.

In this chapter important concepts such as surface energy and surface

polarity will be introduced and the importance of the cleaning procedure will

be discussed. Surface reconstructions of magnetite and strontium titanate

are discussed with the focus on STM studies.

4.1.1 Surface reconstructions

In the bulk of a material, an atom will have neighbours in all directions, and

so its three-dimensional interactions define the crystal structure. However,

creating a surface removes some of these neighbours, and hence breaks some

bonds, changing the surface’s intrinsic structure. This inequivalence means

that the energetically favourable structure of a truncated plane may not be,

and most likely wont be, the same structure that exists in the bulk. Hence,

surface reconstructions are extremely common. Furthermore, in the case of

polar terminations, such as those investigated in this work, bulk truncated
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terminations cannot exist and therefore surface reconstructions form. This

is explored in length in the next subsection.

A wide range of diverse reconstructions on metal oxides surfaces have been

observed, for example: missing oxygen chains lead to a row reconstructed

MoO2(100) surface [103], onefold oxygen caps the subsurface layer which

contains rows of missing atoms on the (1× 2) reconstructed TiO2(110) surface

[110] and nanosized triangular and hexagonal islands stabilise the (0001) and

(0001̄) surfaces of ZnO, respectively [111]. Recently, a quasicrystal perovskite

barium titanate (BaTiO3) surface structure has been observed [112]. This

structure remarkably exhibits mosaic- or tiling-like order, from which the

surface structure over relatively large distances (on the atomic scale) can be

extrapolated from, but does not exhibit a reducible surface unit cell.

The nature of the observed surface reconstruction can often depend on

how the surface is prepared. Common preparation procedures utilized in

oxide surface science include sputtering (with argon or neon ions) and an-

nealing in UHV or oxygen environments. Sputter-anneal cycle are commonly

used when the sample is introduced to the UHV chamber in order to pro-

duce an ordered, flat and clean surface. Generally speaking these cycles

preferentially remove oxygen resulting in a reduced surface (see for example

[104, 108, 113–115]). Oxygen annealing can increase the O/Fe surface ratio.

There are several surfaces which serve to demonstrate the importance

of the cleaning procedure. For example, (111)-terminated magnetite, which

will be discussed in detail in 4.2.2, contains six different surface layers, three

of which have been observed experimentally and the cleaning procedure is

determined to be crucial factor in determining which termination is present

[104, 105, 116]. The (110) surface of TiO2 is unsurprisingly reduced by UHV

annealing, progressive annealing can transform this reduced surface from a

(1× 1) to a (1× 2) reconstruction [100]. Additionally, sputtering can induce

specific reconstructions: the (1× 4) reconstruction of the MoO2(100) surface

can be changed to a (2× 1) reconstruction by sputtering and subsequent

annealing [103].

Reconstructed surfaces often induce strain in the sub-surface region. This

is unsurprising as the terminating layer differs in geometry and/or stoi-
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chiometry from the sub-surface bulk truncated planes. In the case of the

biphase superstructure formed on Fe3O4(111), which contains Fe1−xO(111)

and Fe3O4(111) regions, a mosaic structure is formed whose geometry is

dictated by the misfit, and hence the strain between the Fe1−xO(111) ter-

mination and the underlying Fe3O4(111) [102]. On SrTiO3(110), the (4× 1)

reconstruction is entirely Sr deficient, as a result the surface can be considered

as a titanium oxide complex on an SrTiO3 substrate [117]. The mismatch

produces strain which is reduced by the deposition of Sr which form adatom

chains [118].

4.1.2 Surface polarity

An important concept to consider when dealing with surface reconstruc-

tions and especially metal oxide terminations is surface polarity. In 1979,

Tasker classified surfaces into three groups defined by the charge distributed

throughout the planes which truncate the crystal [119]. Type I surfaces are

charge neutral and bear no dipole moment perpendicular to the surface.

Type II surfaces are not charge neutral, however the repeating units bear no

dipole moment perpendicular to the surface. Type III surfaces are not charge

neutral and there exists a dipole moment perpendicular to the surface. Each

of these classifications are depicted in figure 4.1. In the case of a type III

surface two adjacent planes can be considered as a capacitor, and the se-

quence of capacitors leads to a diverging electrostatic energy [6]. Therefore,

a type III surface, or a polar surface, must reconstruct to avoid this diverging

electrostatic energy.

If one considers the type III periodic unit as a parallel plate capacitor,

the electrostatic potential generated by planes with charge per unit area σ is

given by:

δV = 4πµ = 4πσR

R is the distance between the oppositely charged planes. The energy stored

in such a capacitor is given by:

δE =
1

2
CδV 2 = 2πσ2R
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Figure 4.1: Tasker’s classification of surfaces. Type I: each layer contains
zero net charge and the repeating unit (illustrated by the bracket) bears
no dipole moment. Type II: each layer (or at least one of them within the
repeating unit) contains non-zero net charge but the repeating unit bears no
dipole moment. Type III: each layer contains non-zero net charge and the
repeating unit exhibits a non-zero dipole moment. Hence, type III surfaces
are termed polar.

A series of M capacitors generates an electrostatic energy:

δE = 2Mπσ2R (4.1)

Therefore, a type III ”polar” termination exhibits a diverging electrostatic

energy. This polar catastrophe can be mitigated by modifying the charge of

the terminating layers. In the case where the distance between each plane is

identical this is achieved by reducing the charge of the terminating plane to
1
2
σ [119]. Alternatively, is we choose a repeat unit such that it exhibits no

dipole moment, the polar catastrophe is avoiding if the surface region above

the final repeat unit bears no net charge [120].

Several polarity compensation mechanisms can stabilise polar oxide sur-

faces: presence of vacancies [121–123], adsorption of foreign species [124],
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charge redistribution [125], increased surface covalent character [126, 127] or

faceting [122]. In some cases, the combination of multiple mechanisms has

been observed to stabilise oxide surfaces [122, 123].

4.1.3 Surface energy

The nature of the surface termination is strongly influenced by the relative

stability of different terminations. In the frame work of this chapter it is

therefore imperative to define the surface energy and discuss the benefits

of its calculation. The following discussion describes how to calculate the

surface energy of a magnetite surface from a DFT calculation. The surface

energy, σ, of a slab is defined as follows [128]:

σ = (Esurface −NOµO −NFeµFe)/2A (4.2)

µO and µFe represent the chemical potentials of the oxygen and iron atoms,

NO and NFe represent the number of oxygen and iron atoms in the slab,

Esurface is the total energy of the fully relaxed DFT calculation and A is the

area of the surface. In the above equation we divide by 2A as there exists

two surfaces, one each at the top and bottom of the slab. Of course, in this

formulation both surfaces must be free to fully relax. If the bottom of the

slab is fixed and passivated by hydrogen, 2A would be replaced by A. The

chemical potential of the bulk magnetite unit is equal to the sum of its seven

elemental chemical potentials [128]:

µFe3O4 = 3µFe + 4µO (4.3)

The chemical potential of bulk magnetite can be obtained from a bulk DFT

calculation. Therefore, by relating equations 4.2 and 4.3 one can obtain an

expression for the surface energy, whose only variable is the oxygen chemical

potential:

σ =
(
Esurface +

(
(
4

3
NFe −NO)µO −

NFeµFe3O4

3

))
/2A (4.4)
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The lower limit of the oxygen chemical potential is defined as the point at

which oxygen is prevented from entirely leaving the slab, and hence taken to

be the heat of formation of magnetite at 0 K. Beyond this limit the slab would

decompose into metallic iron and oxygen gas. The upper limit is defined as

the point at which gas phase oxygen is prevented from condensing on the

slab’s surface, and hence taken to be half the total energy of a free, isolated

O2 molecule at 0 K. The upper and lower limits are defined as oxygen-rich

and oxygen-poor regimes.

Calculating the surface energy provides insight into the relative stability

of different terminations and the surface energy at particular chemical poten-

tials provides insight into the relative stability for certain growth conditions,

i.e. oxygen-poor or oxygen-rich environments.

4.2 Magnetite surface science

4.2.1 Fe3O4(001)

Fe3O4(001) consists of two alternating planes, the first contains Fetet atoms

while the second contains Feoct and oxygen. The Fetet plane is clearly posi-

tively charged, and hence, (001) terminated magnetite is polar.

The (001) surface of magnetite exhibits a (
√

2×
√

2)R45 ◦ reconstruction.

STM images reveal that the features form buckled rows. This structure was

initially interpreted to be terminated by a O-Feoct plane which contained

oxygen vacancies [129]. There exists alternative interpretations of the recon-

struction: charge ordering of Feoct sites which gives rise to Fe2+-Fe2+ and

Fe3+-Fe3+ dimers [130] and a Jahn-Teller Stabilisation [131].

The structure of the (
√

2×
√

2)R45 ◦ reconstruction was not resolved un-

til a detailed investigation of its absorption properties was performed. Single

metal atoms, such as gold, bind exclusively in just one of the two avail-

able bulk continuation∗ Fetet sites per unit cell. The inequivalence of these

sites was not accounted for in the understanding of the reconstruction at

∗Bulk continuation site refers to a position above the surface, in the vacuum, which
would be occupied if the vacuum is replace by the continued bulk.
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the time. Furthermore, cobalt atoms were observed to be incorporated into

the lattice upon deposited at room temperature and if one cobalt atom was

deposited per unit cell (1× 1) LEED spots were observed [132]. These ob-

servations indicated that subsurface cation vacancies were present. A model

was developed which contains both subsurface Feoct vacancies and interstitial

Fetet atoms. This model is energetically favourable over the entire range of

oxygen chemical potentials accessible in UHV and accounts for the observed

absorption dynamics [99]. Finally, the comparison between experimental and

calculated LEED IV spectra for this model provides strong agreement [99].

Pioneered by the Diebold group in Vienna, the absorption properties of

metals and small molecules deposited on the (
√

2×
√

2)R45 ◦ surface has

been extensively studied: gold atoms are preferentially located at one site

in the unit cell and are either found as single atoms or as clusters [15].

Another example shows the formation of palladium clusters and the existence

of isolated palladium adatoms. When carbon monoxide is introduced to the

palladium adsorbed on the surface, palladium clusters form and the presence

of surface hydroxyls results in palladium atoms becoming isolated as adatoms

[9]. Furthermore, the surface has been utilized as a template for the study of

single atom catalysis; water dissociates upon absorption: one of the hydrogen

atoms adsorbs preferentially at a site within the unit cell which leads to the

breaking of the H-O bond [12].

4.2.2 Fe3O4(111)

(111) orientated magnetite consists of six planes. Each plane solely contains

oxygen, Feoct or Fetet atoms. The six planes form a O-Feoct-O-Fetet-Feoct-

Fetet sequence. The two oxygen and two Fetet planes are identical in the

bulk, while the two Feoct planes are not. However, all six bulk truncated

surfaces are nonequivalent due to the different planes directly beneath them.

Considering the ionic model the six planes of (111) oriented magnetite

form a O−8-Fe+7.5
oct -O−8-Fe+3

tet-Fe+2.5
oct -Fe+3

tet charge sequence, therefore (111) trun-

cated magnetite is polar. The most common surface termination reported in

the literature is interpreted to be the Fetet bulk truncated termination which
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sits atop an oxygen sub-surface layer (termed Fetet1) [101, 104, 127]. LEED

intensity calculations also favour this termination, although rather large re-

laxations (up to 41%) in the surface layers are observed [116, 127]. The

agreement is improved if the considered model contains some Fetet surface

vacancies [116] and STM images reveal missing protrusions from the perfect

bulk truncated Fetet1 lattice [104]. Further evidence for this termination is

provided by DFT calculations: the Fetet1 termination is energetically stable

across all chemical potentials which correspond to UHV accessible conditions

except for highly reducing conditions [133, 134]. At highly reducing condi-

tions an Feoct termination, which sits atop an oxygen sub-surface layer, is

energetically favourable (termed Feoct1). The Feoct1 termination has been

observed to coexist with the Fetet1 termination in oxygen poor conditions

[104].

The surface structure of Fe3O4(111) appears to be very sensitive to the

preparation procedure. The coexistence of different terminations is common

and hard to avoid [101, 104, 105]. The Feoct1 termination which forms under

reducing conditions has not been observed to cover the entire or even the

majority of the surface. Oxygen deficient Fe3O4(111) single crystal surfaces

can exhibit a superstructure [102, 104, 105, 116] which can coexist with

the Fetet1 termination [104, 116]. The reduction of the surface can be due to

several sputter/anneal cycles without an oxygen anneal step [102] or the O/Fe

surface ratio may reduce over time if the sample is held in UHV [104]. The

superstructure consists of triangular islands which are approximately 5 nm

in length and is interpreted to be a result of biphase ordering of Fe3O4(111)

and Fe1−xO(111) regions [102].

Compared to the (001) surface very few studies of the absorption prop-

erties have been reported. The deposition of gold and iron on the Fetet1

and superstructure surfaces, respectively, have been reported. Au atoms ad-

sorb initially as single adatoms and then nucleate into clusters [135]. Iron

forms one monolayer high clusters on the biphase superstructure, the size

and separation of these clusters are defined by the superstructure [136].
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4.2.3 Fe3O4(110)

(110)-terminated magnetite consists of two alternating planes, namely, the

A and B planes, which are illustrated in figure 4.2. The oxygen atoms in

each plane form consecutive (110) planes of the oxygen FCC sublattice. The

A plane contains both coordinations of iron while the B plane only contains

Feoct iron. Considering that oxygen, Feoct and Fetet have ionic oxidation

states of 2-, 2.5+ and 3+ the A plane unit cell, which contains four oxygen,

two Feoct and two Fetet has a charge deficit of 3e−. Similarly, the B plane with

four oxygen and two Feoct has a charge excess of 3 e−. Hence, like magnetite’s

two other low index surfaces, (110) terminated magnetite is polar.

Although magnetite has been studied extensively by STM, the (110) sur-

face has received little attention. Jansen first studied the (110) surface of

single crystal magnetite in 1994 [137–139]. Later, Maris et al. investigated

the (110) surface of thin films grown on a MgO substrate [140–142]. These

investigations all revealed a (1× 3) row reconstruction. However, differences

in the number of rows within the (1× 3) unit cell were reported. The rows

were observed to run in the [11̄0] direction.

Figure 4.2: Magnetite terminated in the (110) direction consists of two
alternating planes. The A plane contains oxygen (red) and both octahedral
(blue) and tetrahedral (silver) coordinated iron. The B planes contain oxygen
and octahedral coordinated iron.
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Recently, Parkinson et al. [143] concluded that the row reconstruction

was a result of periodic nanofaceting which exposed {111}-like planes; the

reconstruction consists of rows with depressions, or troughs, in between, the

slope from the ridge to trough were concluded to be {111}-type planes. This

was determined on the basis of Reflection High-Energy Electron Diffraction

(RHEED) measurements and STM line profiles. The RHEED measurements,

in which the electron beam was perpendicular to the surface, exhibited re-

flection spots separated by 35 ◦ to the surface normal, which corresponds

to the angle between (110) and (111) planes. (111) terminated magnetite is

considerably more energetically stable relative to the (110) termination [144],

and hence the faceting acts to reduce the surface energy.

To the author’s knowledge, there are no STM investigations of the absorp-

tion properties of Fe3O4(110). The determination of the surface structure of

(110)-terminated magnetite is pivotal to potential future investigation of the

surface’s absorption properties.

4.3 Strontium titanate surface science

4.3.1 SrTiO3(001)

(001)-truncated strontium titanate consists of two alternating planes: SrO

and TiO2 which are both charge neutral. Therefore, SrTiO3(001) is not

polar and in theory a (1× 1) termination should be possible. Indeed, a

TiO2 (1× 1) termination has been reported [145]. A wide range of surface

reconstructions have been reported such as (2× 1), (2× 2), c(4× 2), (4× 4),

c(4× 4), c(6× 2), (
√

5×
√

5)R26.6◦ and (
√

13×
√

13)R33.7◦ [146–149].

Prior to introducing (001) strontium titanate single crystals to UHV,

wet etching is often used as a pre-treatment†. The wet etching procedure

[150, 151] consists of initially soaking the surface in hot or room tempera-

ture deionised water. Strontium oxide reacts with water more strongly than

titanium oxide, forming strontium hydroxides. Subsequent wet etching (HCl-

†Buffered HF is a more commonly used wet etching pre-treatment. The HCl-HNO3

wet etching technique is discussed here as it is employed in this work.
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HNO3 3:1) easily removes these hydroxides producing a titanium oxide-rich

surface region. Finally, the crystal is annealed in air to facilitate recrystalli-

sation. The annealing temperature is chosen such that is does not allow

diffusion of Sr from the bulk. This pre-treatment strongly influences the

resultant surface structure, even after vacuum annealing is performed.

UHV annealing of pre-etched surfaces produces (2× 1) [146], (2× 2) [147]

and c(4× 4) [146, 147] reconstructions, depending on the temperature. Sput-

tering, which results in titanium enrichment [152, 153], causes the formation

of a c(4× 2) reconstruction [146, 148]. The deposition of Sr sees this recon-

struction transform to (2× 2) and the subsequent deposition of Ti sees the

surface return to c(4× 2) periodicity [148]. These reconstructions have been

interpreted to be TiOx terminated. This is unsurprising as sputtering and

wet etching produce Ti enriched and Sr deficient surface regions, respectively.

Furthermore, Sr diffusion is reported to only occur above 1300 ◦C [154].

4.3.2 SrTiO3(111)

(111)-truncated strontium titanate consists of two alternating planes: SrO3

and Ti. Considering the ionic model, the unit cells bear charges of -4 and +4.

Therefore, the (111) termination is polar. The reconstructions reported on

the (111) termination are all of the form (n× n). These reconstructions can

be split into two groups: (1) those which form after sputtering and anneal-

ing and (2) those which form after annealing alone. Reconstructions formed

after sputtering range from n = 9/5, 2, 3, 4, 5, 6 depending on the annealing

environment [155]. Annealing in UHV without an initial sputter results in

the formation of co-existing (
√

7×
√

7)R19.1◦ and (
√

13×
√

13)R13.9◦ re-

constructions [156]. The sputtered surfaces are Ti enriched, as is the case for

the (110) and (001) terminations.

4.3.3 SrTiO3(110)

(110)-truncated SrTiO3 consists of two alternating planes: the SrTiO and

O2 planes. Considering the ionic model, the units cells bear charges of +4

and -4, respectively. Therefore, SrTiO3(110) is polar. The two alternating
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planes are depicted in figure 4.3. Unlike the other two low index surfaces,

the SrTiO3(110) unit cell is anisotropic. In the literature, reconstructions are

defined such that the first integer represents the multiple of the periodicity

in the [001] direction and the second integer represents the multiple of the

periodicity in the [1̄10] direction. Unfortunately, this is opposite to that

which has been adopted for Fe3O4(110).

Brunen et al. [157] performed one of the first studies detailing SrTiO3(110)

surface reconstructions: (2× 5), (3× 4), (4× 4) and (6× 4) reconstructions

were reported. The most common and most studied reconstructions are those

of the form (n× 1). Russell et al. [158] observed a (3× 1) reconstruction upon

annealing at 875 ◦C in a UHV environment. Annealing at temperatures of

1100 ◦C and 1275 ◦C transformed the reconstruction to (4× 1) and (6× 1),

respectively. STM images revealed that the step edges of the (3× 1) and

(6× 1) reconstructions were often decorated with (2× 4) and (1× 2) recon-

structions. The (n× 1) reconstructions are clearly related as they can coexist

[117] and it is widely regarded that the terminating planes are formed of TiOx

complexes [117, 159]. The TiO (SrTiO with Sr removed) termination is the

energetically favourable surface termination [159]. Enterkin et al. proposed

that the fundamental building block of the reconstruction is the TiO4 tetra-

[001]

[1̄10]

5.53 Å

3.91 Å

5.53 Å

Figure 4.3: The SrTiO and O2 planes of (110) terminated SrTiO3. Green,
cyan and red represent strontium, titanium and oxygen, respectively. The
SrTiO and O2 planes exhibit ionic charges of +4 and -4, respectively. Hence,
(110) terminated strontium titanate is polar.
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hedron. Removal of different numbers of tetrahedrons generates unit cells

of greater size [117]. However, this model does not consider the role of Sr,

which cannot be ignored; Li et al. [159] demonstrated that the (4× 1) recon-

struction was transformed to the (5× 1) reconstruction via the evaporation

of Sr. The reverse transformation is observed via the deposition of Ti [160].

Additional reconstructions included (2× 4), (6× 4) and (1× 5). The

(1× 4) reconstruction can be formed by sputtering or evaporating Ti at ele-

vated temperature onto the (4× 1) reconstruction [161]. Further Ti evapora-

tion or sputtering sees the formation of a (6× 4) reconstruction. Finally, ag-

gressive sputtering causes the (2× 4) reconstruction to transform to a (1× 5)

periodicity [162].

We now turn to how the stoichiometry is influenced by different prepa-

ration procedures and its relation to the reconstructions. Sputtering causes

a relative increase in Ti/O and Ti/Sr ratios [162]. Furthermore, XPS/UPS

investigations of the influence of sputtering on each of the low index surfaces

indicate that the relative Ti enrichment is accompanied by Ti3+ and Ti2+

states, and a metal state [152, 162, 163]. Annealing in UHV does not appear

to be as straightforward a picture: for the (n× 1) series of reconstructions,

n = 3 is formed at relatively low temperatures (875 ◦C) and shows relative Ti

enrichment and Sr depletion [158]. With increasing temperature (1100 ◦C -

1275 ◦C), which sees the unit cell progress from n = 4 to n = 6, the relative

Sr content is enriched and Ti is depleted [158, 159, 161]. Indeed, deposition

of Ti [160] or Sr [159] at elevated temperature sees n change from 6→ 4 or

4→ 6, respectively. The (n× 1) reconstructions do not display lower titania

oxidation states or the associated metallic state [158, 164]. The (110) recon-

structions which display lower titania oxidation states and a metallic state

are the (2× 4), (6× 4) and (1× 5) reconstructions [162] which are formed

by sputtering or Ti deposition which increases the relative Ti content in the

surface region.

In conclusion, SrTiO3(110) displays a zoo of reconstructions, which are

extremely sensitive to both the ex-situ and in-situ preparation procedures.

The annealing temperature, environment and duration can dictate which re-

construction(s) are present. Sputtering and the deposition of Ti or Sr can
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transform the surface structure. The stoichiometry in the surface region

can be dramatically altered and Ti rich terminations are dominant. Stron-

tium is preferentially removed by sputtering and wet etching but begins to

diffuse from the bulk at high temperatures. Unsurprisingly different termi-

nations are reported to exhibit different stoichiometries in the surface region.

Furthermore, it very common for multiple reconstructions to coexist and it

appears to be difficult to isolate one reconstruction.





Chapter 5

Optical Anisotropy of (110)

Terminated Fe3O4 & SrTiO3

RAS studies of metal oxide surfaces are rare; investigated materials include

ZnO [35], superconducting cuprates [37] and Fe3O4[36]. The latter was con-

ducted in our research group and consisted of an ex-situ study of the single

crystalline and thin film Fe3O4/MgO (110) surfaces.

RAS is a versatile tool, sensitive to surface and interface structures, pro-

viding the underlying bulk material is isotropic [28]. It represents a technique

which can characterise surface and electronic structure, can monitor changes

in surface structure and identify specific surface terminations in real-time.

Despite this, to the best of the author’s knowledge, RAS has not been em-

ployed in the investigation of metal oxide surface reconstructions. In this

chapter the anisotropic optical responses of the (110) terminations of single

crystalline, bulk isotropic, Fe3O4 and SrTiO3 are investigated. Their surface

reconstructions, which arise from the relative ease at which their stoichiome-

try is altered and the need to compensate for their polarity, will dictate any

anisotropic optical response.

RAS spectra have been recorded with two in-house built systems following

the Aspnes design [38]. One system with a broad spectral range of 0.35 -

5.5 eV was used primarily for studying ex-situ surface preparation. A second

more compact system was used for in-situ measurements in the spectral range

65
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of 0.8 - 5.2 eV. Details on the two spectrometers are found in section 2.3.1.

The real part of the complex RAS response in presented throughout.

5.1 Optical anisotropy of Fe3O4(110)

In this section a RAS study of Fe3O4(110) is presented. Initially the anisotropic

optical response of the ex-situ polished single crystal is revisited. Subse-

quently the anisotropic optical response of the {111}-nanofaceted row recon-

struction is presented and discussed.

The spectra of both the polished and reconstructed crystal show a strong

comparison to the three-layer derivative model (see section 2.3.2). This in-

dicates a small shift in energy of magnetite’s bulk-like optical transitions

due to the influence of an anisotropic surface region. The RAS response is

concluded to be a result of anisotropic strain in the terminating layers.

5.1.1 Experimental details

The single crystals studied were float zone grown (Moscow State Steel and

Alloys Institute). The previous RAS study conducted by Fleischer et al. [36]

initially polished the single crystal using sandpaper. Subsequently, diamond

and cerium oxide suspensions with a final grain size of 0.01µm were used

for further polishing until an optically flat surface was achieved. During the

polishing process, the sample was moved in a figure of 8 pattern and rotated

occasionally in order to ensure that the polishing was smooth and did not

cause any preferential direction which might influence any measurement of

the samples anisotropy. In this work, a single crystal from the same batch

was polished in a similar fashion.

Electrical measurements of TV in a helium cryostat with a closed cycle

refrigerator, resulted in a TV of 122± 1 K. The samples resistance was mea-

sured with a Keithley 2400 source meter [36]. Stoichiometric magnetite is

expected to have a TV of around 120 K [165]. As magnetite becomes cation

deficient TV decreases, and the transition eventually disappears. The Verwey

transition has been observed to disappear if the iron content is reduced by
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less than 1% [165]. TV is therefore a very good indicator of the quality of the

sample.

For the preparation of the {111}-nanofaceted row reconstruction, initially

several sputter/anneal cycles were performed to remove bulk contaminants.

The crystal was subsequently exposed to atmospheric conditions prior to be-

ing placed back in the UHV chamber. This avoids the possibility that sput-

tering influencing the surface structure, which is shown to occur in chapter

7. The crystal was then out-gassed and subsequently annealed at 600 ◦C for

9 h. Finally, the crystal was UHV flash annealed at 900 ◦C for 10 s, twice.

The presence of the {111}-nanofaceted row reconstruction is confirmed by

STM and LEED. The preparation of this reconstruction, and the motivation

behind the aforementioned procedure, is detailed at length in chapter 6.

The RAS unit, ∆r/r, is equal to 2 rx−ry
rx+ry

. In the presented RAS spectra, x

and y correspond to the [001] and [1̄10] directions, respectively. This is the

same formalism as that used in [36].

5.1.2 As-polished surface

The RAS spectra of the polished crystal is identical to that observed in [36]

and is depicted in figure 5.1 ( ). The anisotropic optical response in [36]

was suggested to originate from anisotropic strain; the lineshape resembled

the derivative of magnetite’s dielectric function, indicating that small shifts

in energy of the optical transitions, such as those associated with anisotropic

strain, were likely responsible for the anisotropic response. However, the pos-

sibility that a thin maghemite overlayer, which forms in ambient conditions

[166], may contribute to the anisotropic response was not ruled out.

Here, the crystal has been UHV annealed in-situ stepwise at 200 ◦C,

350 ◦C, 550 ◦C and 800 ◦C. The RAS spectra for each of these steps are de-

picted in figure 5.1 alongside that of the polished surface. Evidently, each of

the anneal steps reduces the magnitude of the large derivative-like feature.

The lineshape remains largely the same, although the maxima and minima

located at 1.1 eV and 1.6 eV are progressively shifted to lower energies. The

spectrum after heating to 800 ◦C shows the greatest deviation from the pol-



68 Chapter 5. Optical anisotropy of (110) Fe3O4 & SrTiO3

Figure 5.1: RAS of the polished surface ( ) which is identical in shape to
that reported by Fleischer et al. [36]. The crystal was annealed progressively
at increasing temperatures in a UHV environment. Clearly, the magnitude of
the maxima/minima feature is progressively reduced with each anneal step.
Inset: RAS of the polished surface ( ) is compared to the strain model
( ) calculated from equation 2.16. In the spectral region below around 2 eV,
where magnetite’s optical transitions dominate, there is good agreement with
the strain model indicating a modification of magnetite’s bulk-like states. ε̃b
is taken from experimental work conducted by Schlegel et al. [167].

ished surface lineshape; the maxima at 2.3 eV is removed entirely and a broad

feature at 3.3 eV is enhanced.

LEED measurements of the 800 ◦C annealed crystal are indicative of a

poorly-ordered row reconstruction, while LEED images after lower temper-

ature anneals are indicative of an entirely disordered surface. In ambient

conditions the magnetite surface region is transformed into maghemite (for
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example, 2 nm maghemite surface layer after two months [43]). While in

an extremely low molecular oxygen partial pressure environment, such as

UHV, magnetite is the stable iron oxide above approximately 600 ◦C (see

figure 3.1, taken from [52]). Therefore, annealing the crystal at significantly

higher temperatures, such as 800 ◦C, is expected to transform the surface

region from maghemite to magnetite. The penetration depth of light for

magnetite varies from just 30 nm in the UV to a maximum of 160 nm around

1.4 eV [36]. Hence, considering after prolonged exposure (two months [43])

the maghemite overlayer formed on thin-film Fe3O4 is only 2 nm in depth

[43], RAS will probe both anisotropies in the maghemite overlayer and the

underlying magnetite.

The lineshape of the polished surface exhibits a derivative-like feature

below around 2.0 eV. As discussed in detail in section 2.3.2, the reflectance

anisotropy is expected to resemble the first energy derivative of the bulk

dielectric function if the orthogonal components of the surface region’s di-

electric function are similar in magnitude but differ slightly in energy. In the

case of a (110) terminated cubic material, the most reasonable source of the

anisotropic shifts in energy of the optical transitions is anisotropic strain. The

inset of Figure 5.1 depicts the strain model ( ) for bulk magnetite which is

compared to the as-polished RAS lineshape ( ). ε̃b is taken from experimen-

tal work conducted by Schlegel et al. [167], which is depicted in figure 5.2. A

value for d of 22 nm was chosen to fit the maxmima-minima feature. The line-

shape is in good agreement at low-energies with the maxima-minima feature

reproduced. This derivative-like structure below 2.0 eV cannot be attributed

to a maghemite overlayer, as maghemite only shows distinct peaks in its ab-

sorption spectra above 2.0 eV [168]. Indeed, optical transitions below 2.0 eV

in magnetite are known to only involve Fe2+
oct sites [169, 170] and maghemite

contains Feoct vacancies which results in the absence of the Fe2+
oct site.

The maghemite-magnetite interface will likely induce strain gradients in

both materials and the resultant strain gradient can induce small anisotropic

shifts in energy of magnetite’s optical transitions, producing a RAS signal

comparable to the strain model below 2 eV where magnetite dominates. The

comparable electronic structures of magnetite and maghemite - both being
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Figure 5.2: Real ( ) and imaginary ( ) components of the complex di-
electric function of bulk magnetite as it results from the Kramers-Kronig
analysis of the reflectivity spectrum. Taken from [167] and used to calcu-
lated the strain model (see equation 2.16).

inverse spinel - will likely result in RAS features at spectral energies above

around 2.0 eV being a linear combination of anisotropies in both magnetite

and maghemite. Progressive annealing, which reduces the magnitude of the

derivative-like structure, may progressively relieve the strain. For example,

the magnitude of the RAS response of mechanically strained silicon is pro-

portional to the applied strain [42]. The low temperature anneals, which

reduce the magnitude of the derivative-like structure, are not expected to

transform a maghemite overlayer to magnetite [52]. However, annealing may

provide energy to relieve strain, and hence, alter the magnitude of a strain

induced RAS response.
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5.1.3 {111}-nanofaceted row reconstruction

Presented in figure 5.3 is the RAS spectra of the Fe3O4(110) {111}-nanofaceted

row reconstruction∗. The corresponding STM and LEED image which are

indicative of a clean, well ordered {111}-nanofaceted row reconstruction are

displayed in figure 5.4. The RAS spectra is characterised by a minima-

maxima feature below around 2 eV and a broad feature at higher energies

with peaks at 4.1 eV and 5.2 eV.

The vertical dashed lines in figure 5.3 signify energetic positions of optical

transitions, taken from [169, 170]. In figure 5.3, the octahedral sites are split

into 2+ and 3+ sites. All optical transitions probed by RAS are interband,

as intraband transitions of magnetite are below 0.2 eV [170]. Therefore, RAS

features are expected to be broad in shape. Below around 2.2 eV optical

transitions are exclusively between Feoct sites. The transitions above 2.2 eV

also involve Fetet and oxygen sites and are considerably broad as a result

[169]. In this region above 2.2 eV, it is important to note that the vertical

dashed lines in figure 5.3 indicate the peaks of these broad transitions.

The RAS lineshape is often the linear combination of optical anisotropies

from different structures or mechanisms, e.g. a reconstructed surface or resid-

ual structural effects of the near-surface region. In order to determine the

contribution to the RAS signal from the surface reconstruction, the following

experiments have been performed: the {111}-nanofaceted row reconstruc-

tion was prepared and a RAS measurement was performed, subsequently

the reconstruction was destroyed by aggressive sputtering and a second RAS

measurement was performed. The row reconstruction was prepared by the

following procedure: sputtered with Ar+ ions of energy 0.5 keV for 1 h, an-

nealed in an oxygen atmosphere at 800 ◦C for 1.5 h and finally annealed in

an UHV atmosphere at 800 ◦C for 1.5 h. The reconstruction was destroyed

by sputtering with Ar+ ions of energy 1.5 keV for 0.5 h. Figure 5.5 displays

∗It is noted that RAS spectra in figure 5.1( • •), which was observed after annealing
the as-polished crystal at 800◦C, does not corresponds to the RAS spectra of the {111}-
nanofaceted row reconstruction (figure 5.1( )), which forms after flashing to 900◦C.
Prolonged outgassing is required, prior to flashing at elevated temperatures, to form the
{111}-nanofaceted row reconstruction.
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Figure 5.3: RAS of the {111}-nanofaceted (1× 3) row reconstruction ( ).
The surface was prepared by two 10 s UHV flash anneals at 900 ◦C. Vertical
dashed lines denote energy positions of optical transitions taken from [169]
and [170]. Below around 2.2 eV, transitions only involve Feoct sites, while
above around 2.2 eV oxygen and Fetet sites are also involved. The strain
model ( , equation 2.16) and experimental RAS spectra ( ) are in excel-
lent agreement below 2 eV indicating a modification of magnetite’s bulk-like
states. The experimentally measured dielectric function of magnetite (ε̃b) is
taken from [167].
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Figure 5.4: 205 nm× 205 nm STM image. The same surface for which RAS
measurements, depicted in figure 5.3, were performed. The LEED image and
the line profile illustrating the row periodicity of 25Å and the step height of
3Å are indicative of the {111}-nanofaceted row reconstruction.

the two RAS spectra and their corresponding LEED images. The row recon-

struction exhibits reasonably good order while the LEED image of the sput-

tered surface indicates that the row reconstruction is destroyed, as expected.

However, undefined LEED spots indicate some residual order remains.

The difference spectra (blue dashed line in figure 5.5) illustrates that the

row reconstructed and disordered surface show similarities, especially beyond

2 eV, both displaying peaks at 4.2 and 4.9 eV and the general lineshape is

very similar. The only considerable difference between the two spectra oc-

curs below around 2 eV: the energetic positions of the maxima and minima

are shifted in energy and the shape is altered slightly. The difference beyond

2 eV is a difference in slope, which is likely related to slightly different sample
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Figure 5.5: RAS spectra of the {111}-nanofaceted row reconstruction ( )
and the sputtered surface ( ). LEED images indicate that the sputtering
destroys the row reconstruction although some residual order remains. The
only considerable difference in the spectra is seen below around 2.0 eV. The
difference beyond 2 eV is a difference in slope, which is likely related to
slightly different sample position and/or or beam path through the window
between measurements.

position and/or or beam path through the window between measurements.

The {111}-nanofaceted row reconstruction gives rise to a considerable opti-

cal anisotropic response only below 2 eV. Henceforth, focus will be on this

spectral region.

Similarly to the the polished crystal, the RAS lineshape of the {111}-
nanofaceted row reconstruction exhibits a derivative-like feature below 2.0 eV.

However, there is a sign reversal. In figure 5.3 depicts the RAS spectra ( )

is compared to the three-layer derivative model ( , equation 2.16). Below

2.0 eV, in the spectral range where this reconstruction produces significant
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optical anisotropy, the minima/maxima feature is reproduced and the general

shape is in excellent agreement.

The comparison presented in figure 5.3 strongly indicates that the sur-

face induces anisotropic energy shifts of bulk-like states. The optical transi-

tions which are modified in this energy regime are inter Feoct sites, as below

2.2 eV optical transitions only involve these sites. In the case of the exam-

ined {111}-nanofaceted row reconstruction, the most likely explanation for

the surface-induced modification of bulk-like states is anisotropic strain. In

the plane of the surface, the row reconstruction exhibits 1D broken bonds.

Figure 5.6(a) aids in visualising these broken bonds, which are in the [001]

direction. Derivative-like RAS structures have been shown to be induced by

mechanically applying strain to e.g. optically isotropic silicon [42]. In the

case of silicon, the derivative-like structure can be very sharp. This can be

expected for a response involving equally well defined interband transitions.

The complex interband transitions of magnetite will give rise to broader fea-

tures.

DFT calculations have been performed to examine whether this surface

reconstruction induces a strain gradient. The model, which is depicted in fig-

ure 5.6(a), corresponds to a stoichiometric slab terminated by {111}Fetet1-

and {110}B-planes. This model is the same as that proposed by Parkinson et

al. [143] in all aspects apart from the {110} termination†. For details of the

DFT calculation the reader is directed to section 7.2, as the parameters are

identical to the calculations discussed there. Figure 5.6(a) and (b) depict the

side-on initial and relaxed geometries. No significant relaxations along the

[1̄10] direction (into the page) are present. The terminating layer sees signif-

icant relaxation along the [001] direction and the layers beneath see reducing

relaxations in the [001] direction until the structure is bulk-like. Therefore,

DFT predicts an anisotropic strain gradient. It is important to note that the

atomic structure of the {111}-nanofaceted (1× 3) row reconstructed remains

to be determined, and the model illustrated in figure 5.6 is not suggested

to be its solution. Nevertheless, minor changes are unlikely to remove the

†Section 6.2.1 examines the structure of this reconstruction: it is concluded that the
ridge of the reconstruction is likely B-terminated.
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Figure 5.6: Initial (a) and (b) relaxed geometries of a {111}-nanofaceted row
reconstruction model. Dangling bonds in the [001] direction are illustrated
in (a). The black box provides examples of the percentage compressive (neg-
ative) and tensile strain, relative to the bulk distance, within different layers.
D12 corresponds to the distance between the two atoms labelled 1 and 2 in
(b). Along the [1̄10] direction (into the page) no significant relaxations are
observed. The calculation predicts an anisotropic strain gradient along the
[110] direction (surface normal).

anisotropic strain, as it is suggested to exist due to the row structure which

remove bonds anisotropically.

Jeng et al. have performed a DFT investigation of the influence of strain

on bulk magnetite’s electronic structure [171]. Uniaxial strain was applied

in the [001] direction, the same direction for which DFT calculations predict

uniaxial strain in the terminating layers of the {111}-nanofaceted row recon-

struction. It was found that under both compressive and tensile strain, Feoct

3d sites saw the considerable modification while other sites remained largely
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unchanged. Specifically, the Fe3+
oct(eg) majority band near the Fermi level and

the Fe2+
oct(eg) minority band between 1.0 and 2.5 eV above the Fermi level were

modified. The strain induced both band dispersion and band broadening.

Turning our attention to the optical transitions, the first transition involving

a Feoct(eg) band occurs at 1.6 eV. This transition is between Fe2+
oct(a1g) and

Fe2+
oct(eg) minority bands. In the energy range in which the experimental and

strain model RAS are comparable (see figure 5.3) this transition is the only

one involving a Feoct(eg) band. If the strain in the surface region modifies

the minority Feoct(eg) band it is reasonable to see a good agreement between

the experimental and calculated RAS signals in the vicinity of 1.6 eV.

Several broad transitions involving Feoct(eg) bands have been reported to

occur beyond 2.0 eV as depicted in figure 5.3. The broad feature observed

experimentally in the UV may be related to strain induced modification of

Feoct(eg) bands. However, it is noted that the three-phase derivative model

is only valid for analysing transitions around one critical point. If a feature

is the result of anisotropies of multiple transitions, which may produce RAS

signals of different sign, magnitude and width, the three-phase derivative

model should not be employed.

5.1.4 Conclusions & outlook

The agreement of the {111}-nanofaceted row reconstruction and polished

crystal’s RAS spectra with the strain model strongly suggests the modifi-

cation of bulk-like states. The fully relaxed DFT calculation of the {111}-
nanofaceted row reconstruction indicates that the reconstruction exhibits an

anisotropic strain gradient. It is concluded that this anisotropic strain gives

rise to small anisotropic shifts in energy of bulk-like states which produces

the anisotropic optical response. The modification of magnetite’s bulk-like

states of the polished crystal is suggested to originate from anisotropic strain

induced by the maghemite overlayer, which forms in ambient conditions.

Further DFT calculations and the subsequent simulations of RAS spectra

can provide insight into the atomic structure of the {111}-nanofaceted row

reconstruction and also provide quantitative insight into the bands which are
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affected by the strain. Such calculations are out of the scope of the current

work as accurately simulating RAS spectra is extremely computationally

expensive and time consuming. It would require, for example, a high density

of k-points to accurately calculate the band structure, and hence, the optical

transitions.

5.2 Optical anisotropy of SrTiO3(110)

SrTiO3 substrates are important for heteroepitaxy and superlattices of mul-

tiferroic, perovskite oxides. One particularly interesting aspect is the forma-

tion of a Q2DEG at the interface of insulating SrTiO3 and LaAlO3. The

work to date exploring the nature of the Q2DEG is detailed in length in

section 3.2.1. The treatment of the substrate is a critical step which can

influence the interface structure in any hetero-epitaxial system.

For these reasons an investigation of the anisotropic optical response of

different SrTiO3(110) surface terminations has been conducted. SrTiO3 and

LaAlO3 are both wide-bandgap materials and the Q2DEG is expected to

result in transitions appearing in the InfraRed (IR) spectral region [172].

Therefore, RAS has the potential to measure the formation of the Q2DEG

in-situ during the heteroepitaxy. IR-ellipsometry has already confirmed that

the Q2DEG at the LaAlO3/SrTiO3(110) interface is anisotropic with respect

to the [001] and [1̄10] directions [92].

As a first step towards such an experiment here the RAS spectra of

SrTiO3(110) terminations prepared by different methods is investigated. The

preparation procedure includes ex-situ chemical cleaning, ex-situ annealing

in oxygen atmosphere and in-situ UHV annealing. It will be shown that dif-

ferent SrTiO3(110) terminations have distinctly different RAS spectra, dom-

inated by surface modified bulk states above the SrTiO3 bandgap. In the
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case of the (1×4)‡ reconstruction a strong IR response originating from a

metallic surface state is observed.

An additional motivation is to characterise the optical anisotropy of dis-

tinct surface reconstructions. The future simulation of RAS spectra and the

comparison to experimental spectra can provide quantitative insight into the

structure of specific surface reconstructions.

5.2.1 Experimental details

Undoped SrTiO3(110) single crystal substrates (MTI Corp.) were used through-

out this study. The aim is to investigate the surface optical anisotropy of

well defined SrTiO3(110) surfaces. One difficulty is that a wide range of

SrTiO3(110) surface reconstructions have been observed depending prepara-

tion conditions and a single domain reconstruction is difficult to obtain (see

section 4.3.3).

Due to the restriction of the experimental setup, only surface recon-

structions found by ex-situ pre-cleaning procedures and subsequent in-situ

sputter/anneal cycles and/or UHV annealing from 500 to 1100◦C are dis-

cussed. The pre-cleaning preparation procedures include UHV annealing of

as-received substrates, pre-annealing at 950◦C in air and finally chemical

cleaning in water (80◦C) and HCl(37%):HNO3(67%) 3:1 mixed acid prior to

pre-annealing at 950◦C in air [150]. The latter procedure, detailed further in

section 4.3.1, produces a well ordered TiO2 terminated surface region in the

case of SrTiO3(001). Table 5.1 summarises the various treatments, lists the

reconstruction observed based on their LEED pattern, as well as gives each

preparation a unique naming identifier to be used in the figures showing the

corresponding RAS spectra.

The RAS unit, ∆r/r, is equal to 2 rx−ry
rx+ry

. In the presented RAS spectra, x

and y correspond to the [1̄10] and [001] directions, respectively.

‡STM measurements of the so-called (1× 4) reconstruction has revealed that it exhibits
(2× 4) periodicity. However the ’2’ LEED spots are extremely dim. Considering that
LEED measurements are presented throughout this section, the reconstruction will be
named (1× 4) for clarity.
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Residual instrumental anisotropies from polarizer nonidealities and strain-

related signals from UHV windows have been numerical removed by subtract-

ing averaged zeroline signals from isotropic MgO(001) and Si(111) reference

surfaces. There is a remaining uncertainty in the zero line of 0.2×10−3 due

to sample alignment reproducibility and is indicated as an error bar on the

zero line in all figures. XPS, UPS and LEED have been recorded in the Omi-

cron XPS system. All SrTiO3(110) substrates were insulating prior to UHV

annealing. Consequently XPS measurements were performed using an low

energy electron flood gun (CN10) for charge compensation. In these cases

LEED and UPS measurements are missing due to substrate charging issues.

5.2.2 Direct surface de-oxidation

As a first step the direct surface decontamination by UHV annealing was in-

vestigated by RAS and XPS (see figures 5.7 and 5.8). As-received substrates

already show a distinct RAS spectra with a characteristic minima and max-

ima at 3.85 eV and 4.45 eV. Due to the insulating nature of as-received sub-

strate, LEED measurements to analyse any residual surface symmetry were

not possible at this step. UHV annealing at 500 ◦C for 1 h creates enough bulk

oxygen vacancies, which increase the conductivity [173], to prevent substrate

charging and a weak LEED pattern is observed. However, the (2× 1) LEED

pattern is not well defined and coexists with a superimposed c(2× 2) struc-

ture. XPS measurements, depicted in figure 5.8, reveal significant carbon

contamination remains, with the only substantial change being the removal

of a second component in the O 1s core level typically associated with the

presence of hydroxide or carboxide groups in the surface region. However,

the RAS spectra clearly changes, with a change of the prominent 4.45 eV

maxima.

The intrinsic anisotropy of the (110) surface unit cell, combined with po-

tential electric field gradients, strain gradients, coherent uniaxial strain, or

localised surface states can all induce a small optical anisotropy in an other-

wise optically isotropic material. A strain related RAS signal typically creates

structures in the vicinity of a materials bulk critical points. The relationship
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Figure 5.7: RAS spectra of an as-received SrTiO3(110) substrate (••••) and
after subsequent UHV annealing for 1 h at 500 ◦C ( ) and 800 ◦C ( ).
The gray curve ( • •) estimates the strain induced anisotropy using equation
(2.16).

between the bulk dielectric function and RAS structures have been exten-

sively discussed in terms of bulk strain, but also surface and step induced

strain in silicon [42, 174]. For the Si(110) surface the resulting spectra are

found to be combinations of strain and other effects, and also hydrogen can

play a crucial role [38, 174, 175]. For the SrTiO3(110) surfaces investigated

here, no detailed calculation on the optical properties of various surfaces,

nor detailed adsorption studies exist. Hence we can only discuss spectra

with qualitative models, in particular the possible effect of surface induced

strain. Within a crude strain model, one can simulate the spectral shape of

such strain induced structures via equation 2.16 which relates the real part of

the complex RAS quantity to the bulk dielectric function. The bulk dielectric

function of the SrTiO3 (ε̃b = ε
′
+ iε

′′
) was measured by ellipsometry (Sopra
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Figure 5.8: XPS spectra of the as-received and 500 ◦C UHV annealed sub-
strate showing a removal of hydroxide groups.

GESP5) and the measurement is depicted in figure 5.9. The result of this

simulation is shown in Fig. 5.7, using a value for d of 12 nm. The latter was

chosen to reproduce the amplitude of the minimum structure at 3.9 eV. The

simple strain models shows some similarities with the measured structure,

particularly just above the direct band gap of SrTiO3 at 3.7 eV. However it

fails to describe the structures at other transitions, such as the indirect gap at

3.25 eV and higher energy transitions (A1, A2). There are also considerable

variations in the reported dielectric function of SrTiO3 due to the ternary

nature and variations in oxygen stoichiometry in bulk crystals [83]. Here we

use the terminology to label transitions following the work of van Benthem et

al. [83], while the energetic positions have been determined by analysing the

second derivative of ellipsometric measurements of the bulk crystals used in
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Figure 5.9: Ellipsometry measurement of the SrTiO3 substrate. The real
(ε

′
= n2−κ2) and imaginary (ε

′′
= 2nκ) components of the complex dielectric

function are numerically calculated from the the real (n) and imaginary (κ)
components of the measured complex refractive index.

this work. They are found to be broadly consistent with those in [83], giving

an indirect gap Ei = 3.29 eV; direct gap Ed = 3.70 eV; transition A1 = 4.21 eV;

and transition A2 = 4.76 eV. These energies are included as vertical lines to

guide the eye in all shown RA spectra.

Further UHV annealing at 800 ◦C for 1 h does not produce a surface with

significantly better order, although a weak c(2× 2) dominates. The RAS

shows a further modification of the UV structure and a broad minimum

within the bandgap, indicating an increase in point defects within the sur-

face region. To the author’s knowledge a c(2× 2) structure has not been

investigated, but the surface is not well ordered, and a significant carbon con-

tamination identified by XPS measurements remains. Sputter/anneal cycles

may remove the contamination and produce a surface with a better degree
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of order. Sputtering, which preferentially remove Sr, may gave rise to the

formation of a different surface structure. This could be mediated by anneal-

ing in an oxygen atmosphere. Attempting to achieve a clean, well ordered

c(2× 2) termination, and subsequent surface characterisation by STM, is a

subject of future work. It is noted that the substrate may be too insulating

to perform STM experiments. In such an event doped Nb:SrTiO3(110) sub-

strates, which display significantly higher conductivity, will be investigated.

5.2.3 Ex-situ surface pre-cleaning

The family of (n× 1) reconstructions have previously been prepared by air

or oxygen annealing substrates in the temperature range of 900 - 1000 ◦C for

30 min to several hours [157, 158]. Here, the substrates have been air annealed

at 950 ◦C for 2 h. In addition to the air annealing step a chemical pre-cleaning

method, described in the experimental details, has been employed.

RAS spectra after the air annealing show clear differences, depending on

whether the chemical etchant step prior to annealing was performed (see fig-

ures 5.10(••••) and 5.11(••••)). The substrates were fully insulating at this step

and LEED measurements were only possible after a gentle UHV anneal at

500 ◦C. Figure 5.12 depicts the RAS spectra of the chemically etched and

air annealed substrate and subsequent 500 ◦C UHV anneal. There are no

significant changes in the RAS spectra before and after this gentle UHV an-

nealing, indicating the only change is the bulk conductivity, which allows for

a LEED pattern to be obtained, and not the surface termination. Therefore,

this gentle 500 ◦C UHV anneal was performed on the insulating chemically

etched and air annealed substrate to induce sufficient conductivity so that a

LEED pattern could be obtained.

Substrates which were only air annealed only show small changes after

the 500 ◦C UHV anneal (see figures 5.10(••••): the magnitude of the peaks

is altered, especially around 4.5 eV. However, the line shape is largely the

same. The small changes are likely related to desorption of physisorbed

carbon and/or hydrogen residues (see also XPS data in figure 5.8) rather

than alterations of the surface reconstruction. The substrates which have
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Figure 5.10: RAS spectra of a SrTiO3(110) substrate (••••) after air annealing
and subsequent UHV annealing for 1 h at 500 ◦C ( ) and 750 ◦C ( ). The
gentle 500 ◦C UHV anneal causes small changes in the RAS signal, with
the magnitude of the maxima at 4.5 eV being reduced and shifted slightly.
Further annealing at 750 ◦C results in the shift of the aforementioned maxima
and the enhancement of the minima at 4.9 eV. This is correlated to the
appearance of dim (1× 4) spots in LEED images alongside the (3× 1) which
is single domain after the gentle 500 ◦C UHV anneal. LEED images were
taken at 60 eV.

only been annealed in air at 950 ◦C are therefore suggested to be (3× 1)

terminated and exhibit a single domain.

The (3× 1) RAS spectra is characterised by a sharp minima at 3.90 eV

and strong positive signal above around 4.1 eV (figure 5.10( )). Enterkin et

al. [117] concluded that the (n× 1) reconstructions (n = 1 - 6) are all related.

Indeed there is very little difference in the RAS of the sharp (3× 1) and

the mixed (2× 1)/c(2× 2) surface (S2-air950-vac500, S1-vac500). Only the

level around the A1 transition differs. Both spectra show the characteristic
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Figure 5.11: RAS spectra of an air annealed substrate which was pre-etched
by an HCl(37%):HNO3(67%) 3:1 mixed acid (••••) and further stepwise an-
nealed at 750 ◦C ( • •), 850 ◦C ( ), and finally after combined Ar+ sput-
tering and 1100 ◦C anneal ( ). Annealing progressively reduces the UV
structure while the Ar+ sputtering and annealed substrate displays an in-
termediate UV-structure. Additionally, annealed substrates exhibit a struc-
ture in the SrTiO3 bandgap. The pre-etched and annealed substrate is a
mixed state of (3× 1) and (1× 4) and progressive UHV annealing reduces
the (3× 1) spot intensity while the sputtered and annealed substrate shows
the most dominant (1× 4) pattern. The LEED images were taken at 60 eV.

minima at 3.9 eV, just above the direct gap Ed. As previous STM work and

DFT studies for the (3× 1) show a distinct row structure [117, 158], and the

RAS fine structure within the rising slope in the UV is reproduced by the

simple strain model, the RAS of these two surfaces is likely to be dominated

by the anisotropic strain of the row reconstruction to the underlying SrTiO3

bulk.

Further annealing in UHV at higher temperatures lead to a blurring of

the (3× 1) reconstruction and appearance of weak (1× 4) spots suggesting a

coexistence of a (3× 1) and (1× 4) termination. This termination has been

previously referred to as ”(3× 4)” LEED pattern [157] and it was already



88 Chapter 5. Optical anisotropy of (110) Fe3O4 & SrTiO3

1 2 3 4 5- 2

0

2

4

6

8

1 0 A   S 3 - c h e m  ( 1 s t )
B   S 3 - c h e m  ( 2 n d )
C   S 5 - c h e m
D  S 5 - c h e m - v a c 5 0 0

Re
(∆r

/r) 
(10

-3 )

p h o t o n  e n e r g y  ( e V )

A 2A 1E dE i

Figure 5.12: Comparison of RAS spectra after alternating etch/air anneal
cycles (A, B), and an etch/air anneal cycle (C) after a UHV anneal (C),
illustrating the variation in the RAS spectra caused by varying (3× 1) to
(1× 4) area ratios and overall surface order. Spectra D was taken after
a gentle UHV 500 ◦C anneal, showing similar variations to substrates only
chemically etched and air annealed. For this substrate LEED measurements
have been possible (image shown in Fig. 5.11(••••)) illustrating that etch/air
annealed surface have a mixed (3× 1) to (1× 4) termination prior to any
in-situ UHV annealing.

suggested by STM studies of Russell et al. [158] that this related to two dif-

ferent terminations coexisting. In terms of the RAS spectra the appearance

of the (1× 4) spots is accompanied by an intense maxima/minima structure

at the A1 and A2 transitions. In the following we will show that modifica-

tions of our heating stage, combined with chemical pre-treatment allows for
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the preparation of a almost single domain (1× 4) reconstructions and we will

discuss its details in the following section.

In sharp contrast to air annealed substrates, substrates pre-etched in the

HCl(37%):HNO3(67%) 3:1 mixed acid show a mixed (3× 1) and (1× 4) ter-

minated surface prior to any UHV annealing (see figure 5.11(••••)). This

is likely related to the preferentially removal of Sr by the chemical etch-

ing [150]. Upon UHV annealing above 600 - 700 ◦C the relative intensity of

the (3× 1) spots gets weaker compared to the (1× 4) spots, indicating a

change in the area ratios of the two reconstructions. Substrates which un-

derwent sputter/anneal cycles prior to 1100 ◦C UHV annealing showed the

most dominant (1× 4) pattern (figure 5.11( )). This is consistent with the

(1× 4) reconstruction being Sr deficient as sputtering results in a Ti rich

surface region [152, 162, 163]. For the sputter/anneal cycles the substrates

went through three cycles using Ar-ions (0.6 kV, 1× 10−5 mbar for 20 min

and 500 ◦C anneal for 20 min) prior to extended UHV annealing to 1100 ◦C.

The RAS spectra for all the etch/air annealed substrates are a linear com-

bination of the (3× 1) and (1× 4) spectra with varying ratios, complicating

the analysis significantly. The (1× 4) contribution is dominated by a large

maximum around 4.4 eV in the vicinity of the A1 transitions. The minimum

structure, dominating the (3× 1) and (2× 1) RAS is still present, though

less dominant due to the much larger maximum at 4.4 eV (please note the

significant change in scale between Figures 5.10 and 5.11).

With increasing temperature the relative contribution of the (1×4) ter-

mination increases, but LEED images also start to blur and an additional

minima RAS-structure at 1.4 eV evolves within the SrTiO3 bandgap. The

latter is not directly proportional to the (1×4) area as it is also seen for the

more disordered c(2×2) reconstruction. The below bandgap RAS features

will be discussed separately below. The RAS features above the bandgap can

now be understood as linear combinations of the (3× 1) RAS spectra (S2-

air950-vac500) and the (1× 4) (S3-chem-vac850) with varying ratios between

(3× 1) and (1× 4) contributions.
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5.2.4 Below bandgap structures

For all high temperature annealed surfaces (T>700 ◦C) there is a non-negligible

RAS minima developing in the 1.2-1.6 eV region. It initially manifests as a

minimum but as it increases amplitude is also accompanied by a sharply

rising slope towards the IR and we expect the signal to rise further below

0.8 eV. We link the appearance of this infrared signature with the formation of

a substantial number of oxygen vacancies within the sample, creating defect

states responsible for a) an effective doping of the material with electron ac-

cumulation at the surface and b) for mid-gap states leading to non-vanishing

absorption below the band gap, and hence new features in this range. In-

deed an absorption feature at 1.3 eV seen in SrTiO3 homoepitaxial thin films,

grown in oxygen poor conditions was linked to the formation of Sr-O-O va-

cancy complexes [176]. Already the bulk conductivity of SrTiO3 itself has

been related to oxygen vacancy formation [173]. Recently it was shown that

oxygen vacancies in SrTiO3 cluster into vacancy rows along the [001] direc-

tion [177]. It is reasonable to assume that the formation of oxygen vacancies

is therefore linked to the appearance of the infrared related RAS features,

and possibly even be related to the formation of the (1× 4) reconstruction

itself, in the same way as ordered surface or sub-surface oxygen vacancies

have been found in other surface reconstructions of transition metal oxides

such as TiO2 and Fe3O4 [106, 110, 178].

Figure 5.13 illustrates that the appearance of the IR structure in the RAS

correlates with the appearance of defect states close to the Fermi edge and

changes in the Ti 2p core level. These changes are consistent with an increase

in the amount of Ti3+ sites and possibly a small increase in Ti2+ sites, but no

metallic Ti0 [163, 173]. Simultaneously the high temperature annealing alters

the valence band structure, which is characterised by two peaks at approxi-

mately 5 eV and 7 eV relative to the Fermi level [173]. Annealing to 850 ◦C

( ), which increases the Ti3+ and metallic state contributions, is accompa-

nied by the reduction of the valence band peak at ∼5 eV, which is correlated

to almost pure oxygen state [179], and modification to the structure around 9-

10 eV (indicated by the two red arrows in figure 5.13). The structure around
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Figure 5.13: UPS and XPS spectra for a etched and air annealed substrate
(••••), followed by UHV annealing at 750 ◦C ( • •), and 850 ◦C ( ). Corre-
sponding LEED and RAS are depicted in figure 5.11. The creation of oxygen
vacancies leads to an increased bulk conductivity and alterations in the Ti
oxidation state with the spectral weight of Ti3+ increasing. This is correlated
with the formation of a metallic defect band seen in UPS spectra (inset). The
850 ◦C UHV anneal ( ) results in modification to the valence band structure
relative to the 750 ◦C UHV anneal ( • •), highlighted by the red arrows. The
850 ◦C UHV anneal entirely removes any measurable carbon contamination
but generates a small shoulder in the oxygen 1s peak, possibly related to
hydroxides in the surface region.

9-10 eV is correlated to a peak at ∼11 eV, which has been attributed to a

carbon 2s peak [179]. Therefore, the modification of the structure around

10 eV, in particular the lower counts for higher temperature annealing, is rea-

sonable as the higher temperature anneal reduces the carbon 1s contribution

seen in the XPS measurements. The modification of the valence band struc-
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ture, as highlighted by the red arrows, has been observed via sputtering by

Henrich et al. [173]. Furthermore, Psiuk et al. observed similar valence band

modification, a metallic defect state in the bandgap and reduction in the Ti

oxidation state upon sputtering [163]. Sputtering [163], like UHV annealing

[158]§, is reported to increase the relative Ti contribution, and hence, result

in reduced Ti oxidation states [163]. Finally, high temperature annealing in-

duces a small shoulder in the O1s component, which may be due to presence

of hydroxides in the surface region. Such contamination may gave rise to the

slight deteriorates of the surface order, determined by LEED, observed after

high temperature annealing (see figure 5.11).

For annealing steps up to 850 ◦C the creation of the oxygen vacancies

does not directly alter the surface termination, except for a slight decrease in

the (3× 1) spot intensity and increased surface disorder seen by the blurring

of LEED spots, however, it creates defect states and free carriers within

the SrTiO3. The change is significantly more dramatic in the RAS spectra,

where the response below 2 eV is substantially altered, even if the defect

state in the UPS spectra is still very small. In figure 5.13 a square root

scaling of the normalised counts has been used to illustrate the defect band

is present for the 750 ◦C annealed substrate as it is significantly smaller than

that of further annealing steps. In contrast the RAS amplitude for the same

surface at 1.4 eV is already comparable to that of further annealing steps. As

RAS measures the ratio of the difference in dielectric response for the [1̄10]

and [001] directions normalised by the average bulk reflectivity, it is difficult

to directly interpret RAS amplitudes in a quantitative manner; increased

density of oxygen vacancies and associated increased substrate conductivity

will also alter the bulk reflectivity of the substrate. However, qualitatively it

is clear that RAS is very sensitive to the formation of the electron gas.

The presence of a near surface electron gas or metallic surface states,

as clearly seen in the UPS data, is also expected to directly lead to a free

electron like response in the infrared region of any optical spectra. For RAS

§Ti is enriched by UHV annealing if the annealing temperature is below around 1200◦C
[158]. At higher temperatures the Sr relative concentration increases [158], which is likely
related to the onset of Sr diffusion at these high temperatures [154].



5.2. Optical anisotropy of SrTiO3(110) 93

measurements, in contrast to simple reflectance measurement, such a free

electron response can create an apparent minimum in the difference struc-

ture related to εx−εy, even if both εx and εy are rising monotonically towards

the IR [172]. The simulation in Fig. 5.14 illustrates a possible line shape for

such a free electron response using equation (2.15) with two Drude dielec-

tric functions, εx and εy, with the same plasma frequency but anisotropic

scattering rates. The simulation is only indicative, as the spectral range was

not wide enough for any form of quantitative fits, however a three times

higher mobility for the [110] (here x) compared to the [001] direction was

used, consistent with the experimentally found mobility anisotropy in the

SrTiO3/LaAlO3(110) interface [92]. The observed RAS structure is however

most likely a combination of an anisotropy in the polarisability of the near

surface oxygen vacancy related mid gap states and the free carrier contribu-

tion.

The question of the spatial origin of this conductance anisotropy arises.

Pre-etched surfaces UHV annealed at 500 and 750 ◦C (see figure 5.11, (••••)

and ( • •)) have very similar LEED patterns, indicating no change in sur-

face termination, but show significantly different IR-RAS responses. This

suggests that the infrared RAS signal is more likely to originate from bulk

oxygen vacancies rendering the SrTiO3 conductive rather than direct surface

alterations. In this case either the surface induced strain gradient leads to

an anisotropic signal in the near selvedge bulk area, or carriers accumulate

at the surface in a quasi two-dimensional sheet and we observe an anisotropy

in the 2D carrier mobility due to the anisotropic surface termination.

In an attempt to distinguish if the IR-RAS signal originates from the

surface layer or a near-selvedge modified bulk, substrates have been exposed

to air and remeasured. As seen in figure 5.14, air exposure almost fully

quenches the RAS minima at 1.4 eV. However, the RAS amplitude in the

UV increases, and therefore it is concluded that the surface induced modifi-

cation of the near-selvedge bulk is still present. The disappearance of the IR

response therefore indicates that it originates from the topmost layers and

not from a near-selvedge bulk as with the UV-RAS. Upon gentle annealing

at 500 ◦C the RAS almost fully recovers. Similar annealing conditions on
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Figure 5.14: RAS spectra and LEED image of a 1100 ◦C UHV annealed
surface prior to ( ) and after (••••) air exposure. After exposure the IR
feature is nearly entirely quenched indicating the anisotropic conductance
originates from the topmost layers. Subsequent annealing at only 500 ◦C
( ), which is not a sufficiently high temperature to induce the formation
of the anisotropic conductance response in the IR (see figure 5.12), causes
the full recovery the original IR structure. The simulation ( • •) illustrates
a possible free electron contribution to the overall RAS signal.

substrates without any bulk conductivity (see figure 5.12) doesn’t create an

IR signal, and hence, we do not increase the conductivity to form the IR

signal but rather remove physisorbed species and recover the original surface

symmetry and correlated anisotropic mobility in the terminating layers.

In the case of the LaAlO3/SrTiO3(110) interface the enhanced mobility

is anisotropic and is concluded to be a result of oxygen vacancies in the

SrTiO3 [92], in agreement with the results presented here. The Q2DEG

which forms at the LaAlO3/SrTiO3 interface is the result of both inter-

face effects (discussed below) and strontium titanate oxygen vacancies which

form during the growth of LaAlO3 [19]. Typically growth conditions for the

SrTiO3/LaAlO3 interface exceed 750◦C (approximately the temperature at

which the anisotropic conductance is observed in this work), above the onset

temperature for the formation of a significant number of oxygen vacancies
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[180]. This is typically mitigated by a sample cool down at higher oxygen

pressures (up to 200mbar), which was not possible in our system.

5.2.5 Conclusions & outlook

It has been illustrated that RAS measurements of SrTiO3(110) surfaces

are sensitive to the surface reconstructions and the formation of a Q2DEG

present in UHV annealed substrates. Different surface treatments alter the

surface order, indicated by different RAS spectra. Substrates directly an-

nealed in air result in a single domain (3× 1) seen after moderate subse-

quent UHV annealing, while substrates pre-etched in HCl:HNO3 mixed acid

already show a (3× 1) + (1× 4) mixed surface, likely related to preferential

Sr removal by the etching. Most surface termination related changes in the

RAS spectra occur in the UV above the SrTiO3 bandgap. The comparison

of the RAS spectra with the strain model indicates that small anisotropic

shifts in energy of the optical transitions, associated with anisotropic strain,

are responsible for the response in the UV.

The IR signal related to the electron gas is surface localised, with RAS

being even more sensitive to its formation than UPS. The IR signal is con-

cluded to be a combination of mid-gap states due to oxygen vacancies in

the surface region and a free-electron response. The sensitivity towards the

electron gas is encouraging for future work on SrTiO3/LaAlO3 interfaces, as

it can be employed in-situ during the growth of heterostructures to measure

the properties of the interface localised electron gas while it is formed. The

Q2DEG is reported to only form at some LaAlO3 critical thickness [88, 89].

However, electrical measurements are performed ex-situ and oxidation may

influence the interface properties especially at small LaAlO3 thickness, as

demonstrated by the exposure experiment depicted in figure 5.14. Addition-

ally, the termination of the SrTiO3 substrate strongly influences the elec-

tronic properties at the interface [94]. Several studies employ ex-situ pre-

treatment prior to heterostructure growth, to attain a desired termination.

However, the influence of the growth conditions on the substrate termination

does not appear to be considered. Many of the SrTiO3 terminations have
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been characterised in this work, and RAS provides a tool which can moni-

tor the termination prior to and during growth. LaAlO3 exhibits a bandgap

of ∼5 eV, compared to ∼3.3 eV of SrTiO3, and hence, the influence of the

LaAlO3 growth on the SrTiO3 substrate can be monitored, as contribution

to the RAS below ∼5 eV will likely be due to the SrTiO3 substrate. RAS has

the potential to provide insight into the dependence of the Q2DEG on the

LaAlO3 thickness, the SrTiO3 termination and the heterostructure growth

conditions and post-growth treatment.

5.3 Discussion

To the author’s knowledge this work represents the first in-situ RAS study

of oxide surface reconstructions. The investigation of the (110) surfaces of

polar, bulk isotropic Fe3O4 and SrTiO3 demonstrates that RAS is sensitive

to the influence the surface structure has on the underlying near-selvedge

bulk. Anisotropic strain gradients are suggested to be the root cause of the

RAS signals.

The ease at which preparation procedures can alter the stoichiometry of

metal oxide surface regions, and in the case of polar terminations the need

to compensate for their polarity, leads to metal oxides often exhibiting non-

stoichiometric and/or faceted reconstructions. Such reconstructions will alter

the underlying stoichiometric bulk most simply in the form of strain.

In the case of wide bandgap SrTiO3, RAS is extremely sensitive to the

formation of an anisotropic conductance in the IR. As with Fe3O4(110) and

UV-SrTiO3(110), the response owes its anisotropy to the influence of the

anisotropic surface termination.

Although the optical anisotropy of the {111}-nanofaceted row reconstruc-

tion of Fe3O4(110) is sensitive to the influence the reconstruction has on the

near-surface bulk, it provides insight into surface sensitive STM observations:

1D surface states are understood in terms of the 1D compressive and ten-

sile strain in the terminating layer (section 6.2.2) and the (1× 3) periodicity

opposed to larger unit cell size (which would increase the {111} coverage)

is understood as the balance between energetically favourable {111} cover-
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age and the associated strain energy (section 6.2.4). This work therefore

demonstrates the potential of combining surface sensitive techniques with

RAS measurements, which are sensitive to the influence the termination has

on the bulk-region in the vicinity of the selvedge.





Chapter 6

Fe3O4(110): {111}-Nanofaceted

Row Reconstruction

The samples studied in this chapter (the same crystals are those investigated

in section 5.1) were polished float zone grown single crystals with a measured

TV of 122± 1 K. Once the crystal was introduced to the UHV chamber, sev-

eral sputter/anneal cycles were performed. Annealing can lead to the dif-

fusion of contaminants to the surface [115, 130] and these contaminants are

removed by sputtering [113, 115]. A sputter/anneal cycle consists of sputter-

ing with argon cations (∼ 2× 10−5mbar) with an energy of 0.5 - 0.7 keV for

20 minutes and subsequent annealing in vacuum at ∼ 600 ◦C for 20 minutes.

It is noted that sputter/anneal cycles will give rise to an oxygen defi-

cient surface region as sputtering preferentially removes lighter oxygen atoms

[108, 138]. Annealing in an oxygen atmosphere can produce a magnetite-like

stoichiometry. As depicted in figure 3.1, the oxygen partial pressure and

temperature dictate which iron oxide phase is stable. An alternative method

of forming a magnetite-like surface stoichiometry is to expose the crystal to

atmospheric conditions and subsequently anneal the crystal in a UHV atmo-

sphere. Atmospheric conditions will lead to the formation of a surface layer

of maghemite [36], and annealing in UHV at temperatures between around

550 and 950 ◦C will cause the surface region to be converted to magnetite

[52].

99
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The following study was conducted between an XPS and STM chamber

and RAS measurements have been performed in the latter chamber. Two

crystals from the same batch have been used in this study; STM and XPS

measurements were performed on a small crystal while RAS measurements

were performed on a larger crystal, which provides a better reflection. In-

situ temperature measurements inherently exhibit errors as the heating and

temperature measurement mechanism in each chamber differs: in the XPS

chamber the temperature is estimated by a K-type thermocouple. While in

the STM chamber - in which heating in performed by a combination of resis-

tive and electron beam heating - the sample temperature is estimated by a

pyrometer (ε= 0.85 throughout). LEED, which both chambers are equipped

with, is used to qualitatively compare cleaning procedures. Throughout this

chapter, the STM tips used were [001] orientated tungsten which were elec-

trochemically etched in NaOH. The bias voltage is applied to the surface

with respect to the tip. STM experiments were conducted at 78 K.

Recently, Parkinson et al. [143] concluded that the (1× 3) row reconstruc-

tion was a result of periodic nanofaceting which exposed {111}-like planes.

STM line profiles demonstrated a maximum height difference between the

ridge and trough of 4 Å. And hence, the ridge-to-trough depth is at least

4 Å. True height differences of the reconstruction are practically impossible

to probe with STM: an STM tip typically has a radius of curvature of tens

of nanometers, and therefore the tunneling current when the tip is above the

trough will be the sum of contributions from the trough and other segments

of the reconstruction. Therefore, STM will underestimate the depth. Nev-

ertheless, line profiles perpendicular to the row direction will shows a height

difference between the ridge and trough of several Ångström.

This reconstruction has the potential to provide a template for the growth

of 1D nanostructures. The understanding of its structural and electronic

properties is paramount to explore this potential.
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6.1 Annealing environment

In this section the influence of different annealing environments is explored.

As was discussed in the previous paragraph, sputter/anneal cycles were per-

formed to remove bulk contaminants. In chapter 7 the influence of sputtering

prior to annealing is investigated. To avoid the possibility that sputtering in-

fluences the surface structure in this chapter, the crystal was always exposed

to atmospheric conditions prior to annealing in the UHV chamber.

Annealing (110) terminated single crystalline and thin film magnetite

in UHV [137–139, 141, 143] and oxygen [143] environments results in the

formation of a (1× 3) row reconstructed surface. The row reconstruction has

been reported to be formed by annealing in UHV at temperatures ranging

from 600 ◦C [143] and 930 ◦C [138].

XPS measurements performed by Parkinson et al. revealed that annealing

at 630 ◦C in UHV and oxygen environments (5x10−7 mbar) produces a surface

region with a magnetite-like Fe2+/Fe2+ ratio∗. However, the surface with the

best degree of order, which exhibits rows running for hundreds of nanometers

without breaking, was prepared by annealing at 800 ◦C in UHV. On the basis

of the aforementioned XPS and minor differences in LEED, it was commented

that the oxygen and UHV annealed crystals likely exhibit different surface

structures.

6.1.1 X-ray photoelectron spectroscopy

The Fe3O4(110) single crystal has been annealed in UHV and oxygen

(3× 10−6 mbar) atmospheres for 1.5 h at 800 ◦C and the corresponding XPS

spectra and LEED images are depicted in figure 6.1.

By comparing the LEED images obtained in the XPS and STM chamber,

the latter being calibrated†, the reciprocal space unit cell can be overlayed

atop the LEED images. The green rectangle in figure 6.1 corresponds to the

Fe3O4(110) reciprocal space unit cell, whose lengths are proportional to 1
8.4

and 1
6
, respectively (see figure 4.2).

∗This is the authors interpretation of the Fe 2p lineshape
†The LEED is calibrated by an Ag(111) surface confirmed by STM.
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The greater intensity of even order rows (including zero order) is the

result of the linear combination of periodicities of the unit cell length and

half the unit cell length. For the [1̄10] direction this corresponds to 6 and

3 Å. Note that oxygen atoms on both planes of (110) terminated magnetite

are separated by 3 Å along the [1̄10] direction (see figure 4.2).

Along the [001] surface direction of the UHV annealed crystal, three spots

are identified within the unit cell length, indicative of the (1× 3) row recon-

struction. There are no defined spots along the [001] direction of the oxygen

annealed crystal. The oxygen annealed surface is rougher and/or less ordered.

This indicates that of the preparation procedures considered here only the

vacuum anneal sees the formation of a well ordered {111}-nanofaceted row

reconstruction.

The iron 2p3/2 and 2p1/2 peak positions of Fe3O4 are located at binding

energies of 710.5 eV and 723 eV , respectively [181, 182]. The Fe 2p3/2 peak

is the sum of Fe2+ and Fe3+ components whose peaks reside at 708.5 eV

(blue dashed line in figure 6.1) and 710.5 eV (red dashed line in figure 6.1),

respectively [181–183]. Fe3O4 has a Fe3+/Fe2+ ratio of 2, hence the Fe 2p3/2

peak is positioned at the Fe3+ component and a shoulder resides at the Fe2+

component [182].

As the Fe2+ content is reduced the Fe 2p1/2 peak shifts to higher binding

energies, with the peak residing at 724 eV for γ - Fe2O3 (maghemite) which

contains zero Fe2+ ions [181]. Fe1−xO (wüstite) exhibits a Fe 2p3/2 satel-

lite peak at ∼ 716 eV and its 2p3/2 peak is shifted to lower binding energies

(709.5 eV) [182]. These features are attributed to the increased Fe2+ content

of Fe1−xO.

The spectra of the UHV and oxygen annealed surface regions correspond

to raw counts without any modification. The Fe/O ratios have been calcu-

lated by integrating the O 1s and Fe 2p3/2 peaks. The two peaks were fitted

with three components each. This yielded a Fe/O ratio of 0.73 for the oxygen

annealed crystal (red spectra in figure 6.1), which is within the systematic

error of stoichiometric Fe3O4. This is satisfactory as the line shape with

peaks at 723.5 eV and 710.5 eV, a small shoulder at 708.5 eV and the absence

of satellite peaks is indicative of stoichiometric magnetite [181, 182]. This is
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Figure 6.1: Red and black curves represent the oxygen (3x10−6 mbar) and
UHV annealed crystal at a temperature of 800 ◦C for 1.5 h. The blue curve
represents the difference spectra, corresponding to black minus red. The Fe
2p3/2 peak consists of Fe3+ and Fe2+ components whose energies are rep-
resented by the red and blue dotted vertical lines, respectively. The Fe/O
ratios of the UHV and oxygen annealed surface regions are determined to
be 0.79 and 0.73, respectively. These ratios are calculated by integrating
the area under the Fe 2p and O 1s line-shapes. It is clear from the peak
at 709.5 eV in the difference spectra that the UHV annealed surface region
has a larger Fe2+/Fe3+ ratio. LEED images, obtained at 100 eV, indicate
the vacuum annealed crystal exhibits an ordered (1× 3) row reconstruction
while the oxygen annealed surface exhibits a row reconstruction but with a
weak degree of ordering.
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extremely similar to the lineshape presented by Parkinson et al. [143], who

annealed a single crystal at 630 ◦C in an molecular oxygen partial pressure

of 5× 10−7 mbar.

The Fe/O ratio of the UHV annealed crystal (black spectra in figure 6.1) is

calculated to be 0.79. What is important to note is the change relative to the

stoichiometric line-shape and Fe/O ratio, and not the absolute magnitude.

The Fe core-level spectra exhibit three differences (highlighted by the blue

difference line in figure 6.1) compared to the oxygen annealed surface region:

1. The shoulder at 708.5 eV (blue dash vertical line) is considerably larger.

2. In the range of 716 eV a small satellite peak is present.

3. The 2p1/2 peak is shifted to a lower binding energy.

(1) and (2) can be attributed to a higher Fe2+ content: the largest peak

in the difference is clearly positioned at the Fe2+ contribution to the 2p3/2

peak. Secondly, the difference at ∼ 716 eV is positioned at the satellite peak

position observed in Fe1−xO which is Fe2+ dominant [182]. (3) can be un-

derstood by considering the γ - Fe2O3 and Fe3O4 2p1/2 peak positions: as

γ - Fe2O3 is reduced to Fe3O4 the peak shifts to lower binding energies [181].

The Fe2+/Fe3+ ratio for γ - Fe2O3 and Fe3O4 are zero and 1/2, respectively.

Therefore, the shift of the 2p3/2 peak to lower binding energies is indicative

of a shift to a higher Fe2+/Fe3+ ratio.

The question arises as to the mechanism behind the increased Fe/O and

Fe2+/Fe3+ ratios for the UHV annealed surface region relative to the stoichio-

metric oxygen annealed surface region. Clearly, the Fe/O ratio can increase

due to oxygen deficiencies, increased iron content or a combination of both.

The bulk defect chemistry is iron defect and interstitial dominant, the oxygen

FFC sublattice remains largely intact [143]. The oxygen partial pressure and

temperature dictates whether defects or interstitials are dominant [184]. A

magnetite reconstruction which contains interstitial iron has been reported

[99]: the (
√

2×
√

2)R45 ◦ reconstruction of (001) terminated magnetite is

stabilised by a combination of sub-surface Feoct vacancies and interstitial

sub-surface Fetet cations [99]. XPS measurements of that termination do not
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show a significant relative increase in Fe2+, like that which is seen with the

reconstruction discussed here. A termination composed entirely of iron is not

expected to be stable at high temperatures as iron is reported to diffuse into

the bulk at 227 ◦C, although the diffusion dynamics depend on the surface

region stoichiometry [109].

Considering the faceted nature of this reconstruction, we must consider

the possibility of defects on the {111} and {110} sections. Starting with

Fe3O4(111): the reported terminations include the regular termination (Fetet),

a Feoct termination which coexists with the regular termination in reduc-

ing conditions, a bi-phase (Fe3O4 & Fe1−xO-like) termination which forms

under very reducing conditions and a Fe1−xO-like termination which forms

when the bi-phase termination is further reduced. The the best of the au-

thors knowledge, XPS measurements (see figure 6.2, taken from Paul et al.

[101]) have only been performed on the regular and Fe1−xO-like termina-

tions. The regular termination exhibits a Fe 2p lineshape comparable to the

stoichiometric-like oxygen annealed crystal depicted in figure 6.1( ). While

the Fe1−xO-like termination (termed ”superstructure 3” by Paul et al. [101]

in figure 6.2) shows a strong satellite at ∼716 eV indicative of increase in

Fe2+ contribution, a drop in intensity at ∼718 eV indicative of decrease in

the Fe3+ contribution and a shift of the Fe 2p 3/2 & 1/2 peaks to lower ener-

gies. These features are all in line with a Fe1−xO-like selvedge. These features

are comparable to that of the UHV annealed crystal in figure 6.1( ). How-

ever, the changes relative to the stoichiometric lineshape are not as dramatic

in the work presented here. For example, there is no decrease in the counts

at ∼718 eV and no shift in the Fe 2p 3/2 peak. Furthermore, the Fe3O4(111)

Fe1−xO-like termination forms under extremely reducing conditions, such as

several sputter anneal cycles without an oxygen anneal [101]. These condi-

tions are not comparable to the preparation procedure (800 ◦C UHV anneal

performed after a 800 ◦C oxygen anneal) which generated the lineshape seen

in figure 6.1( ). Evidently reduction of the {111} facets can contribute

towards the increased Fe/O and Fe2+/Fe3+ ratios. A Fe1−xO-like {111} ter-

mination is ruled out on the basis of the XPS lineshape and the preparation

procedure. However, other reduced terminations are candidates. The lack
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Figure 6.2: XPS measurements of the Fe1−xO-like termination of Fe3O4(111)
taken from [101]. Superstructure 3 corresponds to the Fe1−xO-like termina-
tion. The modification of the Fe 2p spectra, relative to the stoichiometric-like
regular termination, is correlated to the Fe1−xO-like nature of this termina-
tion.

of XPS measurements of the Feoct and bi-phase terminations, likely related

to the difficultly to isolate these terminations, means relating the XPS mea-

surements presented here to a particular {111} termination is not possible.

Turning to Fe3O4(110). As was previously mentioned defects to the oxy-

gen FFC lattice are unlikely. If the near-surface region is oxygen deficient

- for example after sputtering which preferentially removes lighter oxygen

atoms - annealing (UHV or oxygen environment) can lead to oxygen diffu-

sion towards the surface region and the retention of the oxygen sublattice

[132]. The bulk defect chemistry will not necessarily dictate the surface de-

fect chemistry. DFT calculations predict that oxygen vacancies represent

the most energetically stable surface vacancy for (110) terminated magnetite
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[185]. The Fe3O4(110) surface reconstruction discussed in chapter 7 is inter-

preted to contain surface oxygen vacancies. Furthermore, DFT calculations

depicted in figure 7.7 illustrate that the oxygen surface vacancies give rise to

an increased Fe2+ character. Therefore, {110} oxygen surface vacancies can

contribute towards the increased Fe/O and Fe2+/Fe3+ ratios.

In summary, the {111}-nanofaceted row reconstruction exhibits increased

Fe2+/Fe3+ and Fe/O ratios which are likely due to some combination of sub-

surface iron defects, {110} oxygen surface vacancies and a reduced {111}
termination. Due to the greater coverage of {111} coverage relative to the

{110} coverage, if the {111} termination is reduced, it will likely be the

greatest contribution towards XPS spectra.

6.1.2 Scanning tunneling microscopy

STM images of the Fe3O4(110) {111}-nanofaceted row reconstruction are de-

picted in figures 6.3 and 6.4. The reconstruction is characterised by rows,

which run in the [1̄10] direction. The large scale STM image depicted in

figure 6.3(a) demonstrates that the surface exhibits a terrace-like structure.

Rows can run for hundreds of nanometers without breaking, as seen in fig-

ure 6.3(b), where a small percentage of the rows run the entire length of the

500 nm image.

Along the [001] direction the row frequently shift vertically up or down.

The height difference is always observed to be a multiple of 3 Å (see the line

profile in figure 6.4(c)), which corresponds to the difference between like-like

(110) planes, i.e. A to A-plane or B to B-plane. The row periodicity along

the [001] direction is equal to ∼25 Å (see the line profile in figure 6.4(c)).

This periodicity corresponds to three times the unit cell parameter of 8.40 Å.

The STM image in figure 6.4 also illustrates examples of missing rows, which

are examined in detail in section 6.2.4.

The STM line profile displayed in figure 6.4(c), which is perpendicular to

the row direction, shows deep (up to 3 Å) troughs between each row. This

is very similar to that observed by Parkinson et al. [143], and is due to the
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Figure 6.3: {111}-nanofaceted row reconstruction prepared by two 10 s UHV
flash anneals at 900 ◦C. (a) 1.6µm× 1.6µm STM image which demonstrates
the terrace-like structure. (b) 500 nm× 500 nm STM image in which rows
run, in some cases, the entire length of the image.

presence of {111}-nanofacets which slope up and down relative to the rows

ridges.

The reconstruction can be formed in-situ by annealing in UHV or oxygen

atmospheres. The STM images in figures 6.3 and 6.4 correspond to a crystal

which was prepared by two 10 s UHV flash anneals at 900 ◦C. Alternatively,

the reconstruction has been prepared by annealing for 5 minutes at a tem-

perature of 850 ◦C in an molecular oxygen partial pressure of 1× 10−6 mbar.

Figure 6.5 depicts the corresponding LEED and STM measurements. It is

important to note that the crystals history is pivotal to the surface structure.

For example, if the crystal is introduced to the chamber, outgassed and then

immediately flashed, the {111}-nanofaceted row reconstruction will not be

formed. There will be a tendency for rows in LEED and STM, but STM

images show large corrugations and disordered areas. It is well known that

a maghemite surface region forms in ambient conditions [166]. This oxide

must be removed by annealing. In a UHV environment, at temperatures

ranging from approximately 550 to 950 ◦C, magnetite is the stable iron ox-
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Figure 6.4: {111}-nanofaceted row reconstruction prepared by two 10 s UHV
flash anneals at 900 ◦C. (a) 130 nm× 130 nm STM image (b) LEED image
obtained at 80 eV (c) Line profile corresponding to the green line segment in
the adjacent STM image. Rows are separated by ∼25 Å which corresponds
to three times the unit cell parameter of 8.40 Å. Vertically, the rows ridges
are separated by 3 Å, which corresponds to the difference between like-like
(110) planes, i.e. A to A-plane or B to B-plane.

ide [52]. Hence, maghemite is removed by annealing in the aforementioned

temperature range. High-temperature flash anneals alone will not convert

the surface region to magnetite-like stoichiometry. Turning to the {111}-
nanofaceted row reconstruction formed by the oxygen anneal, the crystal was

UHV flashed annealed several times, and therefore likely heavily reduced (see

figures 6.1 and 6.6), prior to the oxygen anneal. Evidently the faceted row

reconstruction is stable at some stoichiometry or across some stoichiometry

range and the formation of the reconstruction can be achieved by different

preparation procedures, with the state of the surface prior to such procedures

being pivotal.
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Figure 6.5: Row reconstruction prepared by annealing for 5 minutes at a tem-
perature of 850 ◦C in an molecular oxygen partial pressure of 1× 10−6 mbar.
(a) LEED image obtained at an electron energy of 80 eV. (b) 500 nm× 500 nm
STM image. (c) 130 nm× 130 nm STM image. (d) Line profile correspond-
ing to the green line segment in (c), the ∼ 25 Å row periodicity and the deep
trenches between rows are indicative of the {111}-nanofaceted row recon-
struction.

Attention is now turned to the influence that slightly changing the prepa-

ration procedure has on the surface structure. This serves to highlight the

sensitivity of the surface structure on the preparation procedure. Firstly the

influence of multiple high temperature UHV flash anneals is discussed and

secondly the influence of oxygen partial pressure is discussed.

While flash annealing in vacuum at 900 ◦C produces an ordered {111}-
nanofaceted row reconstruction, additional flashes can change the surface

structure. In figures 6.6(b) and (c) STM images are presented of the surface

structure after a total of five 10 s UHV flashes at 900 ◦C. The large scale

STM image (figure 6.6(b)) shows that the terrace size can be considerable

larger (see figure 6.3(b) for comparison). Furthermore, figure 6.6(c) demon-

strates that two row structures co-exist. The thicker rows correspond to the

{111}-nanofaceted row reconstruction, this is determined by the left half of

line profile in figure 6.6(d) which show deep trenches indicative of {111}-
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Figure 6.6: Row reconstruction prepared by five 10 s flash anneals at 900 ◦C.
(a) LEED image obtained at an electron energy of 80 eV (b) 450 nm× 450 nm
STM image. The terrace width, like that in the middle of the image, can be
considerably large. (c) 75 nm× 75 nm STM image. Two row reconstructions
co-exist. (d) Line profile corresponding the green line segment in (c). Both
row structure have a periodicity of ∼ 25 Å. The left hand side of the line
profile which exhibits deep trenches is indicative of the {111}-nanofaceted
row reconstruction (see figure 6.4), while the right hand side exhibits a flatter
structure not associated with nanofacets.

nanofacets. The rows of the second structure appear narrower in STM and

the line profile (right half of figure 6.6(d)) indicates it is a far flatter struc-

ture and therefore not faceted. This structure has only been observed after

multiple high temperature flash anneals. Upon scanning several areas, this

different row reconstruction have been regularly observed.

Although multiple flashes gives rise to the coexistence of two row struc-

tures LEED images do not change compared to the surface which exhibits

a single domain faceted row reconstruction (see figures 6.4(b) and 6.6(a) for

comparison). Each of the row structures in figure 6.6(c) exhibits a 25 Å peri-

odicity, and hence, LEED reflects the row periodicity but does not distinguish

between different (1× 3) row structures.
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The different row structures can be understood by considering XPS mea-

surements in figure 6.1: annealing in UHV at 800 ◦C produces the {111}-
nanofaceted row reconstruction which is reduced (Fe/O = 0.79). Multiple

UHV flashes at 900 ◦C which are detrimental to the surface structure likely

produce a highly reduced surface which may exhibit Fe1−xO - like stoichiom-

etry. STS measurements could provide further evidence of the inequivalence

of these two row structures and the possibility of a Fe1−xO - like structure.

The influence of the molecular oxygen partial pressure on the surface

structure has been examined. Figure 6.7 displays STM images of the surface

prepared by annealing for 5 minutes at a temperature of 850 ◦C in an molec-

ular oxygen partial pressure of 5× 10−6 mbar. LEED images (figure 6.7(a))

are indicative of a row reconstruction. However, defined spots which indi-

cate the row periodicity are not present. The preparation procedure and

more importantly the LEED images are similar to that of the XPS mea-

Figure 6.7: Row reconstruction prepared by annealing for 5 minutes at a tem-
perature of 850 ◦C in an molecular oxygen partial pressure of 5× 10−6 mbar.
(a) LEED image obtained at an electron energy of 80 eV. (b) 470 nm× 470 nm
STM image. (c) 95 nm× 95 nm STM image. (d) Line profile corresponding
to the green line in (c), the right half with a row periodicity of ∼ 25 Å and
deep trenches between rows is indicative of the {111}-nanofaceted (1× 3)
row reconstruction. However, the left half exhibits no periodicity.
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surements (3× 10−6 mbar, 800 ◦C) which produced a stoichiometric surface

region. Therefore, the surface region depicted in figure 6.7 is likely close

to stoichiometric magnetite. STM measurements show a row reconstructed

surface, however the structure differs from the {111}-nanofaceted row recon-

struction depicted in figures 6.3 and 6.5, for example. This is best demon-

strated by the line profile in figure 6.7(d). The right half of the line profile

exhibits the routinely observed periodicity of ∼ 25 Å, however the left half

displays no periodicity. Clearly this observation, along with the increased

roughness of the surface, will contribute to reduced order observed by LEED.

Portions of this surface may exhibit the {111}-nanofaceted row reconstruc-

tion. However, the reconstruction does not appear to be dominant.

The preparation procedures which results in the reduced and stoichiomet-

ric surface structure seen in figures 6.5 and 6.7 only differ in oxygen partial

pressure. However, the partial pressure will not necessarily be the only factor:

the stoichiometry and correlated surface structure will likely depend on the

oxygen anneal temperature, time and partial pressure as well as the samples

history.

6.1.3 Scanning tunneling spectroscopy

STS measurements have been performed in order to determine the {111}-
nanofaceted row reconstruction electronic properties. The tip is held at a

constant height which is determined by the chosen CCM scanning parame-

ters (tunneling current and bias current). The bias voltage is swept across

some range and the tunneling current as a function of the bias is recorded. At

each individual point the spectra is averaged over 10-15 individual current-

voltage (I(V)) curves and the measurements have been performed on a grid.

Analysing the I(V) characteristics across many points removes the possibility

of assigning electronic properties associated with absorbents or point defects

to those of the reconstruction. At each I(V) measurement point, a con-

stant current topography value is obtained. Therefore, a constant current

STM image with the same resolution as the spectroscopy grid is acquired

in-parallel.



114 Chapter 6. (1×3) row-reconstruction

Grid spectroscopy measurements on two surfaces have been performed:

the UHV annealed crystal which was prepared by two 10 s flash anneals at

900 ◦C and the oxygen annealed crystal which was prepared at 850 ◦C for

5 minutes in a molecular oxygen partial pressure of 1× 10−6 mbar. Each

of these surfaces exhibit the {111}-nanofaceted row reconstruction. In fact,

STM and LEED do not reveal any differences between the two surface struc-

tures. Figure 6.8 depicts the two grid spectroscopy measurements. The as-

sociated STM images of the reconstruction prepared in UHV (figure 6.8(a))

and oxygen (figure 6.8(b)) are indicative of the {111}-nanofaceted row re-

construction. In both cases the tip height prior to sweeping the voltage was

1.6 V and 50 pA. Large bias voltages and low tunneling currents increase the

tip-surface distance. As a result the tunneling current does not reach high

values at the boundaries of the bias sweep and therefore the likelihood of

damaging or changing the tip structure is reduced. Figure 6.8(c) and (d)

depict the I(V)-curves and dI(V)/dV curves of the {111}-nanofaceted row

reconstruction prepared in oxygen ( ) and UHV ( ) environments. The

numerical derivative of the I(V)-curves gives the dI(V)/dV curves. The ridge

and trough segments of the row reconstruction exhibit different I(V) charac-

teristics and this is detailed in depth in section 6.2.2. Therefore, the spectra

are averaged over 100 individual points on the ridge of the reconstruction.

There is a clear inequivalence between the reconstruction prepared in UHV

and oxygen environments with the UHV and oxygen annealed prepared re-

constructions exhibiting semiconducting gaps of ∼ 1.00 eV and ∼ 1.50 eV,

respectively.

Fe3O4 semiconducting surfaces are reported throughout the literature

[109, 138, 141]. Novotny et al. performed DFT calculations of Fe3O4(001)

terminations with increasing Fe/O surfaces ratios. The Fe/O ratios ranged

from stoichiometric (bulk-truncated plane) to FeO - like. Each of the ter-

minating layers were semiconducting. However, the sub-surface layers were

conducting. The Fe-dimer termination of Fe3O4(001) is predicted by DFT

calculations to be semiconducting and display an increased Fe2+/Fe3+ sur-

face ratio and XPS measurements reveal increased Fe/O and Fe2+/Fe3+ ratios

[109]. The {111}-nanofaceted row reconstruction examined in this work dis-
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Figure 6.8: Grid spectroscopy measurements of the {111}-nanofaceted row
reconstruction prepared in UHV ( ) and oxygen ( ) environments. (a) &
(b) STM images obtained in-parallel as the grid spectroscopy measurement
is on-going. (c) and (d) I(V)-curves and dI(V)/dV curves of the {111}-
nanofaceted row reconstruction prepared in oxygen ( ) and UHV ( ) en-
vironments. The spectra are averaged over 100 individual points on the ridge
of the reconstruction. There is a clear inequivalence between the reconstruc-
tion prepared in UHV and oxygen environments.

plays similarities: increased Fe/O and Fe2+/Fe3+ ratios and a semiconducting

surface.

XPS measurements depicted in figure 6.1 illustrate that the Fe/O ratio

can significantly vary when annealing in UHV or oxygen atmospheres. The
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{111}-nanofaceted row reconstruction prepared in different atmospheres are

suggested to have different Fe/O ratios which results in different electronic

properties.

6.1.4 Reflectance anisotropy spectroscopy

RAS measurements have been performed on the {111}-nanofaceted row re-

construction prepared in UHV and oxygen atmospheres. These measure-

ments were performed on a larger single crystal. The surface preparation

was identical to that which produced the surface structure seen in figures 6.4

and 6.5. As mentioned earlier the history of the sample will play an impor-

tant role in the surface structure and stoichiometry. However, this section

serves to highlight that RAS is sensitive to the different surface stoichiometry

that can be induced by preparation procedure and history. Figure 6.9 de-

picts the RAS spectra of the two surfaces. Inset are the LEED images of each

surface. Clearly the UHV flashed annealed crystal exhibits a better degree

of order. Nevertheless, the LEED images display similar features which are

associated with the {111}-nanofaceted row reconstruction. The two spectra

are very similar, both exhibit a derivative-like feature below 2.1 eV and a

broad feature at higher energies. The magnitude of these features is larger

for the oxygen annealed crystal. The comparison of the two spectra is best

visualised by the difference spectra (blue dashed line in figure 6.9) which is

offset for clarity. The difference spectra is extremely similar to its compo-

nents and this indicates that the mechanism at play which gives rise to this

RAS signal is the same for the UHV and oxygen annealed surfaces.

In section 5.1.3, the origin of the presented RAS signal is examined

in detail: the anisotropic optical response at low energies originates from

small anisotropic shifts in energy of the optical transitions associated with

anisotropic strain in the surface region. It is suggested that the different

magnitudes of the minima/maxima feature below 2 eV of the oxygen and

UHV annealed {111}-nanofaceted row reconstruction is related to different

degree of strain in the terminating layers.



6.1. Annealing environment 117

Figure 6.9: RAS spectra of a UHV flash annealed and oxygen annealed crys-
tal. Inset are LEED images of each surface at an electron energy of 100 eV.
Clearly the oxygen annealed crystal does not have an excellent degree of or-
der. Nevertheless, both LEED images are indicative of the {111}-nanofaceted
row reconstruction. The difference spectra, which is offset for clarity, is very
similar to its components indicating the mechanism which generates the op-
tical anisotropy for each surface is the same. However, the difference in
magnitude of the prominent features highlights that the two structures are
non-equivalent, likely related to different stoichiometry.

As is the case with the STS measurements, the non-equivalence of the

RAS spectra is interpreted to be a result of differing stoichiometry in the

surface region indicated by XPS measurements. Altering the surface regions

stoichiometry can in turn alter the strain in the surface region and the asso-

ciated RAS signal.
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6.2 Atomic and electronic structure

Recently, the (1×3) row reconstruction of (110) terminated magnetite has

been concluded to consist of periodic nanofacets which expose {111}-type

planes [143]. However, the atomic and electronic structure remains an open

question. In this section high-resolution STM images are presented, and the

atomic structure of the reconstruction is discussed. Furthermore, STS mea-

surements revealing 1D states and irregularities in the form of contaminants,

missing rows and atomic steps are discussed.

6.2.1 High resolution scanning tunneling microscopy

images

Figure 6.10 displays high-resolution STM images of the {111}-nanofaceted

row reconstruction. The images corresponds to the surface which was pre-

pared by two 10 s UHV flash anneals at 900 ◦C.

High-resolution STM images of (110) terminated magnetite are scarce in

the literature. Parkinson commented on the difficulty in obtaining atomic

resolution of the {111}-nanofaceted row reconstruction [143]. The difficulty

is likely related to the geometry of the reconstruction. It is well known that

scanning across the ridge of a row-like structure can give rise to an unstable

tip. Indeed, this was the case during STM experiments. Consequently, the

fast scan direction was always set perpendicular to the direction in which the

rows’ ridges run, corresponding to the [001] direction as seen in figure 6.10(a).

As a result, the tip is constantly moving up and down to follow the corrugated

nature of the reconstruction. This corrugation, which is 3 - 4 Å (compared to

the atomic corrugation on the ridges of ∼ 30 pm) adds an additional level of

difficulty to obtaining atomic resolution on the ridges. It is noted that ob-

taining atomic resolution on the atomically flat Fe3O4(110) surface structure

presented in section 7, whose atomic features exhibit a similar corrugation,

was a considerably easier task.

Figure 6.10(c) displays a zoom of a ridge of the {111}-nanofaceted row

reconstruction. Due to the small height of the atomic features relative to the
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Figure 6.10: (a) (30× 30) nm2 STM image of the {111}-nanofaceted row re-
construction, V = 1.20 V and I = 58 pA. (b) Line profile corresponding to the
green line segment in (a). (c) Zoom of the ridge, V = 1.20 V and I = 13 pA. (d)
and (e) depict the A- and B-planes of (110) terminated magnetite. Assigning
the features in STM images as iron atoms, the rows’ ridges are tentatively
suggested to be B-plane terminated.

row corrugation, the best way to visualise the atomic features is via a zoom of

a ridge. The ridge is characterised by two rows which are separated by 5.5 Å

along the [001] direction. Along the [1̄10] direction features are also often

separated by 6 Å. However, sometimes the separation is larger, or smaller,

by ∼1 Å. 6 Å corresponds to the surface unit cell parameter along the [1̄10]

direction. The features in each row are shifted relative to each other by 3 Å

in the [1̄10] direction. Furthermore, one of the rows is observed to be brighter

than the other.

Features in CCM STM images of magnetite surfaces are assigned to iron

atoms. The Feoct 3d level sits at the Fermi level [61, 64] and the oxygen 2p

level sits several eV below the Fermi level [61]. Features in simulated (Tersoff-

Hamann scheme) STM images, included those in this work (see figure 7.6),

are positioned above iron atoms [99]. In agreement with [143], the vertical

distance between ridges when steps are present is always a multiple of 3 Å

(figure 6.10(b)), which corresponds to the distance between like (110) planes,
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e.g. A- to A-plane or B- to B-plane. Therefore, the (110) termination is either

an A- or B-plane terminated, not a mixture of both.

The question arises as to which (110) plane terminates this reconstruc-

tion, and furthermore, is the terminating plane bulk-truncated or otherwise.

Figure 6.10(d) and (e) depict the A- and B-planes of (110) terminated mag-

netite. Considering the iron atoms, the features of the ridge show a greater

comparison to the B-plane. The only difference being that the Feoct atoms

of the B-plane are separated by 4.2 Å along the [001] direction, as opposed

to 5.5 Å separation in STM images.

The features of the ridge show striking similarities to the reconstruction

presented in section 7 which is determined to be B-plane terminated and

contains oxygen surface vacancies. For comparison please see figures 7.2

and 6.10(c). Another similarity is that XPS and DFT predict increased Fe/O

and Fe2+/Fe3+ ratios for the reconstruction presented here and in section 7,

respectively.

Drawing conclusions about surface reconstruction based on STM images

alone is unpractical. The analysis provided here indicates that a B-plane ter-

mination is more likely than an A-plane termination. Although reconstruc-

tions are expected due to the polar nature of Fe3O4(110). DFT calculations

and the subsequent simulation of both STM images and RAS spectra are

planned. These calculations combined with experimental STM, RAS and

XPS measurements can provide quantitative insight into the atomic struc-

ture of the {111}-nanofaceted row reconstruction. LEED-IV measurements,

and their comparison to theoretically calculated curves for different mod-

els, can also provide quantitative insight into the atomic structure of this

reconstruction.

6.2.2 One-dimensional electronic states

STS measurements in section 6.1.3 demonstrate that the surface is semicon-

ducting. Here, I(V) measurements indicate that the electronic properties of

the {111}-nanofaceted row reconstruction differ across the unit cell of the

reconstruction. The I(V)-curves depicted in figure 6.11(c) and the numeri-
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cally differentiated I(V)-curves in figure 6.11(d) were obtained at the ridge

and trough of the row structure.

The nonequivalence of the ridge and trough of the row reconstruction is

best visualised by I(V)-line spectroscopy measurements. 50 individual I(V)

measurements have been performed along a line segment. At each point

the spectra is average over 15 individual I(V)-curves. As the tip is moved

across the line, the tip height is stabilised by the CCM scanning parameters.

The voltage has been swept between + 2 V and - 2 V. The spectroscopy line

corresponds to the black line segment in figure 6.11(a). Below this STM

image, figure 6.11(b) depicts the tunneling current value at each spectroscopy

point on the line at a sweep voltage value of 1 V. Brighter corresponds to a

higher tunneling current value.

Figure 6.11: (a) STM image of the {111}-nanofaceted row reconstruction.
The black and orange I(V)- and dI(V)/dV-curves in (c) and (d) correspond
to the black and oranges crosses in (a). I(V)-line spectroscopy measurements
have been performed along the black line segment in (a). (b) illustrates the
tunneling current value at a sweep bias value of + 1 V (marked by the vertical
dashed black line in (c)) for each I(V)-curve. (a) and (b) are aligned, that is
to say, the current value in (b) corresponds to the I(V)-curve at the position
directly above it on the black line in (a). Evidently, the electronic structure
of the ridge and trough are non-equivalent.
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Comparing figures 6.11(a) and 6.11(b), it is clear that the ridge and

trough segments of the row reconstruction are electronically inequivalent.

This is understood in terms of the RAS study of this reconstruction pre-

sented in section 5.1.3: the anisotropic optical response is interpreted to

result from the modification of bulk-like states induced by a strained sur-

face region. Furthermore, DFT calculations demonstrate that the ridge and

trough of the reconstruction exhibits compressive and tensile strain, respec-

tively (see figure 5.6). Such strain can render these sections of the unit cell

non-equivalent, as is observed in STS measurements, and therefore give rise

to 1D states.

An additionally mechanism which may contribute towards the electronic

inequivalence is the presence of the {111}-nanofacets. When the trough is

probed the nanofacets simultaneously probed due to the finite width of the

STM tip. The {111}-nanofacets could very well differ electronically from the

{110}-ridges. Nevertheless these measurements demonstrate the existence

1D electronic states and demonstrate that this reconstruction may provide a

useful template for the growth of 1D nanostructures.

6.2.3 Contaminants and atomic structure defects

Along the ridges cluster-like features are frequently observed. Several can

be seen in figure 6.12(a). These clusters, which are imaged as protrusions in

STM, are several nanometers in diameter. They are imaged as one entity with

no internal structure and are observed whether this reconstruction is prepared

in oxygen or UHV environments. Figure 6.12(a) provides a good example

of their frequency of occurrence. For single crystal magnetite, contaminants

in the form of magnesium, potassium and calcium are regularly reported

[113, 138, 186]. Furthermore, hydrogen and carbon regularly contribute to

contaminants in UHV surface science. XPS measurements of the {111}-
nanofaceted row reconstruction do not detect any observable trace of the

aforementioned elements. Therefore, it is suggested that these clusters are

formed from iron or iron oxide. XPS measurements did not provide any

evidence towards the presence of such contaminants.



6.2. Atomic and electronic structure 123

Figure 6.12: (a) (13× 13) nm2 STM image. The blue ovals highlight exam-
ples of the occurrence of cluster-like features which are routinely observed
on the ridges of the reconstruction. (b) (13× 86) Å2 high resolution STM
image of the ridge of the {111}-nanofaceted row reconstruction, V = 1.20 V
and I = 16 pA. It can be seen that the distance between features along the
[1̄10] direction is not absolutely constant. This is emphasised by the line
profile in (c), which corresponds to the green line segment in (b).

Figure 6.12(b) depicts a high-resolution STM image of the ridge of the

{111}-nanofaceted row reconstruction. The atomic structure of the ridge

is somewhat weakly ordered, in the sense that the atomic separation along

the [1̄10] direction is not constant. This is illustrated by the line profile

(figure 6.12(c)) where the distance between features varies from 5 to 7 Å.
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6.2.4 Missing rows and atomic steps

Irregularities in the form of missing rows and atomic steps are frequently

observed. Each of these break the ∼ 25 Å periodicity. However, the geometry

of these features is not random. Examples of missing rows and atomic steps

are depicted in figures 6.13 and 6.15. In this section it is demonstrated that

the geometry of these irregularities can be understood by considering that the

{111}-nanofacet coverage, at the atomic steps or missing rows, is maximised.

In the presence of missing rows ridge-to-ridge separations of∼ 34 Å,∼ 42 Å

and ∼ 50 Å have been observed. These distances correspond to 4, 5 and 6

times the (110) unit cell parameter of 8.4 Å, respectively. When these fea-

tures are present the separation of the rows is always observed to be an

integer multiple of 8.4 Å. The vertical ridge-to-trough depth increases with

Figure 6.13: (a) and (b): 60 nm× 60 nm STM images. (c) and (d): line
profiles corresponding to green line segment in (a) and (b). In the presence
of missing rows the ridges can be separated by ∼ 34, ∼ 42 and ∼ 50 Å which
corresponds to 4, 5 and 6 times the unit cell parameter of 8.4 Å. With the
increasing ridge-to-ridge distance the ridge-to-trough depth increases. The
reason for such relationships, which maximises the (111) coverage, can be
understood by viewing figure 6.14.
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the row separation as seen in figure 6.13(d). It is important to note that

as the tip probes the trough it will collect current from other segments of

the reconstruction due to its finite size and this results in an underestimated

ridge-to-trough depth.

The geometry of the missing rows can be understood by examining the

structure of this reconstruction. If one starts with the ansatz that the {110}
and {111} sections of the reconstruction are always terminated by the same

(110) and (111) planes and the (111) surface coverage is maximised, then

is follows that the distance between rows must be a multiple of 8.4 Å. This

is illustrated schematically in figure 6.14 which demonstrates examples of

Figure 6.14: The ridge-to-ridge distance in (a) and (c) are 25.2 Å and 33.6 Å
and the corresponding ridge-to-trough depths are 4.5 Å and 7.5 Å, respec-
tively. Experimentally, when the regular 25 Å periodicity is broken by miss-
ing rows, the ridge-to-ridge distance is always an integer multiple (greater
than 3) times 8.4 Å. The STM line profile in (b) illustrates a ridge-to-ridge
distance of ∼ 34 Å. Note that the ridge-to-trough depth increases with the
ridge-to-ridge separation.
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25.2 Å (3× 8.4 = 25 Å) and 33.6 Å (4× 8.4 = 25 Å) ridge-to-ridge separations.

The model in figure 6.14 is a stoichiometric slab terminated by {111}Fetet1-

and {110}B-planes. Figure 6.14 also demonstrates that with increasing row

separation the facets between them increase in size, and hence, the ridge-to-

trough depth increases, in agreement with the experimental observations. If

the distance between rows is a non-integer times 8.4 Å, either the two facets

will not be the same (111) termination or the {110} segments will be larger

or of a different (110) termination.

Figure 6.15: (a) 80 nm× 80 nm STM. (b) Line profile corresponding to the
green line segment in (a). When the rows step up by 3 Å the lateral separation
of the rows is observed to be equal to 21 Å or 29 Å, these distance correspond
to 21

2
and 31

2
times the unit cell parameter of 8.4 Å, respectively. (c) Line

profile corresponding to the blue line segment in (a). When the rows step
up by 6 Å the lateral separation of the rows is observed to be equal to 25 Å
which corresponds to 3 times the unit cell parameter of 8.4 Å. The reason for
such relationships, which maximising the (111) coverage, can be understood
by viewing figure 6.16.
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This analysis can also be applied to the atomic steps. The rows are

routinely observed to step up of down by 3 or 6 Å as seen in figure 6.15. 3 Å

corresponds to the distance between like (110) planes, A to A-plane or B

to B-plane. If we enforce the conclusion drawn from the missing rows, that

is, the (111) coverage is maximised, we find that the ridge-to-ridge distance

must be an integer and a half times 8.4 Å when their vertical separation is

Figure 6.16: (a) and (b) illustrate that if the step height is equal to 3 Å,
the lateral distance between ridges is an integer and a half times the unit
cell distance. (c) illustrates that if the step height is equal to 6 Å, the lateral
distance between ridges is an integer times the unit cell distance. The models
are compared to the experimental STM line profiles. Note the comparison
between the models and line profiles ridge-to-trough depth between the step.
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3 Å. Furthermore, if the vertical separation is 6 Å the ridge-to-ridge distance

must be an integer times 8.4 Å. This is depicted schematically in figure 6.16

and is always observed experimentally.

At irregularities in the form of missing rows and atomic steps, the {111}-
facets are present and are maximised. The analysis is in agreement and

adds weight to the work of Parkinson et al., who determined on the basis

of RHEED that faceting occurred [143]. The question arises as to why the

reconstruction is (1× 3) and not (1× 4) or greater, as a larger unit cell will

increase the {111} coverage. In section 5.1.3, on the basis of RAS measure-

ments and DFT calculations, it is concluded the terminating layers of the

{111}-nanofaceted row reconstruction are stained. Increasing the periodic

unit increases the facet size, and hence, the facet height (surface normal di-

rection). With increased facet height the strain in the terminating planes will

be greater: the strain in any layer is constrained by the strain in the layer

below it, hence, will greater facet height the strain in the terminating plane

will increase. It is suggested that the reduction in surface energy associated

with increasing {111} coverage, is at odds with the resultant strain energy.

(1× 3) periodicity is likely a balance between the two.

6.3 Discussion, conclusions & outlook

STM and LEED measurements indicate the conditions required for the prepa-

ration of the {111}-nanofaceted row reconstruction. The reconstruction can

be formed in UHV by flash annealing at 900 ◦C, or by annealing in a molecu-

lar oxygen partial pressure of 1× 10−6 mbar at ∼ 850 ◦C. The reconstruction

is very sensitive to the molecular oxygen partial pressure: increasing the pres-

sure produces a row reconstructed surface which appears different in LEED

and STM, is rougher and likely does not contain {111}-nanofacetes. While

flashing the crystal at 900 ◦C produces the {111}-nanofaceted row recon-

struction with the best degree of order, additional flashes are detrimental

to the reconstruction: areas appear which exhibit row reconstruction which

is not faceted. This can be understood from XPS measurements: the UHV

annealed (800 ◦C) crystal exhibits an increased Fe/O ratio, while the oxygen
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annealed crystal (3× 10−6 mbar , 800 ◦C) is stoichiometric. Multiple flashes

at 900 ◦C will produce a highly reduced surface region which may exhibit

Fe1−xO - like stoichiometry.

RAS and STS measurements indicate that the {111}-nanofaceted row

reconstruction prepared in different environments are intrinsically different

structures. STS measurements reveal semiconducting gaps of around 1.5 eV

and 1.0 eV for row reconstructions prepared by oxygen annealing and UHV

flash annealing, respectively. Furthermore, RAS measurements reveal similar

but different spectra. These measurements indicate that the reconstructions’

electronic structure can be altered by the preparation procedure and the

structural changes are located at or close to the surface. XPS measurements

can shed light on these observations; considering that annealing in oxygen

and UHV changes the Fe/O and Fe2+/Fe3+ ratios, it is concluded that the

{111}-nanofacets are stable across some stoichiometry range and the different

stoichiometry alters the correlated electronic properties.

While the reconstruction is stable across some stoichiometry range, it is

evident that it is reduced. LEED images obtained during XPS measurements

of the UHV annealed surface, which exhibits increased Fe/O and Fe2+/Fe3+

ratios, are indicative of the {111}-nanofaceted row reconstruction. Oxygen

sub-surface vacancies and terminations composed entirely of iron are un-

expected. The increased Fe2+ content observed in XPS is consistent with

a reduced (decreased O/Fe ratio relative to bulk truncated) termination,

which are common throughout the literature. Such an Fe2+ enrichment is

consistent with {110} oxygen surface vacancies and/or a reduced {111} ter-

mination. Sub-surface iron interstitials, which are the common defect in

reducing conditions, do not produce similar XPS features. However, they

cannot be ruled out. Due to the greater coverage of {111} coverage relative

to the {110} coverage, if the {111} termination is reduced, it will likely be

the greatest contribution towards XPS spectra.

High-resolution STM images provide insight into the reconstruction’s

atomic-structure. It is tentatively suggested that the {111}-nanofaceted row

reconstruction is B-plane terminated as features are comparable to the B-

plane of Fe3O4(110). Drawing conclusions about surface reconstruction based
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on STM images alone is unpractical. The analysis provided here indicates

that a B-plane termination is more likely than an A-plane termination., al-

though reconstructions are expected due to the polar nature of Fe3O4(110).

DFT calculations and the subsequent simulation of both STM images and

RAS spectra are planned. These calculations combined with experimental

STM, RAS and XPS measurements can provide quantitative insight into

the atomic structure of the {111}-nanofaceted row reconstruction. LEED-

IV measurements, and their comparison to theoretically calculated curves

for different models, can also provide quantitative insight into the atomic

structure of this reconstruction.

STS measurements indicate that the reconstruction exhibits 1D electronic

states. The reconstruction therefore represents an ideal template for the

growth of 1D nanostructures. As discussed above the electronic properties

of the reconstruction can be altered by changing the preparation procedures.

This may in turn alter the properties of 1D nanostructures. The existence of

1D states is correlated to the faceted nature of this reconstruction and more

importantly the associated compressive and tensile strain at the ridge and

trough of the row-structure.

Analysis of atomic steps and missing rows suggests that the {111}-nanofacets

are present - adding weight to the conclusions of Parkinson et al. - and

their coverage is maximised at these irregularities. This is unsurprising as

nanofaceting reduces the surface energy. Increasing the size of the unit cell

would increase the coverage of the {111}-nanofacetes. It is suggested that

the reduction in surface energy associated with greater {111} coverage is at

odds with the associated strain-energy. (1× 3) likely represents the balance

between the two.

The RAS and STM/STS measurements were performed on different single

crystals, albeit from the same batch. Additionally, XPS measurements were

performed in a different UHV chamber. A complete study of one single

crystal performed without exposing the surface to ambient conditions can

provide quantitative and complete analysis. Recently the XPS and STM

chambers have been connected via a portable load-lock (vacuum suitcase) in
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which a base pressure of 10−9 mbar is maintained while transporting between

UHV chambers.





Chapter 7

Fe3O4(110): Oxygen Vacancy

Induced Surface Stabilisation

In this chapter a reconstruction is presented which forms as a result of sput-

tering prior to annealing. The presented reconstruction differs dramatically

from the row reconstruction in that it is atomically flat, and therefore, demon-

strates that a (110) termination can be stabilised.

This study was performed on a Fe3O4(110) single crystal which has been

polished and initially cleaned in-situ by sputter/anneals cycles. The crystal

is from the same batch as the single crystal examined in chapter 6 and the

polishing procedure and sputter/anneal cycles are identical to those described

in that chapter. The STM tips used were polycrystalline tungsten which were

electrochemically etched in NaOH. The bias voltage is applied to the surface

with respect to the tip. STM experiments were conducted at 78 K.

In the proceeding sections, initially the formation of the atomically flat

surface regions is discussed and subsequently the combination of a DFT study

of the (110) surface with the simulation of STM images allows us to draw

conclusions about this atomically flat surface structure. Furthermore, the

calculation of the iron atoms spin-density distribution provides insight into

the polarity-compensation mechanism.

133
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7.1 Influence of sputtering

STM measurements depicted in figure 7.1(a) reveals a row reconstructed

surface. The reconstructions periodicity of 25 Å (see figure 7.1(c)) closely

matches three times the lattice parameter of 8.396 Å, and hence corresponds

to the (1× 3) reconstruction. Along the [1̄10] direction the rows break, re-

vealing an atomically flat surface region, the blue ovals in figure 7.1(a) high-

light its occurrence. The dimensions of individual areas of this structure

range from (10 - 50) nm along the [001] direction and (1 - 10) nm along the

[1̄10] direction. The area which is revealed when the rows break has for the

Figure 7.1: (a) (320× 320) nm2 STM image, V = 1.56 V, I = 0.12 nA. Row re-
constructed structure with the rows’ ridges running along the [1̄10] direction.
The blue ovals highlight where the rows break, to reveal an atomically flat
region. (b) (29× 29) nm2 STM image, V = 1.58 V, I = 0.11 nA. A region high-
lighted by the blue ovals in (a). (c) Line profile corresponding to the green
line segment which demonstrates the row periodicity of 25 Å, this periodicity
closely matches 3 times the surface unit cell parameter along the [001] direc-
tion. (d) Line profile corresponding to blue line segment illustrating that the
two structures are separated vertically by 3 Å, this distance closely matches
the distance between consecutive A- or B-planes. The co-existence of the two
structures forms as a result of the sputtering prior to annealing. Without
the sputtering step, the entire surface is row reconstructed.
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vast majority of the time been observed below the adjacent rows. The two

structures are separated vertically by 3 Å (figure 7.1(d)), which corresponds

to the inter-planar distance between identical planes, i.e. A to A-plane or

B to B-plane. Figure 7.2 displays a high-resolution STM image of such a

region. Features are separated by 6 Å along the [1̄10] lattice direction. Along

the [001] direction the distance between features varies periodically between

∼6 Å and ∼11 Å. The average atomic separation of ∼8.5 Å along [001] di-

rection and the 6 Å separation along the [1̄10] lattice direction compare well

to the surface unit cell parameters of 8.396 Å and 5.937 Å illustrated in fig-

ure 4.2.

The surface depicted in figures 7.1 and 7.2 was prepared by the following

procedure: sputtering with Ar+ ions with an energy of 0.5 keV for 1 h, an-

nealing in an molecular oxygen partial pressure of 2.5× 10−6 mbar at 750 ◦C

Figure 7.2: (70× 50) Å2 STM image of the atomically flat surface revealed
when the rows break. V = 0.87 V, I = 0.07 nA.
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for 1.5 h followed by a quick sputter anneal which consisted of sputtering at

0.6 keV for 10 mins and UHV flash annealing at 825 ◦C. STM measurements

have been performed during each step of the cleaning procedure in order to

shed light on the formation of the atomically flat surface structure: unsur-

prisingly STM measurements reveals that the sputtered surface is entirely

disordered while after annealing in an oxygen atmosphere the row and atom-

ically flat structure co-exist, as seen in figure 7.3(a). The co-existence of

the two structures occurs regards of the annealing atmosphere: figure 7.3(b)

depicts the surface structure observed after sputtering with Ar+ ions (1 keV)

for 3 hours followed by a 2 h anneal at 750 ◦C in a UHV environment. Further

annealing in a UHV atmosphere leads to the gradual reduction in size and

occurrence of the atomically flat surface regions until the row reconstruc-

tion is the only structure observed. Evidently, sputtering is pivotal to the

presence of the atomically flat surface structure.

Figure 7.3: (a) V = 1.10 V, I = 0.09 nA Surface structure after sputter-
ing (0.5 keV, 1 h) and subsequently annealing in an oxygen environment
(2.5× 10−6 mbar, 750 ◦C, 1.5h). (b) V = 0.99 V, I = 0.14 nA. Surface struc-
ture after sputtering (1 keV, 3 h) and subsequently annealing in UHV (2 h,
750 ◦C). Regardless of the annealing environment post sputter, the two struc-
tures co-exist.
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Metal-oxide terminations which are strongly influenced by sputtering are

reported throughout the literature. Moosburger et al. [103] demonstrated

the the (2× 1) reconstruction of MoO2(100) can be prepared by sputtering

the (1× 1) or (4× 1) reconstructions. The formation of the (6× 8) or (2× 8)

reconstructions of SrTiO3(110) depend on the sputtering dose [161]. The

formation of these reconstructions are related to the change of stoichiome-

try induced by sputtering. Sputtering induced surface roughness can also

influence surface structure: Lennie et al. observed pitting on the (001) ter-

mination of magnetite [187]. Pitting is defined as small enclosed areas which

reside below the encompassing terrace. The phenomena is induced by sput-

tering which increases the surface roughness and is gradually removed by

annealing. The surface structure of the ”pit” is either the same structure of

the surrounding terrace or is disordered. The observation in this work shows

similarities: sputtering induces the co-existence of two structures and the

minority-structure resides below the encompasses majority-structure. How-

ever, one key difference is that the two coexisting structures presented here

are intrinsically different.

7.2 Density functional theory calculations

First principle calculations were performed in order to gain an understand-

ing of the atomically flat surface revealed when the rows break. Full spin-

polarised DFT calculations were performed using the Projector-Augmented-

Wave (PAW) method [188] as implemented in the Vienna Ab-initio Sim-

ulation Package (VASP) [189–191]. The electron exchange and correlation

were treated within the GGA using the Perdew-Burke-Ernzerhof (PBE) func-

tional [95]. To account for the strong onsite Coulomb interaction of localised

electrons, Hubbard U corrections with U = 4.50 eV [49] and J = 0.89 eV [50]

(Ueff = 3.61 eV) were applied on the Fe atoms. The Fe3O4(110) surface was

simulated by periodic supercells formed by slabs consisting of 10 unit layers

and a 15 Å-wide vacuum. The positions of the atoms in the two layers most

distant from the surface were constrained to account for the bulk. The Bril-

louin zone integrations were performed using a 2×3×1 Monkhorst-Pack (MP)
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grid [192]. The applied energy cutoff was 500 eV. Each system was relaxed

until the Hellmann-Feynman force on each atom was less than 0.05 eV/Å.

7.2.1 Surface energy calculations

Li et al. performed a DFT study of the (110) termination of magnetite, it

was concluded that the oxygen vacated B-plane represents the most energet-

ically stable termination of those considered [185] as seen in figure 7.4. It

should be noted that B-terminated magnetite contains two inequivalent oxy-

gen atoms. All of which are bonded to one surface Feoct, half are bonded to

one sub-surface Fetet and the other half are bonded to two sub-surface Feoct.

Figure 7.4: DFT calculations of the surface energy of different (110) surfaces
of magnetite taken from Li et al. [185]. Oxygen surface vacancies on B-
terminated magnetite are found to be the energetically favourable surface
vacancy, of those considered, across the entire range of considered oxygen
chemical potentials.
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Henceforth, these inequivalent surface oxygen atoms on the B-terminated

surface will be notated O2 and O3, with the subscript indicating the oxy-

gen atoms coordination number. The aforementioned DFT study examined

threefold oxygen vacancies only. Here, both of the possible oxygen vacancy

coordinations on B-terminated Fe3O4(110) are considered. To assist in un-

derstanding the proposed surface model, the reader is directed to figure 4.2

which depicts the A- and B-terminations of Fe3O4(110). Initially, (1× 1)

B-terminated models which contain one surface oxygen vacancy were consid-

ered, the O2 vacancy was found to be energetically favourable over the O3

vacancy. With the features observed in STM images in mind, (1× 2) models

which contain two surface oxygen vacancies have been examined. Figure 7.5

depicts the (1× 2) O2 vacancy model. Every second O2 atom is vacant along

the row of O2 atoms, and hence are separated by the [1̄10] unit cell distance,

in the adjacent O2 rows the vacancies are shifted by half the unit cell. The

Figure 7.5: (a) depicts the side view and top view of the unrelaxed geometry
of the B-terminated (1× 2) twofold coordinated oxygen vacancy model. (b)
depicts the fully relaxed geometry. Twofold and threefold coordinated surface
oxygen atoms are indicated. O2 atoms are bonded to one surface Feoct and
one sub-surface Fetet, while O3 atoms are bonded to one surface Feoct and
two sub-surface Feoct. Rows of oxygen running in the [1̄10] direction alternate
between O2 and O3. The black dashed circles in (a) highlight the surface O2

vacancies.
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(1× 2) O3 vacancy model is identical apart from the coordination of the

surface oxygen vacancy.

DFT calculations of these two models indicate, as is the case for (1× 1)

models, that twofold coordinated oxygen represents the more energetically

stable vacancy, with the difference in surface energy being 54 meV/Å2. The

surface energy was calculated from equation 4.4. A value for the chemical po-

tential of bulk magnetite, which is required to calculate the surface energy, is

obtained by performing a bulk magnetite DFT calculation. Figure 7.5(a) and

(b) depict the initial and relaxed geometry of the B-terminated O2 vacancy

model. Furthermore, the magnitude of the surface and sub-surface atoms

relaxations are listed in table 7.1. It appears the oxygen vacated A-plane

has not been investigated. However, anion vacancies on the electron defi-

Surface [001] [1̄10] [110] Sub-surface [001] [1̄10] [110]
O2(1) 0.13 0.00 0.25 Fetet(1) 0.17 0.00 -0.33

Feoct(1) -0.17 0.00 0.07 O(1) 0.14 0.10 -0.01
O3(1) -0.30 0.00 -0.03 O(2) 0.14 -0.10 -0.01
O3(2) 0.30 0.00 -0.03 Feoct(1)&(2) 0.00 0.00 0.28

Feoct(2) 0.17 0.00 0.07 O(3) -0.14 -0.10 -0.01
O2(2) -0.13 0.00 0.25 O(4) -0.14 0.10 -0.01

Feoct(3) -0.03 0.00 -0.09 Fetet(2) -0.17 0.00 -0.33
O3(3) -0.12 0.00 -0.06 Fetet(3) -0.12 0.00 0.19
O3(4) 0.12 0.00 -0.06 O(5) 0.03 0.05 0.16

Feoct(4) 0.03 0.00 -0.09 O(6) 0.03 -0.05 0.16
Feoct(3)&(4) 0.00 0.00 0.23

O(7) -0.03 -0.05 0.16
O(8) -0.03 0.05 0.16

Fetet(4) 0.12 0.00 0.19

Table 7.1: Relaxation in Ångström of the surface and sub-surface atoms
within the B-terminated O2 surface vacancy model (figure 7.5). Top to bot-
tom corresponds to atoms from left to right in the unit cell depicted in
figure 7.5(b). Positive magnitudes in the [001] and [1̄10] directions follow
the direction of the vectors in figure 7.5, while a negative [110] magnitude
corresponds to a relaxation into the bulk.
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cient A-plane are likely to give rise to an energetically unfavourable surface

termination.

7.2.2 Simulation of STM images

STM images of the (1× 2) B-terminated O2 vacancy model have been simu-

lated. Simulations correspond to the Tersoff-Hamann scheme [193] in which

the unknown electronic structure of the tip is replaced by a simple model sys-

tem: the tip is approximated to be point-like and its wavefunction is s-type

and electronically flat. The tunneling current then depends on the integrated

partial DOS of the unperturbed surface states at the tip position.

Two high resolution STM images are shown in figure 7.6(a) and (b),

below each of the STM images sit the simulated STM images of the (1× 2)

B-terminated O2 vacancy model shown in figure 7.5. The simulated images

show a good agreement with experiment. The black dashed rectangle in each

of the simulated images represents the (1× 2) surface unit cell, positioned

identically to the surface unit cell depicted in figure 7.5(b). All of the features

within the surface unit cell are positioned above the four surface Feoct atoms.

This is not surprising since the Feoct 3d level sits at the Fermi level [61, 64] and

the oxygen 2p level sits several eV below the Fermi level [61]. Previous studies

of the (111) and (001) surfaces of magnetite also interpreted protrusions

in constant current STM images as Feoct atoms [99, 104]. The presence of

surface oxygen vacancies leads to the inequivalance of the iron surface atoms;

The unit cell in figure 7.6(c) & (d), which depicts the atoms of the terminating

layer, reveal that the brightest features in each of the simulated images differ.

In figure 7.6(c) the two brightest features are positioned above Feoct atoms

which are bonded to two surface oxygen atoms, in contrast, the brightest

features in figure 7.6(d) are positioned above Feoct atoms which are bonded

to one surface oxygen atom. This is further emphasised by the simulated

STM images of B-terminated Fe3O4(110) with no surface vacancies, depicted

in figure 7.6(e) & (f), which are calculated at + 0.75 and + 1.00 eV. In these

images the iron atoms, which are all bonded to two surface oxygen surface

atoms, show only very minor differences.
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Figure 7.6: (a),(b) High resolution (21× 21) Å2 STM images. (a) V = 0.87 V,
I = 0.07 nA, (b) V = 0.60 V, I = 0.78 nA. Simulated STM images of the pro-
posed model calculated at 0.87 V (c) and 0.60 V (d), respectively. The simu-
lated STM images correspond to a Tersoff-Hamann calculation of the (1× 2)
B-terminated O2 vacancy model. The black dashed rectangle in (c) and
(d) corresponds to the surface unit cell of the model, identical to the sur-
face unit cell illustrated in figure 7.5(b). Blue circles represent iron surface
atoms, while red circles represent oxygen surface atoms. (e) and (f) represent
the simulated STM images of B-terminated Fe3O4(110) with no vacancies,
calculated at energies + 0.75 eV and + 1.00 eV.
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7.2.3 Spin density distributions

Figure 7.7 illustrates the calculated spin density distributions of the iron

atoms in the first four layers of the proposed surface model. Blue and silver

spin densities represent the majority and minority spin orientations, respec-

tively. Feoct and Fetet sites are antiferromagnetically coupled, as is the case

for bulk magnetite. A spherical distribution indicates a half filled d-band,

and hence Fe3+ character. Deviation from a spherical distribution indicates

an increased occupation of the 3d6 orbital, and hence Fe2+ character [109].

The four surface Feoct atoms all display Fe2+ character. The two that

have an in-plane dangling bond due to an oxygen vacancy display greater

Fe2+ character. This is in agreement with a previous study of Fe3O4(001),

which demonstrated a progressive reduction of surface iron to Fe2+ as the

surface Fe/O ratio was increased [109]. The remaining Feoct atoms all display

close to spherical character, this can be interpreted as Fe2.5+ character, as is

the case with bulk Feoct. Fetet atoms which have a bond removed due to the

Figure 7.7: Side view illustration of the B-terminated O2 vacancy model.
Overlayed onto the iron atoms is their respective spin density distributions
obtained from DFT calculations. Blue and silver distributions represent the
majority and minority spin channels. A spherical spin distribution indicates
a half filled d-band , and hence Fe3+ character. Any deviation from spherical
shape indicates increased 3d6 occupation, and hence Fe2+ character. Surface
Feoct atoms and Fetet atoms, with a dangling bond due to presence of surface
oxygen vacancies, all display 2+ character.
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existence of surface oxygen vacancies exhibit Fe2+ character. The remaining

Fetet atoms display Fe3+ character, as is the case for bulk magnetite.

A polar surface can compensate for its polarity by reducing its surface

charge to half that of the bulk value [6, 120], this is detailed further in

section 4.1.2. One must take care when defining the surface region; When

considering polarity compensation we define the surface region as the area

which deviates from the bulk. For the considered model the surface region is

defined as the termination plane and first sub-surface layer. The sub-surface

layer is included as the Fetet atoms, which are missing a bond due to the

presence of the surface oxygen vacancies, exhibits Fe2+ character opposed

to Fe3+ character of bulk-like Fetet. Considering that we are dealing with a

(1× 2) model and a bulk-like B-plane (a B-plane is immediately below the

surface region) with (1× 2) size has a net charge of -6 electrons, the surface

region must have a charge deficit of 3 electrons to be polar compensated.

In order to examine how the existence of oxygen vacancies and predicted

Feoct charge ordering influences the stability of this surface, the surface re-

gion charge has been calculated for the following ions charges: the octa-

hedrally coordinated surface iron are designated Fe2+, while the remaining

Feoct are designated Fe2.5+, as they are in the bulk. The tetrahedrally co-

ordinated iron, which has a dangling bond due to the existence of the oxy-

gen surface vacancies, are designated Fe2+, while the other Fetet atoms are

Fe3+, as they are in the bulk. Starting with the terminating layer, two sur-

face oxygens are bonded to two sub-surface Fe2.5+
oct (6-fold) and one surface

Fe2+
oct(4-fold), resulting in a charge of 2.5

6
+ 2.5

6
+ 2

4
= 4

3
e− each. A further two

surface oxygens are bonded to two sub-surface Fe2.5+
oct (6-fold) and one surface

Fe2+
oct(3-fold), resulting in a charge of 2.5

6
+ 2.5

6
+ 2

3
= 3

2
e− each. Lastly, two

surface oxygens are bonded to one sub-surface Fe3+
tet(4-fold) and one surface

Fe2+
oct(4-fold), resulting in a charge of 3

4
+ 2

4
= 5

4
e− each. Therefore, consider-

ing there are four Fe2+
oct within the terminating layers unit cell, the charge ex-

cess per unit cell is 2(4
3
) + 2(3

2
) + 2(5

4
) - 4(2) = 1

6
e−. Turning to the sub-surface

layer, four oxygens are bonded to one surface Fe2+
oct(3-fold), two Fe2.5+

oct (6-fold)

and one Fe3+
tet(4-fold), resulting in a charge of 2

3
+2.5

6
+2.5

6
+3

4
= 9

4
e−. A fur-

ther four oxygens are bonded to one surface Fe2+
oct(4-fold), two Fe2.5+

oct (6-fold)
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and one Fe2+
tet(3-fold), resulting in a charge of 2

4
+2.5

6
+2.5

6
+2

3
= 2e−. There-

fore, considering there are four Fe2.5+
oct , two Fe3+

tet and two Fe2+
tet within the

(1× 2) area of the sub-surface layer, the charge deficit per (1× 2) area is

4(2.5) + 2(3) + 2(2) - 4(2) - 4(9
4
) = 3e−. Finally, considering the terminating

and sub-surface layers exhibit charge excess and deficits of 1
6
e− and 3e−,

respectively, the surface region charge deficit is equal to 2.83e−. As was dis-

cussed above, to achieve polar compensation this surface region is required

to have a charge deficit of 3e−. Increased surface covalent character, out of

plane charge transfer or a combination of both can lead to polar compen-

sated and stable surface. It is noted that spin density distributions do not

provide quantitative analysis of the cation charges. However, the analysis

provided here demonstrates that the combination of oxygen surface vacan-

cies and charge ordering can contribute towards a polar compensated and

stable termination.

The largest and brightest features in figure 7.2 form rows separated by

17 Å along the [001] direction, the orientation of these features differ from

row to row. This indicates that the surface exhibits longer range order than

the (1× 2) model in figure 7.5. It is possible minor relaxations along the

[1̄10] direction to give rise to these asymmetries. A (1× 4) model, which

corresponds to the (1× 2) model depicted in figure 7.5 doubled in the [001]

direction, has been allowed to relax. No additional distortions along the [1̄10]

direction were observed. In the present work, the nature of these subtle fea-

tures or the size of the unit cell are not determined. However, the good agree-

ment between experimental and simulated STM images of the B-terminated

model containing twofold oxygen vacancies - which have been predicted by

DFT calculations to be the most energetically stable surface vacancy of those

considered - leads to the strong suggestion that the investigated surface is

B-terminated and contains an ordered array of twofold oxygen vacancies.

Due to the fact that this termination occupies the minority of the surface,

further experiments to verify the proposed model are limited. IV-LEED and

angular resolved XPS would clearly be ideal experiments. In theory, this

model could be tested by dosing the surface with small amounts of H2O. The

surface oxygen vacancies should, in theory, provide an preferential absorption
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site for the water molecule. This could lead to the presence of a surface

hydroxide, which should be identifiable by the combination of STM and

DFT.

7.3 Discussion & conclusions

Sputtering prior to annealing leads to the co-existence of two surface struc-

tures: the row reconstruction and an atomically flat surface structure. When

the crystal is annealed alone, in oxygen or UHV environments, the row recon-

struction is dominant. The row reconstruction forms as a result of faceting

which exposes energetically favourable {111}-planes. The observation of the

atomically flat surface structure illustrates that a (110) termination can be

stabilised. Clearly, the atomically flat surface structure is stabilised by an

entirely different mechanism to that which stabilises the row reconstruction.

DFT calculations of the Fe3O4(110) surface indicate that twofold coor-

dinated oxygen represent the most energetically stable oxygen vacancy on

the B termination of Fe3O4(110). The comparison between simulated and

experimental STM images indicates that the atomically flat surface region

corresponds to this aforementioned B-terminated surface containing an or-

dered array of twofold coordinated oxygen vacancies. DFT calculations of the

spin density distributions indicate charge ordering of surface and sub-surface

octahedral iron. Charge ordering on this oxygen vacated surface contributes

towards a polar compensated termination, additional polarity compensation

mechanisms such as increased surface covalent character and/or charge trans-

fer can lead to a stabilised surface. The determination of the surface struc-

ture and specifically the mechanism which stabilises this surface may provide

insight into how polar and transition metal oxide surfaces reconstruct.

Altering the sputtering dose and annealing temperature and time does

not see a vast increase of the coverage of atomically flat surface regions. It

appears that the atomically flat structure is not an initial state which the

row reconstruction eventually encompasses, but forms in-parallel with the

row reconstruction. It is clear that the state of the surface post sputter is a

vital initial state, prior to annealing, which allows for the two structures to
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co-exist. Their coexistence illustrates that there are several possible termina-

tions with only moderate differences in formation energies. Considering that

annealing reduces the coverage of the atomically flat surface regions, it is rea-

sonable to conclude that the row reconstruction is energetically favourable.





Chapter 8

Discussion & Conclusions

In this work the study of (110) terminated magnetite and strontium titanate

has been presented, with the core focus being on the former. The work

can be split into two parts: (1) the investigation, primarily by STM, of two

contrasting Fe3O4(110) surface reconstructions: the known but far from fully

characterised {111}-nanofaceted row reconstruction and an atomically flat

surface reconstruction. (2) The anisotropic optical response of Fe3O4(110)

and SrTiO3(110) terminations investigated by RAS.

Beginning with the RAS study presented in chapter 5, for all the examined

terminations RAS is sensitive to the influence that the surface region has on

the bulk-like region in the vicinity of the selvedge. The anisotropic optical

response is interpreted to originate from small anisotropic shifts in the energy

of bulk-like optical transitions.

DFT calculations of the {111}-nanofaceted row reconstruction confirm

that the structure exhibits an anisotropic strain gradient along the surface

normal. The modification of bulk-like states and the associated RAS spectra

originate from this anisotropic strain gradient.

The anisotropic optical response of the as-polished Fe3O4(110) surface

and SrTiO3(110) surface terminations are also interpreted to originate from

anisotropic strain. The strain of the as-polished Fe3O4(110) surface is sug-

gested to originate from the maghemite overlayer which forms in ambient

conditions. The altered stoichiometry of SrTiO3(110) terminations as a result

149
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of ex-situ pre-cleaning and/or in-situ cleaning procedures is suggested to give

rise to anisotropic strain of bulk-like states. Furthermore, RAS is sensitive

to the contrasting modification of bulk-like states for different SrTiO3(110)

terminations.

RAS is extremely sensitive to the formation of an anisotropic conduc-

tance within the SrTiO3 bandgap. The conductance is a result of well known

oxygen vacancies, which form during vacuum annealing and are correlated

to a metallic state and modification of the Ti 2p core level identified by UPS

and XPS, respectively. This IR lineshape is suggested to be a combination of

mid-gap defects state, induced by a significant number of oxygen vacancies in

the surface region, and a free-electron contribution. Finally, the electron gas

owes its anisotropy to the influence of an anisotropic surface termination and

is located close to the termination. The sensitivity of RAS to the electron gas

is promising for work on SrTiO3/LaAlO3 heterostructures which displays a

Q2DEG at the interface. The origin of the Q2DEG appears to be some com-

bination of oxygen vacancies in the SrTiO3 substrate, charge transfer to the

interface to compensate for the polar nature of LaAlO3 and the influence of

the SrTiO3 termination. RAS represents a non-destructive probe, which can

monitor the formation of the electron gas during heterostructure growth and

examine the influence of different SrTiO3 terminations and LaAlO3 growth

conditions and thicknesses. RAS represent a technique which has the possi-

bility to unambiguously determine the mechanism(s) behind the formation

of the Q2DEG at the SrTiO3/LaAlO3 interface under different conditions.

Furthermore, in theory, different mechanisms can be examined individually.

Such insight has wider implications to heterostructure growth in general.

Turning to the {111}-nanofaceted row reconstruction investigated in chap-

ter 6, XPS measurements indicate the reconstruction exhibits increased

Fe2+/Fe3+ and Fe/O ratios relative to stoichiometric magnetite. The recon-

struction is very sensitive to the preparation procedure. Slightly modifying

the conditions sees the formation of slightly different surface structures re-

lated to an altered stoichiometry. While the {111}-nanofaceted row recon-

struction is reduced, STS and RAS measurements indicate that preparing

the reconstruction in oxygen or vacuum environments gives rise to differ-



151

ent electronic properties. In light of the aforementioned XPS measurements,

it is concluded that the reconstruction is stable across some stoichiometry

range and the change in stoichiometry is correlated to minor changes in the

electronic structure.

The analysis of missing rows and atomic steps of the {111}-nanofaceted

row reconstruction is aided by considering the strain identified by RAS and

DFT: At these irregularities the {111} coverage is maximised. The unit cell

size of (1× 3) opposed to a larger periodic unit, which would increase the

energetically favourable {111} coverage, is understood by considering that

larger {111} coverage is associated with an increased strain energy. (1× 3)

periodicity likely represents a balance between the two. An interesting ques-

tion, in the authors opinion, is what dictates faceting dynamics. The com-

petition behind facet induced strain and the the reduction in surface energy

associated with facet coverage, as is the case for {111}-faceted Fe3O4(110),

is one such mechanism which can dictate facet dynamics.

1D electronic states running perpendicular to the row periodicity of the

{111}-nanofaceted row reconstruction are observed in STS measurements.

These electronic states are understood in terms of the anisotropic strain in the

terminating layers identified by RAS measurements and DFT calculations.

Compressive and tensile strain along the [1̄10] lattice direction give rise to

the inequivalence of electronic states. The existence of 1D electronic states

highlights the potential of this reconstruction as a template for the growth

of 1D nanostructures.

This work highlights the potential of combining surface sensitive mea-

surements with RAS measurements in the case of bulk isotropic metal ox-

ides. RAS is sensitive to the influence the surface termination has on the

near-selvedge bulk, however this information indirectly provides insight into

aspects of the surface termination

The absorption dynamics and properties of grown 1D nanostructures will

very likely be influenced by the stoichiometry and correlated electronic prop-

erties of the {111}-nanofaceted row reconstruction template. Firstly, great

care must be taken in preparing the template, as it will dictate the nanostruc-

ture properties. Secondly, this reconstruction represents a robust template,
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as the influence of the different stoichiometries and correlated electronic prop-

erties on the nanostructure properties can be examined. RAS represents a

non-invasive tool which is sensitive to the differing properties of the template,

and hence, can used in-real time to monitor the state of the template. Con-

sidering the highly anisotropic nature 1D nanostructures, RAS can, in theory,

be employed to monitor the growth and properties of these nanostructures

in real-time. This approach can clearly be advantageous for nanostructure

growth.

Analysis of high resolution STM images leads to the tentative sugges-

tion that the {111}-nanofaceted row reconstruction is Fe3O4(110) B-plane

terminated. The reduced Fe2+/Fe3+ and Fe/O ratios indicated by XPS mea-

surements are suggested to arise from {110} oxygen surface vacancies, which

are found to be the energetically favourable surface vacancy by DFT cal-

culations, and/or reduction of the {111} facets. However, the existence of

sub-surface cation interstitials cannot be ruled out.

Finally, in chapter 7 the formation and structure of the atomically flat

surface reconstruction of Fe3O4(110) is examined. Sputtering prior to an-

nealing gives rise to the coexistence of both the row reconstruction and the

atomically flat surface structure, and it appears the latter termination cannot

be isolated. DFT calculations of the Fe3O4(110) surface indicate that twofold

coordinated oxygen represents the most energetically stable oxygen vacancy

on the B-termination of Fe3O4(110). The comparison between simulated and

experimental STM images indicates that the atomically flat surface structure

corresponds to this aforementioned B-termination containing an ordered ar-

ray of twofold coordinated oxygen vacancies.

DFT calculations of the spin density distributions indicate charge order-

ing of surface and subsurface octahedral iron. Charge ordering on this oxygen

vacated surface contributes towards a polar compensated termination, addi-

tional polarity compensation mechanisms such as increased surface covalent

character and/or charge transfer can lead to a stabilised surface.

The determination of the surface structure and specifically the mecha-

nism which stabilises this surface may provide insight into how polar and

metal oxide surfaces in general reconstruct. The existence of two drastically
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different structures on the same surfaces indicates that the surface can be

stabilised by more than one mechanism. This observation, along with the

intricacy of the discussed surface structure, highlights the complexity of both

magnetite and transition metal oxide surfaces in general.

In summary, metal oxide surfaces have been studied for approximately a

quarter of a century, which has resulted in their use in a range of applica-

tions. Moreover, metal oxides and their terminations remain candidates for

emerging and future technologies. As such, the continued fundamental study

of metal oxide terminations remains a priority. These surfaces are inherently

difficult to characterise, as demonstrated in this work. The use of different

techniques, such as RAS, and the investigation of the insight such techniques

can provide, is of great importance to further metal oxide surface science.

Furthermore, the combination of new and commonly used techniques, which

provide contrasting insight, can greatly aid in these fundamental studies.

The studies presented here, of (110) terminated Fe3O4 and SrTiO3, provide

fundamental insight into the nature and formations of different surface ter-

minations. This is of great importance for nanostructure and heterostructure

growth and properties as well as of fundamental value to the surface science

community. The RAS study of these terminations, being the first of its kind

conducted on metal oxide surface reconstructions, demonstrates the value of

its use and what insight it can provide.

8.1 Future work

Single crystalline SrTiO3 is insulating and therefore STM experiments are

limited. The crystals only becomes conductive enough to approach with the

STM tip once the formation oxygen vacancies formed during vacuum anneal-

ing increases the conductivity to some critical value. The crystal was found

to be conductive enough to approach after annealing at 800 ◦C for one hour

(annealing was performed stepwise at 100 ◦C intervals). This limits the re-

constructions which can be examined by STM and prevents a comprehensive

RAS and STM study from being performed on SrTiO3 single crystals. STM

studies are routinely performed on Nb:SrTiO3(110) single crystals, since dop-
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ing with a small percent of niobium drastically increases the conductivity of

strontium titanate single crystals. A combined STM and RAS study of sin-

gle crystal Nb:SrTiO3(110) can potentially provide additional insight into

the structure of SrTiO3(110) reconstructions.

This work has revealed two novel SrTiO3(110) surfaces, a c(2× 2) ter-

mination and a nearly single domain (1× 4) termination. To the author’s

knowledge, a c(2× 2) structure has not been investigated and the (1× 4)

termination has only been observed to coexist as the minority reconstruction

with the known (n× 1) series of reconstructions. The c(2× 2) surface was

not well ordered, and a significant carbon contamination remained. Sput-

ter/anneal cycles may remove the contamination and produce a cleaner sur-

face with a better degree of order. If a well ordered c(2× 2) termination is

achieved, this surface will be characterised by STM and RAS. A similar study

is planned for the (1× 4) termination. RAS is sensitive to the influence that

the selvedge has on the near-selvedge bulk and therefore provides different

information to, for example, surface sensitive STM. Therefore, a combined

STM and RAS study and the subsequent simulation of STM images and RAS

spectra can provide comprehensive characterisation.

The sensitivity of RAS towards the Q2DEG near the surface of recon-

structed SrTiO3(110) terminations opens up the possibility to monitor the

formation of the anisotropic Q2DEG at the LaAlO3/SrTiO3(110) interface

in-situ and in real-time. Furthermore, the contribution from different mecha-

nisms can be examined. Prior to performing such an experiment, the optical

anisotropy of LaAlO3(110) would be characterised by RAS. Multiple experi-

ments can be envisaged which will examine to formation of the Q2DEG at the

LaAlO3/SrTiO3(110) interface in-situ and in real-time: (1) LaAlO3 growth

on different SrTiO3 terminations, whose presence can be confirmed by RAS.

The influence of the growth on the SrTiO3 termination can be monitored

by RAS: LaAlO3 is a wide bandgap (∼5 eV) material, while SrTiO3 has a

bandgap of ∼3.3 eV. Therefore, the RAS features below ∼5 eV, and above

∼3.3 eV, should in theory be due to the SrTiO3 termination. (2) LaAlO3

growth on a SrTiO3 substrate which doesn’t exhibit the Q2DEG prior to

growth, if possible. This can isolate the proposed charge transfer to the
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interface from the polar, and hence, unstable LaAlO3 termination. (3) De-

pendence on the LaAlO3 thickness: The electron gas is reported to form only

after the LaAlO3 reaches some critical thickness. (4) Influence of the post-

growth treatment, such as sample cool down in oxygen atmospheres, which

are performed to counter the growth conditions which typically induce oxy-

gen vacancies in the SrTiO3 surface region. Finally, RAS can monitor this

state without exposing heterostructures to ambient conditions which may in-

fluence the interface, especially at small LaAlO3 thickness where the interface

is close to the surface.

DFT calculations and the subsequent simulation of both STM images

and RAS spectra can provide quantitative insight into the atomic structure

of the {111}-nanofaceted row reconstruction. Furthermore, the fully relaxed

geometry and the simulation of RAS spectra can provide insight into the

bands which are modified by the anisotropic strain gradient in the terminat-

ing layers. Fe3O4(001) has recently been used as the prototype template for

the initial study of single atom catalysis [10, 12–15]. The fundamental and

comprehensive understanding of the {111}-nanofaceted row reconstruction

is required to probe this surface’s potential as a template for the study of

single atom catalysis.

The 1D states of the {111}-nanofaceted row reconstruction can provide

a template for the growth and study of 1D nanostructures. Multiple experi-

ments are under consideration. For example, the 1D states and the periodic

unit length of 2.5 nm may provide an excellent template for the growth of

porphyrin chains. This reconstruction offers a robust template for the growth

and study of nanowires: the stoichiometry and correlated electronic proper-

ties of the {111}-nanofaceted row reconstruction template are strongly influ-

enced by the preparation procedure. RAS is sensitive to this modification,

and therefore, can be utilized in real-time to control the surface structure,

and furthermore, can be employed to monitor the growth and properties of

highly anisotropic nanowires.

These studies have been conducted across two chambers. Work has just

been completed to connect XPS and STM chamber via a portable load-

lock, in which a base pressure of 10−9 mbar is maintained while transporting
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between UHV chambers. A complete study of one single crystal performed

without exposing the surface to ambient conditions can provide quantitative

and complete analysis of particular surface reconstructions.

In summary, the presented research can motivate future experiments for

researchers working in areas ranging from surface science, thin film, het-

erostructure and nanostructure growth and computational solid state physics.

To name a few, this work opens up the possibility to study new SrTiO3(110)

surface terminations, utilise the faceted Fe3O4(110) termination as a template

for the growth of nanowires, investigate the Q2DEG at the SrTiO3/LaAlO3

interface in real-time during heterostructure growth and computationally

model and compare RAS spectra, which would represent a new means of

characterising metal oxide surface reconstructions.
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