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Abstract 

Hematite (α-Fe₂O₃) is a benchmark iron oxide for photo- and electrocatalysis, but the 

structure of its (0001) facet and the dynamics of its oxidation remain controversial. On this 

orientation, surface behavior is tightly coupled to the near-surface bulk in both structure and 

chemistry, which complicates clean interpretation. This thesis investigates the structural and 

oxidation behavior of α-Fe₂O₃(0001) under ultrahigh vacuum conditions, combining low-

energy electron microscopy and diffraction (LEEM/LEED), X-ray photoelectron 

spectroscopy (XPS), and a collaborative cross-sectional scanning transmission electron 

microscopy and electron energy loss spectroscopy (STEM/EELS) study. The thesis opens 

with an overview of iron oxide surface chemistry and hematite phase stability. A methods 

chapter describes the experimental setup and the preparation of natural single crystals and 

synthetic films. The next chapter develops a cross-sectional STEM/EELS methodology for 

the α-Fe₂O₃(0001) surface, refined across four lamella samples, and uses it to provide direct 

side-view evidence for the magnetite/hematite interface in reduced and oxidized states and to 

reveal Mn segregation into ferrite-like inclusions in natural single crystals. The final chapter 

uses real-time LEEM to follow the recovery of the hematite surface from a reduced 

Fe₃O₄(111)-like layer, showing that complete surface recovery is closely coupled to the 

lateral growth of the hematite-terminating (H-phase) overlayer. By separating the 

contributions of temperature, oxygen pressure, and oxygen chemical potential μO, the work 

establishes the central role of oxygen supply in hematite surface recovery on this orientation, 

reflecting an interplay between thermodynamic driving forces and kinetic barriers. 

Abstrakt 

Hematit (α-Fe₂O₃) je oxid železa používaný jako modelový systém pro foto- a 

elektrokatalýzu. Nicméně struktura (0001) terminace a dynamika její oxidace zůstávají 

předmětem diskuse. Na této terminaci je chování povrchových vrstev úzce spojeno s 

podpovrchovou oblastí jak strukturně, tak chemicky, což komplikuje jednoznačnou 

interpretaci. Tato práce zkoumá strukturní a oxidační chování α-Fe₂O₃(0001) za podmínek 

ultravysokého vakua a kombinuje nízkoenergiovou elektronovou mikroskopii a difrakci 

(LEEM/LEED) a rentgenovou fotoelektronovou spektroskopii (XPS) s rastrovací transmisní 

elektronovou mikroskopií a spektroskopií energiových ztrát elektronů (STEM/EELS) 

provedenou na příčném řezu podpovrchových vrstev. První část se věnuje přehledu 

povrchové chemie oxidů železa a fázové stability hematitu. Další kapitola je věnovaná 



metodám a popisuje experimentální uspořádání a přípravu přírodních monokrystalů a 

syntetických tenkých vrstev. Následující kapitola rozvíjí metodiku příčného řezu 

STEM/EELS pro povrch α-Fe₂O₃(0001), vyladěnou na čtyřech vzorcích lamel, a využívá ji k 

získání přímých důkazů z bočního pohledu o rozhraní magnetit/hematit v redukovaném i 

oxidovaném stavu a k odhalení segregace Mn do inkluzí ferritového typu v přírodních 

monokrystalech. Závěrečná kapitola využívá LEEM v reálném čase ke sledování obnovy 

povrchu hematitu z redukované vrstvy podobné Fe₃O₄(111) a ukazuje, že úplná obnova 

povrchu je úzce spojena s laterálním růstem vrstvy terminující hematit (H-fáze). Oddělením 

příspěvků teploty, tlaku kyslíku a chemického potenciálu kyslíku μO práce stanoví ústřední 

roli přísunu kyslíku při obnově povrchu hematitu na této orientaci, odrážející souhru 

termodynamických hnacích sil a kinetických bariér. 
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1.1. Why α-Fe₂O₃(0001) is a Model System in UHV Surface Studies 

Iron oxides are widely used in heterogeneous catalysis, both as active phases and as support 

materials for reactions such as Fischer–Tropsch synthesis and the water–gas shift reaction 

[1]. They also find application in photoelectrochemistry, environmental remediation, and 

corrosion science [2]. In each case, the chemical behaviour of the oxide is controlled by the 

structure and composition of its surfaces. However, under realistic operating conditions, 

multiple processes occur simultaneously at the surface, making it difficult to isolate the 

contribution of individual structural or electronic factors. Surface-science investigations 

under well-controlled conditions therefore remain necessary to connect atomic-scale surface 

properties with macroscopic functionality. Iron oxides are particularly suited for such 

investigations because their crystal structure remains stable while the cation valence can 

change readily. Their oxygen sublattice remains largely preserved while the iron oxidation 

state adjusts between Fe3+ and Fe2+ in response to thermal treatment or variations in oxygen 

chemical potential. This behavior enables controlled redox transformations without loss of 

long-range crystallinity and makes iron oxides well suited for surface-science studies that 

seek to correlate atomic structure, electronic configuration, and chemical reactivity [3]. 

Among iron oxides, hematite (α-Fe₂O₃) represents the thermodynamically stable Fe3+ 

oxide under ambient conditions and adopts the corundum crystal structure. The lattice 

consists of a hexagonally close-packed O2- framework with Fe3+ occupying two-thirds of the 

octahedral sites. This arrangement allows for reproducible modifications of Fe coordination 

and oxidation state during reduction and reoxidation while preserving long-range order. As a 

result, α-Fe₂O₃ provides a robust platform for investigating redox-driven changes in oxide 

surfaces across a wide range of temperatures and oxygen chemical potentials [4]. 

A key advantage of α-Fe₂O₃ as a model system lies in its ability to accommodate 

changes in stoichiometry of the near-surface region without disruption of the underlying 

crystal lattice. The removal of lattice oxygen during reduction generates Fe2+ in the near-

surface region and induces local distortions within the corundum framework, while the 

overall crystal structure remains preserved. These changes modify the atomic arrangement at 

the surface and its relation to the subsurface layers. The resulting variations in electronic 

structure and local coordination give rise to distinct signatures in surface-sensitive 

measurements, allowing direct correlation between atomic-scale structure and redox state. 
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Ultra-high vacuum (UHV) conditions are essential to isolate these intrinsic surface 

processes. At background pressures near 10-10 mbar, adsorption of water, carbon-containing 

species, and other residual gases is strongly suppressed, preventing uncontrolled modification 

of the surface on experimental timescales [5]. Iron oxide surfaces exhibit a strong affinity for 

adsorbates such as water, hydroxyl species, and carbon-containing molecules that can donate 

or withdraw charge, and even contamination at densities below ~1015 atoms/cm² can 

significantly alter the surface’s work function, diffraction intensities, and spectroscopic 

signatures [6]. UHV therefore ensures that observed structural and electronic changes 

originate from controlled thermal treatment or oxygen exposure rather than from unintended 

adsorption processes. 

Electron-based surface-sensitive techniques rely critically on this level of surface 

cleanliness. Low-energy electron microscopy (LEEM) is sensitive to changes in surface 

reflectivity that arise from variations in unoccupied electronic states, surface potential, and 

near-surface stoichiometry [7]. Low-energy electron diffraction (LEED) requires long-range 

surface order to generate interpretable diffraction patterns and is highly susceptible to 

disorder introduced by adsorbates. X-ray photoelectron spectroscopy (XPS) provides 

quantitative information on the oxidation state and the local chemical environment but 

becomes unreliable when carbonaceous or hydroxyl species overlap core-level features of the 

hematite surface. α-Fe₂O₃(0001) prepared and maintained under UHV conditions satisfies 

these constraints and enables continuous monitoring of surface evolution during reduction 

and oxidation. 

The (0001) orientation of α-Fe₂O₃ is particularly suitable for such studies because it 

exhibits a pronounced structural response to changes in the redox state. Alternating Fe and O 

layers along the surface normal create a polar stacking sequence that gives rise to a 

substantial electrostatic dipole. As a result, a simple bulk-terminated surface is unstable and 

requires compensation through changes in surface stoichiometry, local coordination, or 

electronic structure [8]. This sensitivity makes the surface highly responsive to the oxygen 

chemical potential, such that relatively small variations in preparation conditions can stabilize 

distinct surface states. 

Thermal treatment of α-Fe₂O₃(0001) in UHV leads to a partial reduction, generating 

Fe2+ in subsurface layers and, under certain conditions, magnetite (Fe₃O₄)-like regions that 
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remain structurally correlated with the underlying lattice [9]. Subsequent reoxidation restores 

Fe3+ coordination and proceeds through nucleation and lateral growth of oxidized domains, 

processes that can be followed directly using surface-sensitive microscopy and diffraction 

techniques. Recent studies further demonstrated that fully oxidized surface states may 

incorporate an FeO₂ overlayer, providing a consistent structural framework for interpreting 

diffraction and microscopy observations [10]. 

Taken together, these characteristics establish α-Fe₂O₃(0001) as a model system for 

UHV surface studies. The surface combines structural robustness, accessible redox 

chemistry, pronounced polarity effects, and strong sensitivity to oxygen chemical potential. 

These properties provide the foundation for both the detailed structural characterization of 

surface states and the systematic investigation of surface oxidation and phase evolution 

addressed in this thesis. 

1.2. The Crystal Structure and Polarity of α-Fe₂O₃(0001) 

1.2.1 The Corundum Crystal Structure of α-Fe₂O₃ 

α-Fe₂O₃ crystallizes in the corundum structure [11] which is common to several sesquioxides 

and is characterized by a compact and mechanically stable oxygen framework [6]. The bulk 

lattice consists of a hexagonally close-packed arrangement of O2- ions, with Fe3+ cations 

occupying two-thirds of the available octahedral interstitial sites. This configuration results in 

a dense and rigid lattice that remains stable over a wide range of temperatures and oxygen 

chemical potentials [3]. 

In the corundum structure, Fe3+ ions are coordinated by six oxygen atoms, forming 

slightly distorted FeO₆ octahedra that share edges and faces within the lattice, as illustrated 

schematically in Figure 1.1. The remaining one-third of the octahedral sites remain vacant, a 

feature that plays an important role in accommodating lattice relaxations and local distortions 

during redox processes. The ordered arrangement of occupied and vacant octahedral sites 

contributes to the structural robustness of α-Fe₂O₃ while allowing flexibility in local 

coordination near the surface. 

From a surface-science perspective, the corundum structure provides a well-defined 

reference framework for interpreting structural and electronic changes induced by reduction 

and oxidation. The close-packed oxygen framework remains crystalline even when near-
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surface oxygen vacancies are formed, while changes in Fe coordination and valence are 

largely confined to the topmost layers [6]. This separation between a stable bulk lattice and a 

responsive near-surface region underpins the use of α-Fe₂O₃ as a model oxide system for 

correlating atomic structure with surface chemistry. 

 

Figure 1.1: Ball-and-stick (left) and polyhedral (right) representations of the corundum 

crystal structure of α-Fe₂O₃. The oxygen ions form a slightly distorted hexagonally close-

packed lattice, while Fe³⁺ ions occupy two-thirds of the octahedral sites. The FeO₆ octahedra 

are highlighted in the polyhedral representation. Along the (0001) direction, occupied 

octahedra occur in pairs followed by one vacant layer. The crystallographic directions are 

indicated in both three-index and four-index notation. Crystal structures rendered in VESTA 

[12] from CIF data (COD entry 9000139 [13]). 

1.2.2 Stacking Sequence Along the (0001) Direction and Surface Polarity 

The corundum structure of α-Fe₂O₃ gives rise to a characteristic stacking sequence along the 

hexagonal c-axis, corresponding to the [0001] direction. Along this direction, close-packed 

oxygen layers follow an ABAB stacking sequence, while Fe³⁺ cations occupy two-thirds of 

the octahedral interstitial sites between adjacent oxygen planes. As a consequence, the Fe 

layers are not coplanar but occur at different heights relative to the oxygen framework, 

leading to a repeating sequence of cation and anion planes along [0001], as illustrated 

schematically in Figure 1.2. 

When the crystal is terminated along the (0001) plane, this stacking sequence results 

in a surface composed of alternating charged layers rather than charge-neutral building 



Introduction 

9 

 

blocks. A simple bulk truncation therefore produces a net dipole moment perpendicular to the 

surface, rendering the ideal bulk-terminated α-Fe₂O₃(0001) surface electrostatically unstable. 

This intrinsic instability classifies α-Fe₂O₃(0001) as a polar surface and distinguishes it 

fundamentally from non-polar orientations of the corundum structure [6,9]. 

To compensate for this polarity, the α-Fe₂O₃(0001) surface must undergo structural, 

electronic, or stoichiometric modifications that reduce or eliminate the electrostatic dipole. 

Importantly, the need for polarity compensation implies that multiple surface configurations 

are energetically accessible, depending sensitively on preparation conditions such as 

temperature and oxygen chemical potential. This intrinsic tendency toward structural 

variability underlies the complex surface behavior of α-Fe₂O₃(0001) and sets the stage for the 

diverse surface states discussed in the following sections. 

 

Figure 1.2: Structural representations of α-Fe₂O₃ illustrating the stacking sequence along the 

[0001] direction. (a) Hexagonal unit cell of the corundum structure. (b) Top view showing 

Fe3+ cations (brown) occupying two-thirds of the octahedral interstitial sites within the 

hexagonally close-packed O2- lattice (red); a representative vacant octahedral site is marked. 

(c) Side view highlighting the non-coplanar arrangement of Fe3+ layers along [0001], which 

gives rise to a polar stacking sequence at the α-Fe₂O₃(0001) surface. Atomic radii used for 

rendering: Fe3+ = 0.65 Å (Shannon ionic radius) and O2- = 1.20 Å. The O radius is reduced 

from its full ionic value (1.40 Å) to keep Fe atoms visible in the top view of panel (b). Crystal 

structures rendered in VESTA [12] from CIF data (COD entry 9000139 [13]). 
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1.3 Structural Complexity and Competing Surface Terminations of α-Fe₂O₃(0001) 

As discussed in the previous section, the polarity of the α-Fe₂O₃(0001) surface implies that a 

simple bulk termination is intrinsically unstable and necessitates compensation through 

structural modifications of the near-surface region. As a consequence, the (0001) surface 

exhibits particularly complex behavior and has been the subject of extensive experimental 

investigation. Indeed, the majority of surface-science studies on hematite have focused on 

this orientation. Under UHV conditions, however, the α-Fe₂O₃(0001) surface is readily 

reduced and can form a variety of competing surface reconstructions, which significantly 

complicates atomic-scale structural analysis. Owing to these difficulties, the system has been 

described as one of the most challenging and controversial among model oxide surfaces [14]. 

On polished α-Fe₂O₃(0001) single crystals, standard cleaning procedures involving 

cycles of sputtering and annealing typically result in significant reduction of the surface, a 

process that is effectively irreversible under UHV conditions [15]. The exact stoichiometry 

and atomic structure of the reduced surface phases have therefore been the subject of long-

standing debate, and several models have been proposed that invoke the coexistence of Fe1-

xO or Fe₃O₄-like phases with the underlying α-Fe₂O₃ lattice [14,16]. In the case of thin 

hematite films, the redox behavior is further influenced by the nature of the substrate, leading 

to additional complexity and, in some cases, counterintuitive experimental observations [17].  

Stoichiometric α-Fe₂O₃(0001) surfaces have been reported only after preparation 

under near-ambient oxygen partial pressures [18,19], following annealing in atomic oxygen 

[20] or after ozone treatment [21]. Nevertheless, even under such conditions, the precise 

termination of these surfaces remains a subject of discussion [14,22]. Consequently, studies 

aiming to achieve an atomic-scale understanding of the processes occurring on the α-

Fe₂O₃(0001) surface face considerable challenges and require multiple complementary 

characterizations at each stage of the experiment. 

Previous studies have shown that removal of oxygen from the α-Fe₂O₃(0001) surface, 

for example during selective sputtering, can drive the near-surface region toward a structure 

and stoichiometry resembling Fe₃O₄(111) [17,23]. Subsequent annealing under increased 

oxygen chemical potential in ultrahigh vacuum leads to partial or complete reoxidation of the 

surface [24]. Under these conditions, the α-Fe₂O₃(0001) surface develops a long-range 

ordered reconstruction that is commonly associated with a characteristic floret-like diffraction 
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pattern. This reconstructed surface was initially interpreted as the formation of an FeO(111) 

overlayer on top of the hematite substrate [25]. Later, based on scanning tunnelling 

microscopy (STM), the same reconstruction was explained by the coexistence of alternating 

surface regions related to FeO(111) and α-Fe₂O₃(0001). To describe this specific surface 

termination, the term “biphase” was coined and subsequently also applied to similar 

reconstructed surfaces reported on natural and Pt-supported Fe₃O₄(111) [26–28]. 

While many studies adopted the biphase concept to interpret microscopic and 

spectroscopic results [18,19,23,29–32], alternative structural descriptions were proposed for 

the same surface termination. These include the formation of a thin Fe₃O₄(111)-like overlayer 

on the α-Fe₂O₃ substrate [16] as well as oxygen-terminated surface configurations stabilized 

under oxidizing conditions [33]. Despite extensive experimental work and a large number of 

density functional theory calculations, no atomic model has emerged that consistently 

explains all reported observations across the relevant preparation window [18,29,34–36]. 

A decisive step toward resolving this long-standing controversy was provided by later 

studies combining real-space and reciprocal-space characterization with atomistic modelling 

[10]. These results demonstrated that the surface state historically described as a “biphase” 

does not consist of coexisting FeO- and Fe₂O₃-related domains. Instead, it corresponds to a 

single, laterally continuous two-dimensional surface layer whose local atomic arrangement is 

periodically modulated (Figure 1.3). In this framework, the characteristic contrast observed in 

scanning probe microscopy and the floret-like diffraction pattern arise from local structural 

perturbations within an FeO₂-type overlayer that remains crystallographically aligned with 

the underlying α-Fe₂O₃(0001) substrate. This interpretation reconciles previously conflicting 

experimental observations and establishes the reconstructed α-Fe₂O₃(0001) surface as a well-

defined, intrinsically two-dimensional termination rather than a phase-separated system. 

The challenges of structural determination are not limited to the (0001) orientation. 

The non-polar α-Fe₂O₃(11̅02) surface, which lacks the polarity-driven complexity of (0001), 

was nevertheless found to adopt a (2 × 1) reconstruction involving alternating wide and 

narrow surface trenches whose geometry could only be resolved through a combination of 

quantitative LEED-IV analysis, STM, nc-AFM, and DFT+U calculations [37,38]. The fact 

that even this structurally simpler surface, where polarity compensation does not complicate 
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the analysis, required such a multi-technique approach underscores the difficulty of structural 

determination across all orientations of hematite. 

 

Figure 1.3: Side-view ball-and-stick representation of the DFT-optimized FeO₂-type two-

dimensional overlayer formed on the α-Fe₂O₃(0001) surface. Reproduced with permission 

from [10]. Copyright 2019 American Chemical Society. 

1.4 Bulk–Surface Coupling in α-Fe₂O₃(0001)  

The structural complexity of the α-Fe₂O₃(0001) surface is inherently linked to the chemical 

and structural state of the near-surface bulk [39,40]. In hematite, reduction and oxidation 

processes are not restricted to the outermost atomic layers but extend into the subsurface 

region, giving rise to a strong coupling between surface terminations and bulk stoichiometry 

[41–43]. As a consequence, surface structures formed under UHV conditions often reflect 

changes occurring beneath the surface rather than purely two-dimensional rearrangements 

confined to the topmost layer [44,45]. 

Thermal treatment or oxygen removal can induce partial reduction of the near-surface 

region, leading to the formation of Fe₃O₄- or γ-Fe₂O₃-related phases that remain 

crystallographically aligned with the α-Fe₂O₃ lattice [20,46]. Such subsurface transformations 

can coexist with ordered surface layers and influence diffraction patterns, spectroscopic line 

shapes, and real-space contrast observed in surface-sensitive measurements. In practice, this 

coupling makes it difficult to distinguish whether observed features originate from a genuine 

surface termination or from changes in the underlying bulk extending toward the surface, a 

challenge that has been widely discussed in studies of iron oxide surfaces [14,16]. 
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The interpretation of surface behavior is further complicated by the sensitivity of bulk 

phase stability to defects and impurities. Natural hematite crystals commonly contain trace 

impurities (Na, Mg, K, Ca, Ti, V, Cr etc.) that can modify redox equilibria, alter diffusion 

kinetics, and stabilize reduced or oxidized phases over extended depth ranges [47]. These 

effects can shift the thermodynamic stability window of bulk hematite and, indirectly, affect 

the surface structures that form under nominally similar preparation conditions [17,29]. As a 

result, comparable surface observations may arise from different subsurface configurations, 

underscoring the importance of considering bulk and surface as an interrelated system rather 

than independent entities. 

Taken together, these observations highlight that a comprehensive understanding of α-

Fe₂O₃(0001) requires information spanning from the bulk to the surface. Interpreting surface 

structures without accounting for subsurface composition and phase evolution can lead to 

ambiguous or incomplete conclusions. This close interdependence between bulk and surface 

behavior motivates the combined analysis of near-surface bulk structure and surface phases, 

providing the necessary context for interpreting subsequent oxidation processes. 

1.5 From Structural Understanding to Oxidation Kinetics  

While significant progress has been made toward identifying and rationalizing the surface 

structures of α-Fe₂O₃(0001), most previous studies rely on observations made after surface 

preparation under fixed conditions [6]. Such approaches provide valuable information about 

the surface states that can be stabilized under given temperatures and oxygen environments, 

but they often might only give inconclusive insight into how these states form or transform 

during oxidation and reduction. For iron oxides, where both the surface and the near-surface 

region respond sensitively to preparation history, static descriptions alone are insufficient to 

capture the full complexity of the system. 

Oxidation of α-Fe₂O₃(0001) involves time-dependent changes of the surface that 

occur on experimentally accessible time scales [9,17,28]. The surface configuration observed 

after preparation therefore represents only the final state of a dynamic pathway that may 

involve transient or intermediate phases not captured by post-preparation characterization. As 

a result, similar surface configurations observed after preparation do not necessarily indicate 

that the same processes led to their formation. Different preparation histories can produce 
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similar final surface states, making it difficult to judge whether results from different studies 

truly describe the same surface. 

Moreover, temperature and oxygen partial pressure influence oxidation behavior in 

distinct ways. Temperature affects reaction rates and atomic mobility, while oxygen partial 

pressure controls the availability of oxygen at the surface. The oxygen chemical potential 

combines these parameters into a thermodynamic framework for describing how these 

parameters jointly influence phase stability, but it does not, by itself, convey information 

about the rate at which transformations occur. As a result, oxidation behavior cannot be 

inferred solely from thermodynamic considerations. 

These considerations emphasize the need for experimental approaches that can follow 

the evolution of α-Fe₂O₃(0001) surfaces during oxidation as a function of time under well-

defined temperature and oxygen partial pressure conditions. Access to time-resolved 

information allows oxidation processes to be examined directly, rather than inferred from 

final surface states alone. Establishing such a kinetic perspective forms the basis for 

understanding complex oxide materials such as these. 
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1.6 Scope and Structure of this Thesis 

This thesis addresses the oxidation kinetics of α-Fe₂O₃(0001) under well-defined 

ultrahigh vacuum conditions. The structural characterization of α-Fe₂O₃ single crystals 

and their near-surface bulk state, presented first, establishes the foundation for the 

subsequent kinetic study, which forms the central contribution of the thesis. To address 

these aspects, the thesis is structured as follows. 

Chapter 2 describes the experimental methods employed throughout this work. The 

techniques are introduced and form a common methodological basis for the structural and 

kinetic investigations presented in the following chapters. 

Chapter 3 focuses on the structural and chemical characterization of α-Fe₂O₃ single 

crystals prepared under controlled redox conditions. By combining surface-sensitive and 

bulk-sensitive approaches, this chapter establishes the relationship between surface 

phases and the near-surface bulk state. The results provide a consistent structural 

framework for interpreting surface reconstructions and clarify the role of subsurface 

phase transformations and impurities in shaping the observed surface behavior. 

Chapter 4 forms the core of this thesis. Building on the structural foundation of Chapter 3, 

it investigates the oxidation of α-Fe₂O₃(0001) as a time-dependent process. Oxidation 

experiments are performed under controlled temperature, oxygen partial pressure, and 

oxygen chemical potential conditions, allowing the evolution of the surface to be 

followed in real time. This chapter focuses on quantifying characteristic oxidation times 

and identifying systematic trends in oxidation behavior, rather than relying on static end-

point descriptions. 

Finally, Chapter 5 summarizes the main findings of the thesis and discusses their 

implications for understanding oxidation processes on complex oxide surfaces.  
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This chapter summarises the experimental techniques and measurement details employed in 

this thesis. Low-energy electron microscopy and diffraction (LEEM/LEED) served as the 

primary characterisation tool, providing real-time imaging and structural information during 

the oxidation studies in Chapter 4. Pulsed laser deposition (PLD) was used to grow the 

synthetic hematite films that formed the basis for these experiments. Scanning transmission 

electron microscopy (STEM) combined with electron energy loss spectroscopy (EELS) 

provided cross-sectional structural and chemical analysis of the hematite surfaces in 

Chapter 3. X-ray photoelectron spectroscopy (XPS) was used at both CEITEC and TU 

Vienna for surface composition verification. All experiments were performed under ultra-

high vacuum conditions at the CEITEC Nano Research Infrastructure and at TU Vienna. 

2.1. Low-Energy Electron Microscopy (LEEM) 

Low-Energy Electron Microscopy (LEEM), originally developed by Ernst Bauer [7,48], and 

later refined by Ruud Tromp [49], was the primary technique employed in this study to 

monitor, in real time, the oxidation behaviour and structural evolution of α-Fe₂O₃(0001) 

surfaces. LEEM combines real-space imaging and electron diffraction within a single 

instrument, allowing direct correlation between morphology and crystallographic order with 

nanometer-scale resolution. The technique employs a parallel beam of low-energy electrons 

to illuminate the sample, imaging the entire field of view simultaneously, in a manner 

analogous to optical microscopy. Because LEEM operates in reflection geometry, the 

incoming and outgoing electron beams share the same optical path between the objective lens 

and the sample. A beam-splitting prism is therefore required to separate them, resulting in a 

bent optical axis. 

The electrons must be of sufficiently low energy to achieve both high surface 

sensitivity and high spatial resolution. These properties are governed by the inelastic mean 

free path of electrons, which decreases steeply with decreasing energy, reaching its minimum 

below approximately 50 eV. As designing electron optics for such low energies is technically 

challenging, electrons are accelerated to about 15 keV throughout the optical column and 

decelerated only in front of the sample. The sample is maintained at a potential close to that 

of the emitter (typically –15 kV), while the electron-optical elements are at ground potential, 

restricting the method to conductive and atomically flat samples. 
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A schematic representation of the SPECS FE-LEEM P90 instrument used in this work 

is shown in Figure 2.1. The microscope consists of the electron source, optical columns 

(condenser, objective, and projector), electrostatic prism, apertures, and sample stage. The 

system follows the design developed by Ruud Tromp and commercialized by SPECS, while 

being based on the original optical concept proposed by Ernst Bauer. Electrons are emitted 

from a cold field-emission gun with an energy spread of approximately 0.25 eV and projected 

through the gun and condenser lenses to the sample prism, which acts as a beam splitter. The 

prism deflects the 15 keV electron beam by 90° toward the objective lens and the elastically 

reflected beam by 90° toward the projector column. It also serves as an energy filter, allowing 

angle-resolved energy spectra or energy-filtered imaging when combined with UV 

illumination. 

 

Figure 2.1: (a) Schematic of the SPECS FE-LEEM P90 microscope showing the 

electron optical path from gun to detector. (b) Magnified view of the objective-lens region 
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showing diffraction formation in the back focal plane. Figure reproduced from [50] under the 

Creative Commons Attribution 4.0 license. 

The electrostatic immersion objective lens decelerates the electrons to a few eV in 

front of the sample within a uniform electrostatic field of approximately 10 MV m⁻¹. This 

configuration produces a parallel illumination beam, ensuring strong surface sensitivity. The 

reflected electrons are re-accelerated to the transfer energy and refocused into the prism, 

where those scattered in the same direction converge to identical points in the back focal 

plane of the objective lens. Hence, the diffraction pattern is formed in the back focal plane of 

the objective lens, while the real-space image forms in a conjugate plane closer to the 

projector column. The prism deflects the reflected beam toward the projector column, which 

magnifies and projects the real-space image or the diffraction pattern onto the detector, 

depending on the excitation of the projector lenses. By tuning the projector lenses, the system 

can rapidly switch between imaging and diffraction modes. The amplified electron signal is 

converted to visible light by a microchannel plate coupled to a fluorescent screen and 

recorded by a CCD camera. 

Several apertures of defined geometry regulate the electron beam along its optical 

path. They enhance image contrast, enable the selection of specific regions in real or 

reciprocal space, and, when combined with photon excitation, allow energy-filtered or angle-

resolved imaging. The μ-diffraction aperture, located in the sample prism, can confine the 

illuminated area on the sample from approximately 7 × 15 μm² down to a circular region as 

small as 185 nm in diameter, allowing localized diffraction measurements. The contrast 

aperture, placed at the center of the projector lens P1 (where the prism refocuses the 

diffraction pattern), enables selection of specific diffracted beams, typically the (0,0) beam 

for bright-field imaging or higher-order reflections for dark-field imaging. The entrance slit 

limits the angular distribution of electrons in one dimension, enabling the acquisition of 

angle-resolved energy spectra and, in combination with the contrast aperture, energy-filtered 

imaging. The selected-area aperture controls the size of the reflected electron beam leaving 

the prism; it is generally open during LEEM imaging but can be adjusted for PEEM or 

spectroscopic modes to confine the viewing area. In this work, bright-field imaging was 

performed by selecting the central (0,0) beam with the contrast aperture, while diffraction 

patterns were acquired without aperture confinement. 
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Samples were mounted on a resistively heated four-axis manipulator (X, Y, Z, and 

polar tilt). The temperature was measured using a type-K thermocouple and calibrated by an 

optical pyrometer. LEEM and LEED measurements were conducted under oxygen partial 

pressures between 6.3 × 10-7 and 5.0 × 10-6 mbar and at sample temperatures between 660 °C 

and 700 °C. Depending on the regime, either temperature, oxygen pressure, or oxygen 

chemical potential was kept constant while the others were varied. Image and diffraction 

sequences were recorded at a rate of 1 frame s-1 for durations between 55 and 450 minutes. 

Phase identification was based on contrast differences in bright-field images, where the R-

phase and H-phase appear with distinct intensities, and on the appearance of characteristic 

moiré spots in the diffraction pattern associated with the H-phase overlayer. Surface coverage 

was quantified from the LEEM image sequences using contrast thresholding in ImageJ. This 

setup enabled the quantitative, real-time monitoring of surface structural evolution during 

oxidation, providing the data analysed in Chapter 4. 

2.2. Pulsed Laser Deposition (PLD) 

Pulsed Laser Deposition (PLD) is a physical vapor deposition technique in which short, high-

energy laser pulses ablate material from a solid target, forming a plasma plume that deposits 

onto a heated substrate. The process allows precise control over film thickness, 

stoichiometry, and crystallinity, making it particularly suitable for oxide thin films. In this 

study, PLD was employed to grow synthetic hematite (α-Fe₂O₃) thin films homoepitaxially 

on natural α-Fe₂O₃(0001) single crystals, providing stoichiometric, well-defined surfaces free 

from the trace impurities (e.g. Ti, Mg etc.) typically present in natural samples. The 

deposition work was performed during a three-month Erasmus training period at TU Vienna, 

using a dedicated PLD system integrated with an ultra-high vacuum (UHV) environment. 

The PLD system at TU Vienna combines a growth chamber (base pressure ≤ 4 × 10-10 

mbar) with an adjoined surface science chamber through a UHV transfer, allowing film 

growth, characterisation, and surface preparation without breaking vacuum. During 

deposition, pulses from a KrF excimer laser (Coherent Compex Pro 201, λ = 248 nm) ablate 

material from a polished target, generating a plasma plume that deposits onto the substrate. 

The substrate is heated from the back by a continuous-wave infrared laser (DILAS Compact 

Evolution, 980 nm), and the temperature is monitored with an Impac IGA5 pyrometer. 

Oxygen is supplied via a leak valve to maintain the required partial pressure during growth. 
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Each laser pulse deposits a submonolayer amount of material, allowing precise control of 

film thickness through the number of pulses and repetition rate. 

The deposition process was conducted using an iron(III) oxide (Fe₂O₃) target prepared 

from Fe₂O₃ Puratronic®, 99.995% (metals basis), Alfa Aesar, Germany. The laser operated at 

a fluence of 2.0 J cm-2 with a pulse frequency of 5 Hz. During deposition, the substrate 

temperature was maintained at 850 °C under an oxygen partial pressure of 2 × 10-2 mbar. A 

controlled heating ramp of 35 °C/min was applied to ensure the thermal stability of the 

substrate [51]. 

Prior to deposition, the natural hematite crystals were cleaned through multiple 

sputtering-annealing cycles to remove residual surface contamination. Each cycle involved: 

10 minutes of sputtering with 1 keV Ar⁺ ions at 5 × 10-7 mbar, followed by 10 minutes of 

annealing at 600 °C in 1 × 10-6 mbar O₂. The process was repeated until X-ray Photoelectron 

Spectroscopy (XPS) confirmed the absence of impurities. A final annealing step at 800 °C for 

60 mins in 5 × 10-5 mbar O₂ was performed to enhance surface flatness [52]. Under these 

conditions, uniform α-Fe₂O₃ thin films with an average thickness of approximately 100 nm 

were obtained. Surface cleanliness and structural order were verified by Low-Energy 

Electron Diffraction (LEED) and XPS prior to and after deposition. The synthetic hematite 

samples prepared by PLD, as described in this section, were used in the oxidation studies 

presented in Chapter 4. A schematic of the setup is shown in Figure 2.2. 

 

Figure 2.2: PLD system at TU Vienna used for the growth of synthetic α-Fe₂O₃ films on 

natural hematite crystals. 
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2.3. Scanning Transmission Electron Microscopy (STEM) and Electron Energy Loss 

Spectroscopy (EELS) 

Scanning Transmission Electron Microscopy (STEM) combined with Electron Energy Loss 

Spectroscopy (EELS) was employed to investigate the cross-sectional structure and local 

chemistry of selected hematite samples. These techniques provided complementary atomic-

scale information on lattice continuity, interface sharpness, and oxidation-state distribution 

beyond the reach of surface-sensitive methods such as LEEM and XPS. At the CEITEC Nano 

core facility, Ondřej Man prepared the TEM lamellae and Jan Michalička performed the 

STEM imaging and EELS analysis. 

TEM lamellae were prepared using a dual-beam FEI Helios NanoLab 660 system at 

the CEITEC Nano core facility. The instrument combines a Schottky field-emission electron 

column with a gallium ion source operating at 30 kV, allowing site-specific milling and 

thinning of single-crystal regions of interest. Prior to milling, a protective Ag cap layer was 

deposited (Section 2.5.2) to prevent surface damage. The lamellae were lifted out using a 

nanomanipulator and mounted on copper grids, followed by final thinning and polishing at 5 

and 2 kV to achieve electron transparency suitable for high-resolution analysis. High-

resolution imaging and spectroscopy were performed using a Thermo Fisher Scientific Titan 

Themis 60–300 microscope operated at 300 kV. The microscope is equipped with a 

monochromator and a spherical-aberration corrector on the probe-forming lens, enabling sub-

angstrom spatial resolution. STEM imaging was conducted in high-angle annular dark-field 

(HAADF) and bright-field (BF) modes to visualise the crystal structure and film–substrate 

interfaces with atomic-scale contrast. 

For chemical and electronic-structure analysis, EELS spectra were recorded using a 

Gatan Quantum ERS spectrometer operated in Dual-EELS mode. This configuration enabled 

simultaneous acquisition of low-loss and high-loss spectra in each pixel. The Fe–L₂,₃ and O–

K edges were analysed after background subtraction and plural-scattering deconvolution to 

determine elemental concentrations and oxidation-state variations across the interface. Phase 

identification relied on two complementary criteria: the Fe:O atomic ratio extracted from 

integrated edge intensities, and the fine structure of the Fe-L₂,₃ edge, which is sensitive to the 

Fe oxidation state and site symmetry. The STEM/EELS analyses performed for the samples 
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discussed in Chapter 3 provided atomic-scale verification of the structural and chemical 

integrity of the differently prepared hematite samples and their interfaces. 

2.4.  X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) was used to determine the elemental composition, 

oxidation states, and surface chemistry of hematite samples (Figure 2.3). The technique is 

based on core-level photoemission and is intrinsically surface-sensitive, probing a depth of 2–

5 nm [53]. Characteristic binding energies identify the elements present, while chemical shifts 

in core-level positions provide information on oxidation states and local bonding. 

Measurements at CEITEC were conducted using a SPECS system equipped with a 

Phoibos 150 hemispherical analyser, a microchannel plate detector, and a 2D CCD camera 

for spatially resolved spectral acquisition. The system was operated with a non-

monochromatized X-ray source (Mg Kα, hν = 1253.6 eV). Spectra were recorded at normal 

emission (0°) in high-magnification mode using a 15 mm iris aperture. The core-level spectra 

were acquired with a pass energy of 20 eV, a step size of 0.1 eV, and a dwell time of 0.1 s, 

resulting in high-resolution spectra with a good signal-to-noise ratio. At TU Vienna, XPS 

verification of the PLD-grown films was performed in the adjoined surface science chamber 

using an Omicron non-monochromatic Al Kα source (hν = 1486.6 eV) and a SPECS Phoibos 

100 analyser. Despite the different excitation energies, the Fe 2p core-level features and 

satellite structures used for oxidation state identification remain at the same binding energy 

positions and are directly comparable between the two setups. 

No charging effects were observed during the measurements, confirming sufficient 

sample conductivity and surface grounding. The samples were mounted on a five-axis 

manipulator, allowing precise translational and angular alignment during analysis. Prior to 

acquisition, surface order and cleanliness were verified by Low-Energy Electron Diffraction 

(LEED) to ensure the presence of well-defined surface reconstructions. All XPS 

measurements were performed at room temperature under a base pressure of approximately 

2 × 10-10 mbar. 
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Figure 2.3:  Schematic of the XPS system. X-rays from the Al/Mg Kα source eject 

photoelectrons from the α-Fe₂O₃(0001) surface. The hemispherical analyser disperses them 

by kinetic energy through the radial field between the −V and +V hemispheres, and the 

microchannel plate with 2D CCD readout detects them. 

2.5. Ultra-High Vacuum Cluster 

The Ultra High Vacuum (UHV) cluster at CEITEC Nano Research Infrastructure is designed 

for sample preparation, thin film deposition, and surface characterisation under controlled 

conditions. It consists of ten interconnected chambers linked by a linear magnetic transfer 

line, maintaining a base pressure of approximately 2 × 10-10 mbar. This configuration enables 

complete experimental workflows, including surface cleaning, material deposition, and 

surface characterisation, to be performed sequentially under vacuum conditions without 

exposure to ambient air (Figure 2.4). 

The system comprises dedicated chambers for various techniques, including sample 

preparation, pulsed laser deposition, low-energy electron microscopy and diffraction, X-ray 

photoelectron spectroscopy, and low-energy ion scattering, among others. Gate valves 

between the chambers allow independent venting while preserving overall vacuum integrity. 

The magnetic transfer line enables precise and contamination-free movement of samples 

between chambers, ensuring reproducibility across different experimental stages. The entire 

system is mechanically isolated from vibration sources. The analytical chambers are mounted 
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on damped platforms, and their mechanical decoupling from the main frame ensures stable 

conditions during high-resolution measurements. 

 

Figure 2.4: Schematic of the UHV cluster at CEITEC Nano, consisting of ten interconnected 

chambers with a linear magnetic transfer line. Figure reproduced from [54]. 
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2.5.1. Sample Cleaning in the Preparation Chamber 

Surface preparation was performed in the dedicated Preparation Chamber of the UHV cluster 

to obtain contamination-free and well-ordered hematite (0001) surfaces prior to deposition 

and imaging experiments. The cleaning process consisted of repeated cycles of argon ion 

sputtering followed by thermal annealing to remove surface impurities and restore 

crystallinity. Sputtering was carried out using a wide-beam ion gun operating in the energy 

range of 0.5–3 keV with inert Ar⁺ ions. For this study, an ion energy of ~1 keV was applied 

as it provided an optimal balance between effective surface cleaning and minimal lattice 

damage. The argon pressure during sputtering was maintained in the ~10-6 mbar range. 

Subsequent annealing was performed by electron-beam heating using a thoriated 

tungsten filament positioned behind the sample. Heating was achieved by accelerating 

thermally emitted electrons toward the sample with an adjustable negative bias of 0–1000 V. 

This method provided stable and uniform heating across the crystal surface, ensuring 

reproducible thermal treatment. Temperature control was achieved through two independent 

systems. A type K (chromel–alumel) thermocouple, located near the sample holder, provided 

reference readings, while a pyrometer (IGA 140 MB 18, LumaSense Technologies), 

calibrated for 350–1800 °C, was used for direct surface temperature measurements. For 

hematite, the pyrometer emissivity was set to 0.6. The pyrometer readings were used as the 

primary temperature reference at high temperatures, as the thermocouple is positioned near 

but not in direct contact with the sample and therefore tends to record slightly lower values. 

The surface quality and crystallinity were evaluated between cleaning cycles using 

LEED. The emergence of sharp diffraction spots confirmed successful removal of 

contaminants and restoration of the surface order, ensuring readiness for further experimental 

procedures. 

2.5.2. Custom Deposition Chamber 

Material deposition was performed in the Custom Deposition Chamber, which is specifically 

designed to enable precise and reproducible thin-film growth under ultra-high vacuum 

conditions. The chamber is equipped with multiple effusion cells, enabling the thermal 

evaporation of different materials with independent control over deposition rate and substrate 

temperature. The deposition process is based on thermal evaporation, where material from a 
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heated effusion cell sublimates and condenses onto the sample surface under UHV 

conditions. 

In this study, the chamber was used to deposit silver (Ag) on hematite surfaces for the 

preparation of samples intended for transmission electron microscopy (TEM) analysis. The 

Ag layer acted as a protective capping layer, preventing contamination and structural 

alteration during exposure to ambient conditions and subsequent focused ion beam (FIB) 

processing. Silver was evaporated from a Knudsen-type effusion cell operated at 

approximately 850 °C, with the sample maintained at room temperature during deposition. 

The chamber pressure during this process was approximately 4 × 10-10 mbar, ensuring 

minimal background contamination. The resulting Ag film thickness was typically in the 

range of 20–25 nm. Together, the UHV cluster and its associated chambers provided the 

controlled experimental conditions required for all surface preparation and characterisation 

steps described in Chapters 3 and 4.  
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3. Hematite α-Fe₂O₃(0001) in Top and 

Side View: Resolving Long-Standing 

Controversies about Its Surface Structure 
Hematite α-Fe₂O₃(0001) in Top and Side View  



Hematite α-Fe₂O₃(0001) in Top and Side View 

29 

 

3.1. Introduction 

The structural debate surrounding the α-Fe₂O₃(0001) surface introduced in Chapter 1 cannot 

be resolved by top-view surface-sensitive techniques alone, which are insensitive to buried 

phase boundaries and stoichiometric gradients in the near-surface region [10,16]. To address 

this limitation, this chapter develops a cross-sectional characterization approach combining 

high-resolution transmission electron microscopy (HRTEM) and electron energy loss 

spectroscopy (EELS) with controlled UHV surface preparation. Initial observations using this 

strategy [55] showed that different surface treatments could yield indistinguishable LEED 

patterns despite markedly different subsurface structures, establishing the need for a 

complementary, depth-resolved methodology. 

The primary objective of this work was to establish a robust and reproducible UHV-

based surface preparation protocol, followed by lamella fabrication, for cross-sectional 

analysis, thereby enabling direct observation of the Fe₃O₄–Fe₂O₃ interface and potential 

surface oxide phases. Four distinct surface conditions (Samples 1–4) were created through 

reduction and oxidation cycles; lamellae were fabricated, and high-resolution cross-sectional 

data were acquired for all four. However, only Samples 3 and 4 yielded the publication-

quality datasets included in [51]. This decision was based on the superior data quality 

achieved under optimized capping strategies, particularly the use of Ag followed by Pt 

capping in Sample 4, which minimized surface contamination. Earlier trials using carbon 

capping (e.g., Samples 1 and 2) progressively improved with the introduction of Ag pre-

deposition, but residual carbon outdiffusion continued to limit the resolution of the topmost 

atomic layers, motivating the Pt-based capping refinement. 

The cross-sectional results presented in this chapter were obtained as part of a broader 

multi-technique study of the α-Fe₂O₃(0001) surface published in Advanced Materials 

Interfaces [51], in which top-view probes (LEED, XPS, STM, nc-AFM) and side-view TEM–

EELS were combined to deliver a comprehensive view of the surface and near-surface 

structure. The sections that follow focus on the UHV preparation, lamella fabrication, and 

TEM–EELS characterisation, with complementary observations from the full study 

summarised at the end of the chapter.  
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3.2. Surface Preparation and Experimental Approach 

The α-Fe₂O₃(0001) single crystal (6.4 × 6.4 × 1.5 mm3) used in this study was obtained from 

SurfaceNet GmbH and served as the basis for all surface terminations reported herein. All 

preparation steps were performed in an ultra-high vacuum (UHV) environment with a base 

pressure below 1 × 10-10 mbar. All four surface conditions (Samples 1–4) were prepared on 

the same single SurfaceNet crystal through successive sputtering, annealing, and oxidation 

cycles, so that intrinsic crystal-to-crystal variability is excluded from the comparison.  

To ensure that nominally equivalent surface states could be meaningfully compared 

across samples, sputtering and annealing parameters were held constant within each 

preparation cycle (Table 3.1), with substrate temperature monitored continuously by 

pyrometer. After each cycle, the surface state was benchmarked against LEED and Fe 2p 

XPS criteria (Figure 3.1): the (2×2) magnetite-like diffraction pattern combined with a 

mixed-valence Fe 2p lineshape defined the reduced R-phase [10,16], while a (1×1) diffraction 

pattern together with the characteristic Fe³⁺ satellite at ~717 eV defined the fully oxidized H-

phase [10,56]. Surfaces that did not meet these benchmarks were re-prepared before lamella 

fabrication. For oxide surfaces in UHV, where the final termination depends sensitively on 

the oxygen chemical potential during cooling and on sputtering damage prior to annealing 

[6], these reproducibility checks were essential for treating the four samples as comparable 

starting points for cross-sectional analysis. 

Initial surface treatments involved Ar⁺ sputtering at 1.2 keV to remove contaminants, 

followed by annealing under UHV conditions to induce surface reduction. For oxidation, the 

crystal was subsequently annealed in molecular oxygen at partial pressures ranging from 1.0 

× 10-6 to 1.7 × 10-6 mbar at 640 °C. Carbon cleaning steps were introduced in later samples to 

address residual contamination and improve reproducibility. Table 3.1 summarizes the 

preparation details for each sample, including process sequence, pressure, temperature, 

current, and time.  
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Table 3.1: Summary of preparation parameters for differently treated α-Fe₂O₃(0001) 

surfaces. 

 

Process Cycles Operation Time (min) p (mbar) 

 

Iemis, (mA) E 

(keV) 

Tpyro (°C) Ifil (A) 

 

Sample 1 (H-phase) 

Reduction  

1 

Sputtering 10 8.5 - 7.8 ×10-6 10 1.2 - - 

Annealing 

 

10 UHV 20 - 628-636 °C 2.38 

Oxidation 2 Annealing 

 

60 1.7 - 1×10-6 15 - 640 °C 2.45 

60 

Sample 2 (H-phase) 

Carbon Cleaning  

2 

Sputtering 30 8.5 - 7.8 ×10-6 10 1.2 - - 

30 

Reduction  

2 

Sputtering 10 8.5 - 7.8 ×10-6 10 1.2 - - 

Annealing 

 

10 UHV 15 - 640 °C 2.44 

Oxidation 2 Annealing 

 

60 1.7 - 1×10-6 14 - 640 °C 2.44 

120 

Sample 3 (R-phase) 

Carbon Cleaning 6 Sputtering 30 8.5 - 7.8 ×10-6 10 1.2 - - 

45 

45 

45 

30 

60 

Reduction 6 Sputtering 10 8.5 - 7.8 ×10-6 10 1.2 - - 

Annealing 10 UHV 23 - 640 °C 2.21 

Sample 4 (H-phase) 

Carbon Cleaning 3 Sputtering 30 8.5 - 7.8 ×10-6 10 1.2 - - 

30 

30 

Reduction 5 Sputtering 10 8.5 - 7.8 ×10-6 10 1.2 - - 

Annealing 10 UHV 17 - 640 °C 2.45 

Oxidation 4 Annealing 60 1.7 - 1.0 ×10-6 14.5 - 640 °C 2.54 

60 

60 

10 
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It is worth mentioning that, in addition to the preparation conditions, Table 3.2 outlines the 

post-preparation surface depositions and capping strategies used for lamella fabrication. 

These protective layers played a crucial role in mitigating surface damage and contamination 

during ion milling, which was later performed using a focused ion beam (FIB) system. 

Table 3.2: Post-preparation surface deposition and capping layers for lamella fabrication. 

Sample UHV Deposition Capping layer for lamella 

preparation outside UHV 

Sample 1 (H-phase) - Carbon 

Sample 2 (H-phase) Ag Carbon 

Sample 3 (R-phase) Ag Carbon 

Sample 4 (H-phase) Ag Platinum 

 

LEED and XPS Characterization 

After completing each surface preparation, the resulting surface phase was verified using 

low-energy electron diffraction (LEED) and X-ray photoelectron spectroscopy (XPS). These 

measurements were performed before any Ag deposition or lamella fabrication, ensuring that 

the surface phase was confirmed in its clean state. In this section, we present LEED and XPS 

results from Sample 1, which was first reduced and then oxidized under controlled UHV 

conditions. This allows us to examine both representative surface states on the same α-

Fe₂O₃(0001) crystal. 

Reduced Phase of Sample 1 

The R-phase was prepared by a single cycle of Ar⁺ sputtering (10 minutes at 1.2 keV) 

followed by UHV annealing at 628–636 °C for 10 minutes (Table 3.1); a single cycle was 

sufficient because the crystal was used directly as received from SurfaceNet under continuous 

UHV maintenance, minimising initial adsorbate uptake. This treatment selectively removed 

oxygen atoms, forming a Fe₃O₄-like surface termination. The LEED pattern recorded at 

90 eV showed a clear 2 × 2 reconstruction (Figure 3.1a), consistent with Fe₃O₄(111) 

symmetry [57]. XPS measurements of the Fe 2p region (Figure 3.1b) showed a characteristic 

doublet at ~710 eV (Fe 2p3/2) and ~724 eV (Fe 2p1/2), along with the absence of a well-
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defined Fe³⁺ satellite at ~717 eV. This spectral profile confirms the mixed-valence state of 

Fe²⁺ and Fe³⁺, consistent with magnetite stoichiometry [10]. 

Oxidized Phase of Sample 1 

After establishing the reduced state, the surface was oxidized by annealing for 2 h in O₂ at a 

partial pressure of 1.0 × 10⁻6 mbar and 640 °C. The LEED pattern recorded after oxidation 

showed a 1 × 1 symmetry (Figure 3.1c), characteristic of oxidized α-Fe₂O₃(0001). While the 

Moiré contrast typically associated with the FeO₂ honeycomb overlayer was not visible, this 

is attributed to the limited lateral resolution of our LEED system. The applied oxidation 

protocol itself follows a previously validated recipe [10], known to reliably produce the H-

phase under comparable UHV conditions. The Fe 2p XPS spectrum of this surface (Figure 

3.1d) revealed a sharp Fe 2p3/2 peak at ~710.8 eV and a prominent satellite feature at 

~717.0 eV, confirming the presence of fully oxidized Fe³⁺ states. This spectral fingerprint is 

consistent with reference data for stoichiometric α-Fe₂O₃ [56]. 

Although Samples 2 and 4 were also cycled through reduction and oxidation (and 

Sample 3 was reduced only), their surface-sensitive LEED/XPS results were qualitatively 

consistent with the two states shown here. Thus, Sample 1 is used as the representative case 

for all LEED/XPS data sets. Differences between samples emerge primarily in the subsurface 

structure, which we address in the cross-sectional analysis. 
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Figure 3.1: Surface characterisation of Sample 1 in the reduced R-phase (a, b) and the 

oxidised H-phase (c, d). (a) LEED pattern of the R-phase recorded at 90 eV, with a 

characteristic 2 × 2 surface reconstruction consistent with Fe₃O₄(111); the underlying 1 × 1 

unit cell is indicated by the white rhombus. (b) Fe 2p XPS of the R-phase, exhibiting a 

mixed-valence magnetite-like lineshape and no Fe³⁺ satellite. (c) LEED pattern of the H-

phase recorded at 90 eV, displaying 1 × 1 symmetry. (d) Fe 2p XPS of the H-phase, showing 

the characteristic Fe³⁺ satellite at ~717 eV. 

Ag-Capping Strategy 

Early sample preparations (Sample 1) used a standard carbon capping layer to protect the 

surface during air transfer and lamella fabrication. However, carbon diffused into the near-

surface region and introduced contamination during TEM/EELS analysis, compromising the 

chemical mapping of the surface oxide layers. To overcome this limitation, a metallic Ag 

capping layer was introduced in later preparations (Samples 2–4). Silver provides a 

chemically inert, conductive, and UHV-compatible overlayer that does not oxidize under the 

applied conditions and can be clearly distinguished from Fe and O in spectroscopic analysis, 

acting as a stable protective barrier without interfering with the surface chemistry. 
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Ag deposition was performed in the Custom Deposition Chamber (Section 2.5.2) with 

the substrate held at room temperature, preserving the reduced or oxidised state established in 

the preparation chamber. This ensured chemical stability of the prepared surface terminations 

during exposure to air and subsequent processing, providing reliable conditions for lamella 

fabrication and cross-sectional TEM–EELS analysis. Local interactions between Ag adatoms 

and undercoordinated surface sites (e.g., Fe or O at step edges or oxygen vacancies) cannot 

be excluded at the atomic scale. Such single-site modifications fall below the spatial and 

chemical resolution accessible to the cross-sectional STEM-EELS measurements employed 

here, and therefore do not enter the phase-level structural analysis on which the conclusions 

of this chapter are based. 

Lamella Fabrication and Surface Protection Strategy 

Surface-sensitive techniques such as LEED and XPS provided valuable insights into the 

crystallographic and chemical states of the prepared α-Fe₂O₃(0001) surfaces. However, these 

techniques offered no access to the buried interfacial structure or subsurface phase 

distribution, which are critical aspects for understanding redox-induced surface 

reconstructions. To overcome this limitation, we employed cross-sectional high-resolution 

transmission electron microscopy (HRTEM) and electron energy loss spectroscopy (EELS), 

which required site-specific lamellae extracted from the treated surfaces. 

Lamella fabrication was performed using a dual-beam focused ion beam–scanning 

electron microscope (FIB–SEM) system. All lamellae were oriented with the surface normal 

aligned along the [1 1 -2 0] direction of the hematite crystal, enabling high-resolution 

imaging across the surface and near-surface regions. However, achieving clean, undistorted 

cross sections proved challenging, particularly in maintaining chemical and structural 

integrity during ion milling. 

Initially, for Sample 1, a standard carbon capping layer was applied using the gas 

injection system (GIS) to protect the surface during FIB processing. This approach, although 

routine, led to severe carbon contamination during EELS, with carbonaceous layers spreading 

across the surface under the electron beam, thereby compromising the reliability of chemical 

analysis. To address this, we introduced an Ag capping layer for Sample 2, thermally 

evaporated in UHV before exposure to air, followed by carbon deposition as a mechanical 

barrier during milling. This dual capping improved structural visibility in HRTEM but still 
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failed to resolve surface-specific features, likely due to residual contamination and beam 

sensitivity. Sample 3 followed the same Ag + carbon protocol. In this case, the surface was in 

a reduced state, and the interfacial magnetite structure remained sufficiently stable, allowing 

clear STEM-EELS mapping and validation of a distinct Fe₃O₄ layer atop hematite. 

The decisive refinement came with Sample 4, where a dual-layer protection strategy 

was implemented: after Ag deposition in UHV, a platinum cap was deposited inside the FIB–

SEM using electron-beam-induced deposition (EBID) followed by ion-beam-induced 

deposition (IBID). Several GIS chemistries (C, Pt, W) were tested; Pt was selected as it 

avoided unwanted species, whereas carbon caps introduced extensive contamination during 

TEM/EELS. Prior to FIB milling, the chamber was plasma-cleaned to suppress hydrocarbon 

deposition. The lamellae were then cut using 30 keV Ga ions, lifted out, and mounted onto 

Cu TEM grids (Figure 3.2). Final thinning and polishing were performed at 5 keV and 2 keV, 

achieving electron transparency (<100 nm). This optimized workflow, combining Ag + Pt 

capping with careful plasma cleaning and low-energy thinning, proved essential for 

preserving surface integrity and enabling atomically resolved structural and spectroscopic 

analysis.

 

Figure 3.2: Lamella fabrication. (a) deposition of a protective cap over the area of interest; 

(b) trench milling on both sides; (c) cutting; (d) transfer and mounting on a TEM grid. 

3.3. Cross-Sectional High-Resolution TEM and EELS Analysis 

3.3.1. Sample 1 (H-phase, carbon capping) 

Sample 1 was the first oxidized preparation investigated by cross-sectional TEM. As outlined 

earlier, the surface had been confirmed by LEED and XPS to exhibit the oxidized H-phase. 

For lamella fabrication, the surface was capped with a carbon layer using GIS before FIB 

milling. 

The cross-sectional TEM overview (Figure 3.3a) revealed three distinct regions 

extending from the bulk to the surface. In the deepest part of the lamella, HRTEM images 
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displayed the characteristic dumbbell lattice of hematite, corresponding to paired Fe³⁺ 

columns separated by a vacant cation layer in the corundum stacking sequence (Section 

1.2.2). This assignment was confirmed by the Fe-L₃ edge EELS spectrum (green curve, 

Figure 3.3b) [58]. Above this, an intermediate band with different crystallographic contrast 

was detected, which correlated with Fe₃O₄ magnetite based on Fe-L edge features (red curve). 

In the near-surface region, spectral variations (blue curve) suggested the presence of a 

different phase, but its chemical identity could not be fully resolved. This limitation arose 

from interference introduced by the carbon capping layer, which obscured the topmost atomic 

layers. 

Thus, while Sample 1 confirmed the expected hematite–magnetite sequence in 

oxidized surfaces, the unresolved top layer underscored the need for improved protection 

strategies to minimize contamination during lamella fabrication. 

 

Figure 3.3: (a) Cross-sectional TEM image of oxidized Sample 1 with magnified regions 

indicated by arrows. (b) STEM-EELS spectra of the Fe-L₃ edge showing distinct fingerprints 

for hematite (green), magnetite (red), and unresolved surface layers (blue). The Fe L₂,₃ edge 

arises from 2p → 3d dipole-allowed transitions whose fine-structure splitting and intensity 

ratios reflect the Fe oxidation state and local coordination [59]. 

3.3.2. Sample 2 (H-phase, Ag + carbon capping) 

To overcome the difficulties encountered with Sample 1, Sample 2 was prepared with an 

additional Ag layer ≈20–25 nm deposited in UHV immediately after oxidation, followed by 
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the same carbon GIS capping for lamella protection. This modification significantly 

improved the quality of the cross-section. 

Structural characterization: In TEM and HRTEM images (Figure 3.4), the dumbbell lattice 

of hematite in the bulk was observed with excellent clarity. The intermediate region exhibited 

well-defined contrast, consistent with a magnetite layer, as inferred from image contrast and 

lattice periodicity, in agreement with reference values for Fe₃O₄ [60]. Quantitative d-spacing 

measurements on equivalent magnetite-structured phases are presented in Section 3.3.4 

(Table 3.3). At the surface, however, an unresolvable layer persisted, which likely 

corresponded to an oxygen-rich termination but could not be directly resolved due to the 

interference of the protective carbon film. 

 

Figure 3.4: Cross-sectional HRTEM of Sample 2. (a) Large-area image showing the layered 

structure: bulk α-Fe₂O₃ (lower region), an intermediate Fe₃O₄ layer, and an unresolved 

oxygen-rich surface region adjacent to the carbon capping layer. (b) High-resolution view of 

the Fe₃O₄ intermediate layer. (c) High-resolution view of the α-Fe₂O₃ bulk. 

Chemical mapping: Complementary STEM-EELS mapping (Figure 3.5) distinguished three 

chemically distinct regions: hematite in the bulk (blue), magnetite in the intermediate layer 
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(red), and an oxygen-rich surface zone (green). Although phase separation was clear in 

compositional maps, the topmost layer remained spectroscopically ambiguous. 

 

Figure 3.5: STEM-EELS image and compositional mapping of Sample 2, with extracted 

spectra indicating hematite (blue), magnetite (red), and oxygen-rich (green) regions. 

Compositional profiling: A line scan across the lamella (Figure 3.6) provided quantitative 

Fe:O ratios: 40:60 in the bulk (hematite), 45:55 in the intermediate region (magnetite), and 

30:70 in the surface layer. While this confirmed the oxygen-rich nature of the surface, the 

inability to resolve its atomic structure reflected the limitations of carbon-capped lamellae. 

 

Figure 3.6: STEM-EELS line-scan profile across the cross-sectional lamella of Sample 2. (a) 

HAADF reference image of the scanned region (dashed white lines mark the lamella 
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boundaries; scale bar 1 nm). (b) Atomic concentration profile derived from the Fe-L₂,₃ (red) 

and O-K (green) edges, plotted as a function of depth along the scan direction. Three 

compositional regions are identified: bulk hematite (Fe:O ≈ 40:60), an intermediate magnetite 

layer (Fe:O ≈ 45:55), and an oxygen-rich surface region (Fe:O ≈ 30:70). 

Compared to Sample 1, the Ag-assisted protocol enabled clearer imaging and more 

reliable identification of hematite and magnetite phases. Nevertheless, the persistence of 

surface ambiguity highlighted the shortcomings of carbon-based protection and motivated the 

adoption of platinum capping in subsequent samples. 

3.3.3. Samples 3 and 4: Refined Cross-Sectional TEM–EELS Studies 

After the initial trials with Samples 1 and 2 highlighted the shortcomings of carbon-based 

capping layers, Samples 3 and 4 provided the highest-quality cross-sectional datasets. Sample 

3 retained the same Ag + carbon protocol used for Sample 2, while Sample 4 incorporated a 

refined Pt-based GIS strategy. Importantly, the reduced state of Sample 3 proved robust 

enough to withstand ion milling and electron-beam exposure, enabling clear identification of 

the Fe₃O₄ interfacial layer, while Sample 4 represented the fully oxidized reference prepared 

with the cleanest lamella protection. Together, these two preparations capture the redox end-

members of the α-Fe₂O₃(0001) surface under UHV-compatible conditions: a magnetite-

terminated reduced phase (μO ≲ −2.5 eV) and a fully oxidized hematite phase (μO ≳ −1.8 

eV). 

Sample 3 (R-phase, Ag + carbon capping) 

HRTEM analysis of Sample 3 revealed a near-surface Fe₃O₄(111) layer grown on a bulk 

Fe₂O₃(0001) substrate. Two distinct regions could be clearly distinguished: 

• Surface region: identified as Fe₃O₄, oriented to the [-112] zone axis (Figure 3.7a, b). 

• Bulk region: rhombohedral α-Fe₂O₃, oriented to the [11-20] zone axis (Figure 3.7c, d). 

These assignments were validated by FFT analysis of the lattice fringes, which confirmed the 

crystallographic orientations [60,61]. Across the lamella, the reduced surface film remained 

epitaxial and continuous, without fragmentation into misoriented grains. The film thickness 

was ≈20–25 nm, although this varied with sputter dose and annealing time, reflecting the 

sensitivity of the reduction depth to preparation parameters. 
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While HRTEM alone cannot unambiguously distinguish Fe₃O₄ from γ-Fe₂O₃ due to 

their similar inverse spinel structure, STEM–EELS provided chemical clarity. Elemental 

maps of Fe–L₂,₃ and O–K edges (Figure 3.7g) showed a compositional gradient across the 

interface. Line profiles (Figure 3.7h) indicated a Fe:O ratio of 43:57 in the surface layer, 

consistent with Fe₃O₄ stoichiometry (nominal value: 42.9:57.1), and 40:60 in the bulk, 

consistent with hematite. 

High-resolution monochromated STEM–EELS spectra of the Fe–L₂,₃ edges (Figure 

3.7i) further corroborated these assignments. The bulk hematite exhibited a strong L₃ pre-

peak (cyan arrow) characteristic of Fe³⁺, whereas the reduced layer showed no pre-peak and 

three distinct L₂ contributions (blue arrows), consistent with Fe₃O₄ containing octahedral 

Fe²⁺, octahedral Fe³⁺, and tetrahedral Fe³⁺ sites [62,63]. The combined structural and 

spectroscopic analysis excluded γ-Fe₂O₃ and confirmed the formation of a sharp Fe₃O₄/Fe₂O₃ 

interface under reducing conditions. 

Sample 4 (H-phase, Ag + Pt capping) 

By contrast, HRTEM analysis of Sample 4 (Figures 3.7e, f) revealed that full oxidation 

restored the stoichiometric hematite up to the surface. The lattice was oriented to the [11-20] 

zone axis, and the dumbbell pattern characteristic of α-Fe₂O₃(0001) appeared continuous and 

defect-free all the way to the Ag protective overlayer. This atomically sharp Ag/Fe₂O₃ 

interface indicates that even under UHV conditions, complete re-oxidation can be achieved at 

μO ≳ −1.8 eV. 

STEM–EELS mapping (Figure 3.7g) confirmed uniform Fe³⁺ states throughout the 

near-surface region. The Fe:O ratio remained close to the expected 40:60 of stoichiometric 

hematite, with no indication of Fe²⁺ features. A fine-structure analysis of the Fe–L₂,₃ edges 

corroborated this, displaying the strong pre-peak signature of Fe³⁺ across the depth profile. 

This sample, protected by Ag + Pt capping, yielded the cleanest lamella and most reliable 

chemical profiles, free from carbon-related distortions observed in earlier trials. 

Samples 3 and 4 thus provide a side-view window into the two limiting redox states 

of α-Fe₂O₃(0001) under controlled UHV conditions: a magnetite-terminated reduced phase 

(μO ≲ −2.5 eV) and a fully oxidized hematite phase (μO ≳ −1.8 eV). Together, they validate 

the robustness of our preparation and capping protocols, while illustrating how subsurface 
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cross-sectional analysis complements surface-sensitive probes in resolving long-standing 

controversies about the hematite (0001) surface. 

 

Figure 3.7: Cross-sectional HRTEM and STEM–EELS characterization of Sample 3 

(reduced R-phase) and Sample 4 (oxidized H-phase). (a,b) HRTEM of Sample 3 showing 

Fe₃O₄ surface layer on Fe₂O₃ substrate. (c,d) FFT analyses identifying [-112] and [11-20] 

zone axes. (e,f) HRTEM of Sample 4 showing fully oxidized Fe₂O₃ up to the Ag interface. 

(g) STEM–EELS elemental maps across the surface interface. (h) Fe:O atomic concentration 

profile. (i) Fe–L₂,₃ fine-edge spectra showing Fe²⁺/Fe³⁺ signatures in Sample 3 and pure Fe³⁺ 

states in Sample 4. 

3.3.4. Impurity Segregation: Mn-Rich Clusters in Natural Hematite 

The effect of intrinsic impurities in natural hematite crystals not only influences the stability 

of surface reconstructions of α-Fe₂O₃(0001) but also impacts bulk transformations and the 

recovery of stoichiometric hematite under oxidizing conditions. Earlier studies by 

Chiaramonti et al. demonstrated that ferrite spinel phases can form in the near-surface region 

of hematite upon Ar⁺ bombardment, but only in crystals containing trace impurities [47]. Our 

cross-sectional TEM–EELS analysis confirms this phenomenon for manganese (Mn), which 

segregates toward the near-surface region during reoxidation treatments. 
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High-resolution TEM imaging (Figure 3.8a) revealed Mn-rich inclusions embedded 

within an otherwise stoichiometric α-Fe₂O₃ matrix. Fast Fourier Transform (FFT) analysis of 

the inclusion (Figure 3.8b) indicated diffraction vectors consistent with a magnetite-like 

inverse spinel structure, while the surrounding bulk (Figure 3.8c) displayed the characteristic 

hematite pattern. The measured interplanar spacings (Table 3.3) agreed well with reference 

values for Fe₃O₄, confirming that the impurity-rich domains adopt a ferrite-like structure. 

STEM–EELS elemental mapping (Figure 3.8d) showed Mn enrichment within 

localized clusters, with concentrations in the range of 6–12 at.%. In these regions, Fe 

concentration decreased proportionally, while oxygen content remained close to levels 

expected for magnetite stoichiometry (Figure 3.8e). Outside the inclusions, Mn concentration 

fell below the detection limit of EELS, and the Fe:O ratio returned to 40:60, consistent with 

stoichiometric hematite. 

 

Figure 3.8: (a) HRTEM of Mn-rich cluster in hematite. (b) FFT of Mn-rich region, showing 

magnetite-like reflections. (c) FFT of bulk hematite. (d) STEM–EELS elemental maps of Mn, 

Fe, O. (e) Relative atomic concentration profiles across the cluster.  
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Table 3.3: Interplanar d-spacings found for the Mn-rich inclusion compared to d-spacings of 

the magnetite phase measured in our publication [51] and the literature [60]. 

 

The fine-structure analysis of the Fe–L₂,₃ edges further supported this assignment. As 

shown in Figure 3.9, spectra acquired from Mn-rich regions exhibited three distinct L₂ 

components (red arrows), characteristic of magnetite-like bonding, whereas spectra from the 

bulk displayed the split L₃ pre-peak (black arrow) typical of hematite [62,63]. These results 

strongly suggest the formation of a mixed ferrite phase, Fe3-ₓMnₓO4, embedded in the 

hematite crystal surface. 

The presence of Mn-rich inclusions has important implications for oxidation kinetics 

and electronic properties. Mn incorporation is known to modify hole mobility in hematite 

[64], and the segregation observed here locally hindered the complete reoxidation of the 

reduced magnetite-like surface. Even at oxygen chemical potentials (μO ≳ –1.8 eV) sufficient 

to restore stoichiometric hematite in clean samples, Mn inclusions preserved ferrite-like 

domains, thereby altering the near-surface chemistry. Depending on concentration and 

preparation conditions, Mn impurities may stabilize spinel-like phases or even distribute 

themselves across the surface, resulting in bulk-like (1 × 1) terminations rather than 

honeycomb reconstructions. 

Together, these findings demonstrate that impurities play a crucial role in determining 

the structural and chemical evolution of natural hematite surfaces under redox cycling 

conditions. While optimized preparation strategies (Samples 3 and 4) enabled robust 

observation of the limiting reduced and oxidized phases, the Mn-related inhomogeneities 

highlight the limitations of natural crystals and motivate the use of synthetic films for 

impurity-free model systems in catalysis. 

FFT d (measured) [Å] d (this work) [Å] [51] dhkl (Fe3O4 ref.) 

[Å] 

hkl (Fe3O4) 

k1 4.95 4.90 4.84 111 

k2 3.03 2.98 2.97 022 

k3 2.56 2.57 2.53 113 
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Figure 3.9: Fe–L₂,₃ EELS fine structures comparing bulk hematite (black) and Mn-rich 

region (red), demonstrating magnetite-like features in the impurity phase.  
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3.4. Conclusions 

This chapter established a robust methodology for cross-sectional characterisation of the α-

Fe₂O₃(0001) surface under UHV conditions, refined through a systematic progression of four 

samples. Early trials (Samples 1 and 2) underscored the limitations of carbon-based 

protection strategies, which introduced contamination and hindered reliable chemical 

analysis. Sample 3, although still capped with Ag + C, benefited from the intrinsic robustness 

of the reduced Fe₃O₄ phase, which allowed clearer interfacial analysis compared to oxidised 

samples. The final refinement was achieved with Sample 4, where replacing carbon with Pt, 

in combination with Ag deposition, yielded the cleanest lamellae and enabled atomically 

resolved insights into the near-surface structure and chemistry. 

The cross-sectional TEM–EELS approach validated earlier surface-sensitive 

observations and, for the first time, provided direct side-view evidence of the subsurface 

structure and interfacial sharpness underlying the reduced and oxidised limiting redox states. 

The robust distinction between magnetite and hematite layers, confirmed by lattice imaging, 

compositional mapping, and fine-edge EELS, excluded alternative structural interpretations 

such as γ-Fe₂O₃, demonstrating how cross-sectional approaches complement traditional 

LEED and XPS in resolving surface controversies. Beyond these cross-sectional findings, 

complementary nc-AFM imaging in UHV reported in the same study [51] confirmed that the 

oxidised surface is intrinsically terminated by a two-dimensional FeO₂ overlayer, which 

exhibits a Moiré pattern with three distinct regions arising from variations in registry with the 

underlying fully oxidised bulk and thereby explains the characteristic "biphase" contrast 

observed in STM. 

A key additional insight emerged from the role of impurities. Mn segregation locally 

hindered complete reoxidation, producing ferrite-like inclusions (Fe₃₋ₓMnₓO₄) enriched with 

6–12% Mn and embedded within the hematite matrix, with clear consequences for surface 

stability and redox recovery. This local segregation reflects a broader pattern: controlled 

comparisons between synthetic thin films and natural single crystals revealed the decisive 

role of intrinsic impurities, with alkali-metal impurities promoting the stabilisation of bulk-

like (1 × 1) terminations over the honeycomb FeO₂ layer across a broad range of oxygen 

chemical potentials. Taken together, these observations emphasise that bulk–surface coupling 

and impurity distribution must be considered when interpreting the stability of hematite 
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surfaces; while natural crystals are indispensable for probing intrinsic reconstructions, their 

impurity-driven variability complicates reproducibility and the interpretation of catalytic 

relevance. 

More broadly, the atomic structure and transformations of α-Fe₂O₃(0001) under 

catalytic conditions remain only partially understood. The influence of impurities is complex, 

depending on their concentration, chemical nature, and the specific reaction environment, and 

these effects significantly alter both the surface and bulk properties of hematite. This is of 

particular importance for photoelectrocatalysis and related reactions (e.g., water splitting, 

Fenton chemistry, or Fischer–Tropsch synthesis), where many catalytic systems operate in 

alkaline electrolytes (KOH, NaOH, carbonates) or employ metal-doped hematite (Ti, Zn, Mn, 

Ni) to enhance conductivity and charge separation. The collaborative work thus established 

that the α-Fe₂O₃(0001) surface is far more complex than previously assumed [65], even under 

the simplified conditions of UHV. Under realistic catalytic conditions, the combined 

influence of metallic impurities, surface (oxy)hydroxylation, and cation adsorption is 

expected to play a critical role in stabilising non-polar, catalytically active surface 

terminations. These insights provide the foundation for the kinetic oxidation studies presented 

in the following chapter.  



Oxygen-Pressure-Limited Recovery of α-Fe₂O₃(0001) 

48 

 

Chapter 4 

 

 

 

 

 

4. Oxygen-Pressure-Limited Recovery 

of the Hematite α-Fe₂O₃(0001) Surface from 

a Reduced Fe₃O₄(111)-Like Layer 
Oxygen-Pressure-Limited Recovery of α-Fe₂O₃(0001)   
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4.1. Introduction 

Chapter 3 established a cross-sectional TEM–EELS methodology for the α-Fe₂O₃(0001) 

surface and revealed subsurface variations that could not be inferred from surface-sensitive 

techniques alone. In particular, manganese segregation in the natural crystal locally hindered 

reoxidation and modified the redox response, illustrating how trace impurities influence 

oxidation pathways and surface stability. As such effects compromise reproducibility and 

complicate the interpretation of kinetic behaviour, an impurity-free synthetic α-Fe₂O₃(0001) 

film prepared by pulsed laser deposition (PLD) was selected as the platform for the oxidation 

study presented in this chapter. 

Building on the surface science framework introduced in Chapter 1, UHV preparation 

at low oxygen chemical potential 𝜇𝑂 ≲ −2.5 eV drives the α-Fe₂O₃(0001) surface into a 

reduced Fe₃O₄(111)-like layer (R-phase) [6,23,46], separated from the bulk by an atomically 

sharp Fe₃O₄(111)/α-Fe₂O₃(0001) interface [51], while annealing at 𝜇𝑂 > −2.5 eV restores the 

honeycomb-terminated H-phase [10,51]. Depending on the oxidation conditions, full 

recovery takes from tens of minutes to tens of hours [20,46,51]. Despite its importance for 

preparing well-defined samples, the kinetics of this transformation have not been 

quantitatively studied. 

To address this gap, we employ low-energy electron microscopy (LEEM) 

[9,49,50,66–68] to monitor the oxidation in real-space and time and show that both 

nucleation and subsequent growth depend on oxygen partial pressure and temperature, but, as 

it will turn out, do not follow simple temperature activated (Arrhenius) kinetics. Oxidation 

becomes slower with increasing temperature if the oxygen partial pressure is kept constant. 

This contradicts intuitive expectation that the oxidation rate becomes constant if it becomes 

pressure limited. However, increasing temperature at constant oxygen partial pressure means 

a decrease in oxygen chemical potential and, therefore, lower supply of material for hematite 

growth. This phenomenon highlights a key conceptual point: oxidation kinetics cannot be 

understood based solely on temperature but must be evaluated through the combined 

influence of temperature, oxygen pressure, and oxygen chemical potential. 

The structural and kinetic background underlying this transformation is summarised 

in section 4.1.1. The subsequent sections then describe the surface preparation and 
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characterization (Section 4.2), the real-time evolution of the oxidation (Section 4.3), and the 

systematic kinetic analysis under constant 𝑝𝑂2
, constant T, and constant 𝜇𝑂 conditions. 

4.1.1. Magnetite–Hematite Transformation: Structural and Kinetic Background 

The structures of α-Fe₂O₃ and Fe₃O₄ both feature a close packed O2- anion lattice with Fe 

cations in octahedral or tetrahedral interstitial sites [6]. Hematite α-Fe₂O₃ adopts the 

corundum structure with Fe³⁺ in octahedral sites (Chapter 1, Section 1.2). Magnetite Fe₃O₄ 

has the inverse spinel structure with Fe³⁺ in tetrahedral sites and a 1:1 mixture of Fe²⁺ and 

Fe³⁺ in octahedral sites. Direct Fe₃O₄ oxidation leads to Fe²⁺ to Fe³⁺ conversion within the 

spinel structure and formation of Fe vacancies in the octahedral sublattice; if fully oxidised, 

maghemite γ-Fe₂O₃ is formed, featuring a defect spinel structure [6]. 

The magnetite-to-hematite transformation, also called martitization, plays a prominent 

role in geological sciences [69] and magnetite ore processing [69,70]. Two distinct 

martitization pathways are considered: an oxidizing reaction requiring molecular oxygen and 

a non-redox acid-base hydrothermal replacement reaction in contact with liquid water 

environment via aqueous ferric species [71,72]. In the former case, martitization is 

considered as a two-step process: formation of maghemite γ-Fe₂O₃ via Fe cation vacancy 

diffusion [73–76] and gradual inversion of maghemite γ-Fe₂O₃ to hematite α-Fe₂O₃ [6,71,77]. 

Transformation of metastable γ-Fe₂O₃ into α-Fe₂O₃ involves a structural rearrangement from 

the face-centered cubic (fcc) spinel O2- sublattice to the hexagonal close-packed (hcp) 

corundum anion sublattice. 

Direct insights into magnetite oxidation come from LEEM studies performed with the 

(100) surface termination [9,68]. Under low oxygen partial pressure conditions (10-6 mbar) at 

temperature around 650 °C, Fe cation diffusion is mediated by Fe vacancies [75,76]. 

Magnetite to hematite transformation proceeds through two spatially separated reactions [68]: 

at the magnetite surface O2 splits and oxidizes Fe2+ to Fe3+, which leads to formation of new 

magnetite on the surface and iron vacancies in magnetite. These vacancies readily diffuse 

over micrometer distances within the magnetite lattice [68,73] and subsequently facilitate the 

formation of hematite via a topotactic reaction that conserves oxygen. The ionic flow is 

balanced by flow of electrons, which is enabled by good electrical conductivity of magnetite 

[1]. In case of Fe₃O₄(100) oxidation, the hematite forms inclusions inclined by 45° towards 

the surface plane, as Fe₃O₄{111} planes match the α-Fe₂O₃(0001) plane, coinciding with a 
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sharp interface between Fe₃O₄(111) layer on the α-Fe₂O₃(0001) bulk as observed by TEM 

[51].  

Within this picture, the formation of intermediate maghemite is still not fully clarified. 

While there was no evidence for the intermediate maghemite formation from electron 

spectroscopies [9], studies of 5-nm Fe₃O₄(111) films on Pt(111) have shown that the films 

initially become non-stoichiometric toward maghemite, and even after hematite forms at the 

surface, the underlying layers retain the spinel structure [78]. Under oxidizing conditions 

equilibrium concentration of cation vacancies lowers with increasing temperature [76,79]. At 

high temperatures between 900 °C and 1400 °C, this concentration increases with pressure 

𝑝O2
 as (

𝑝O2

𝑝∗ )
2/3

, with 𝑝∗ being atmospheric pressure [76]. In contrast, at lower temperatures 

between 200 °C and 400 °C, the Fe vacancy concentration is much lower than bulk 

equilibrium values [73]. In case of Fe₃O₄(100) oxidation, the reaction rate significantly 

decreased for oxygen partial pressures below 1.3×10-6 mbar [68], which is possibly linked 

rather to kinetics of vacancy formation than their equilibrium concentration. Given the facile 

diffusion of Fe vacancies, for oxidation of a 20 nm Fe₃O₄(111) layer on α-Fe₂O₃(0001) bulk 

we do not expect any significant dependence on layer thickness in contrast with oxidation of 

metal layers as described by the classical Cabrera-Mott theory [80]. 

4.2. Initial Surface Preparation and Characterization 

The oxidation kinetics presented in this chapter required a stable and impurity-free starting 

surface. Building on the observations in Chapter 3, where manganese segregation in natural 

hematite locally altered the redox response, synthetic α-Fe₂O₃(0001) films prepared by pulsed 

laser deposition were selected as the platform for all kinetic measurements. The synthetic 

film was grown at TU Vienna and later used at CEITEC, VUT Brno for surface preparation, 

reduction, and kinetic measurements. The films were deposited in a dedicated PLD chamber 

with in-situ UHV transfer to a surface-science chamber. The film of ~100 nm thickness was 

grown on a natural α-Fe2O3(0001) single crystal using an iron oxide target under the 

following conditions: 850°C substrate temperature, 2×10-2 mbar O2, 5 Hz pulse frequency, 

2.0 J cm-2 laser fluence, and a substrate heating rate of 35°C min-1 to reach the 850°C growth 

temperature. 

Prior to film deposition, the natural sample underwent cleaning by multiple 

sputtering-annealing cycles: 10 min of sputtering with 5×10-7 mbar Ar+ at 1 keV, followed by 
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10 min of annealing at 600°C in 1×10-6 mbar O2. This procedure was repeated until no further 

changes in contaminant signals were observed in the XPS analysis. Subsequently, the sample 

was annealed at 800°C for 1 hour under 5×10-5 mbar O2 to facilitate surface morphology 

flattening. The cleanliness was confirmed by LEED and XPS. The film was later transferred 

to CEITEC, VUT Brno. The sample was then reduced by four cycles of Ar⁺ sputtering (10 

min cycle, 9×10-6 mbar, 1keV, 10 mA) followed by annealing in UHV at 640°C for 10 min. 

Sputtering selectively removed surface oxygen and produced a stoichiometric Fe₃O₄(111) 

layer approximately ~20-25 nm thick, which maintained epitaxial alignment with the 

underlying α-Fe₂O₃ bulk [51]. This reduced layer is referred to as the R- phase in the 

following text. 

The transition between the H- and R-phases (Chapter 3, Section 3.2) was 

characterized using X-ray Photoelectron Spectroscopy (XPS) and Low Energy Electron 

Microscopy/Diffraction (LEEM/LEED), with the instrumentation and acquisition parameters 

described in Chapter 2. In the XPS spectrum of the R-phase (Figure 4.1a), the Fe³⁺ satellite 

peaks are absent, whereas the spectrum of the H-phase (Figure 4.1b), these Fe³⁺ satellite 

peaks are present, confirming the oxidation state of hematite [56,81,82]. LEEM/LEED 

provide complementary real and reciprocal space views, elucidating the sample morphology 

at the mesoscale and its structure, respectively. The bright-field LEEM imaging revealed a 

uniform and well-prepared R-phase surface (Figure 4.1c) [10]. The corresponding diffraction 

pattern in Figure 4.1d shows diffraction spots of (2×2)-Fe₃O₄(111) (referred to O planes) [51] 

characteristic of this surface [10,25,51], i.e. Fe₃O₄(111) bulk terminated at the tetrahedral Fe 

plane [83]. The oxidation of the surface at temperatures of 660 – 700°C and oxygen partial 

pressures of 6.3×10-7 – 5.0×10-6 mbar leads to full oxidation of α-Fe₂O₃(0001) featuring the 

H-phase; depending on the oxidation conditions, it takes 55 to 450 minutes. The bright-field 

LEEM image of the H-phase (Figure 4.1e) shows a uniform surface, and the diffraction 

pattern (Figure 4.1f) exhibits the characteristic flowered pattern [25,26,82] around the bulk 

spots associated with a moiré due to the presence of the overlayer [10]. We note that the 

maghemite surface can exhibit the same (2×2) surface reconstruction as magnetite [84], and 

therefore, cannot be distinguished by a simple diffraction experiment alone; XPS, however, 

separates the two, since the absent Fe³⁺ satellite of the R-phase (Figure 4.1a) excludes the 

fully oxidized maghemite. 
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Figure 4.1: Surface characterization of hematite (H-phase) and reduced magnetite (R-phase). 

(a) XPS spectrum of the R-phase, confirming the absence of Fe³⁺ satellite peaks and the 

successful reduction of α-Fe₂O₃ to Fe₃O₄. (b) XPS spectrum of the H-phase, highlighting the 

presence of Fe³⁺ satellite peaks characteristic of hematite. (c) Bright-field LEEM image of the 

magnetite (R-phase) surface, showing a uniform and well-prepared morphology. (d) (2×2) 

diffraction pattern at 70 eV characteristic for the R-phase, indicative of the well-ordered 

surface suitable for oxidation studies. (e) Bright-field LEEM image at 70 eV showing the H-

phase surface. (f) Diffraction pattern at 70 eV characteristic of the H-phase. A (1×1) unit cell 

is marked by a rhombus in (d) and (f). 

4.3. Time Evolution of Oxidation 

To get quantitative insights in the R- to H-phase we made three sets of real-time 

LEEM/LEED experiments, keeping constant the partial oxygen pressure 𝑝𝑂2
, the sample 

temperature T, and the oxygen chemical potential μ while varying either temperature or 

pressure, or in the last case both parameters. By systematically separating the effects of these 

parameters, we reveal their impact on the R- to H-phase oxidation dynamics. As an example 

of the oxidation dynamics of hematite, we show results obtained at 660°C and 6.3×10-⁷ mbar 

(𝜇𝑂 = −1.867 eV) using real-time LEEM/LEED given in Figure 4.2. 
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At the beginning of the oxidation experiment, the entire surface exhibited uniform 

contrast and diffraction features associated with the R-phase. As oxidation progressed, the 

earliest sign of transformation appeared in the reciprocal space images. At 75 min, moiré 

spots became visible (Figure 4.2a). This marks the onset of the H-phase and is defined as the 

nucleation time t0 for all subsequent analysis. With progressing oxidation, the H-phase spots 

become more pronounced and R-phase spots progressively fade, indicating the gradual 

conversion of the surface. 

The bright-field LEEM image in Figure 4.2b captured the progressive transformation 

of the surface from the reduced R-phase to the H-phase. The BF LEEM showed that after a 

nucleation phase the islands of H-phase appeared still surrounded by R-phase. As the 

oxidation advanced, the R-phase regions on the surface gradually decreased, while the H-

phase regions expanded. By 355 min, the entire surface was completely transformed into the 

H-phase, marking the completion of the oxidation process. 
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Figure 4.2: Surface evolution during the oxidation from magnetite to hematite at 660°C and 

6.3×10-⁷ mbar in real and reciprocal-space. (a) Sequence of diffraction patterns taken at 70 

eV showing the structural transformation from the R-phase to the H-phase. (b) Corresponding 

sequence of bright-field LEEM images capturing the transformation from the R-phase 

(brighter areas) to the oxidized H-phase (darker areas) over 355 minutes. 

A quantification of the evolution of H-phase coverage derived from real-space LEEM 

images over time is given in Figure 4.3. The H-phase surface coverage was determined from 

the area fraction in each LEEM image using ImageJ and plotted as a function of time. The 

software was used to analyze contrast differences between the R-phase and H-phase regions, 

enabling the determination of surface coverage at each measured point in time. We further 

use this plot to define some characteristic times. The nucleation time t0 was already defined 

above and is marked by the green dashed line. The time t100 marked by the red dashed line, 
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we define as the moment in oxidation when the surface is fully transformed into the H-phase. 

The difference t100 - t0   then provides the duration of the H-phase growth, representing the 

time required for the lateral propagation of the H-phase after nucleation has started. The 

characteristic growth time t₅₀ is the time from nucleation to 50 % H-phase coverage, obtained 

as inverse from the linear fit of the growth rate at 50 % H-phase coverage. These parameters 

together allow us to distinguish the onset of oxidation from the subsequent growth process 

and form the basis for the systematic kinetic analysis presented in the following sections. 

 

Figure 4.3: Coverage vs. time graph quantifying the H-phase surface coverage (%) from the 

sequence of the bright-field LEEM images during oxidation from magnetite to hematite at 

660°C and 6.3×10-⁷ mbar (𝜇𝑂 = −1.867 eV). The marked nucleation time t0 is the time of 

first occurrence of the H-phase-related diffraction spots in LEED. The full oxidation time t100  

marks the full substrate covered with the respective phase in bright-field LEEM. The error 

bars are the uncertainties propagated from the linear fit of the growth phase (Section 4.3.1). 
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4.3.1. Error Propagation for t0 and t50 

Uncertainties in the nucleation time (t0) and characteristic growth time (t50) were determined 

using regression-based error propagation applied to the linear fits of H-phase coverage as a 

function of time. 

Nucleation Time t0 

The nucleation time t0 is taken directly from experiment, as the first appearance of the H-

phase diffraction spots. To assign it an uncertainty, the linear growth-phase fit is extrapolated 

to zero coverage, giving an intercept: 

𝑡0,𝑓𝑖𝑡 =
−𝑎

𝑏
 

where 𝑎 and 𝑏 are the fit intercept and slope. The error of this intercept, propagated from the 

fit coefficients, is adopted as 𝛥𝑡0: 

𝛥𝑡0 = √(
𝜕𝑡0,𝑓𝑖𝑡

𝜕𝑎
∗ 𝛥𝑎)

2

+ (
𝜕𝑡0,𝑓𝑖𝑡

𝜕𝑏
∗ 𝛥𝑏)

2

 

where: 

𝜕𝑡0,𝑓𝑖𝑡

𝜕𝑎
=

−1

𝑏
 

𝜕𝑡0,𝑓𝑖𝑡

𝜕𝑏
=

𝑎

𝑏2
 

Here, Δ𝑎 and Δ𝑏 are the standard errors associated with the intercept (𝑎) and slope (𝑏), of the 

linear fit, respectively, i.e. the standard deviations of the fitted coefficients. 

Growth Time t50 

The characteristic growth time was obtained from: 

𝑡50 =
50 − 𝑎

𝑏
−  𝑡0 

with uncertainty: 

𝛥𝑡50 = √(
𝜕𝑡50

𝜕𝑎
∗ 𝛥𝑎)

2

+ (
𝜕𝑡50

𝜕𝑏
∗ 𝛥𝑏)

2
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where: 

𝜕𝑡50

𝜕𝑎
=

−1

𝑏
 

𝜕𝑡50

𝜕𝑏
=

a − 50

b2
 

As before, Δ𝑎 and Δ𝑏 are the standard errors associated with 𝑎 and 𝑏, respectively, from the 

linear fit. 

These propagated uncertainties quantify the precision with which t0 and t50 are determined 

from the linear fit, capturing the contribution of the fit-coefficient errors to the derived kinetic 

parameters. As statistical errors of the linear-fit description, they do not capture any deviation 

of the coverage–time curve from strict linearity. Reported consistently across all conditions, 

they set the error scale against which the kinetic trends in Sections 4.4–4.7 are evaluated. 

4.4. Oxidation at Constant Oxygen Partial Pressure 

We applied the real-time real-space LEEM/LEED methodology described above to study the 

oxidation kinetics under a range of temperatures and pressures. We start with the standard 

experiment in which we have varied the temperature and kept the oxygen partial pressure 

constant (𝑝𝑂2
=1.8×10-6 mbar). The characteristic times t0 for the onset of nucleation, and the 

total growth time t100 − t0, as a function of temperature, are displayed in Figure 4.4a,b and the 

values are summarized in Table 4.1. This dataset isolates the thermal contribution to 

nucleation and growth while keeping oxygen availability fixed. 

The nucleation time t0 slightly decreased with increasing temperature. At 660°C, 

nucleation required 35 min, whereas at 700°C, it decreased to 26 min. This behavior aligns 

with thermally activated processes, in which higher temperatures enhance the rate of the 

limiting process. Conversely, the growth time t100 − t0 increased with temperature, extending 

approximately linearly from 55 min at 660°C to 94 min at 700°C (Figure 4.4b). This 

demonstrates that nucleation accelerates with temperature, but the lateral propagation of the 

H-phase slows down when oxygen availability becomes insufficient to sustain rapid growth 

at elevated temperatures. Therefore, the growth stage is not governed solely by temperature 

but is strongly influenced by the effective oxygen supply at the surface. 
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Figure 4.4: Characteristic R-phase to H-phase transformation times under varying 

experimental conditions. (a) Nucleation time, t0, and (b) total growth time (t100 − t0) as 

functions of temperature at constant pressure 𝑝𝑂2
= 1.8 × 10−6mbar. (c) Nucleation time, t0, 

and (d) total growth time (t100 − t0) as functions of 𝑝𝑂2
 at a constant temperature of 670°C. (e) 

Nucleation time, t0, and (f) total growth time (t100 − t0) as functions of temperature under 

constant oxygen chemical potential (𝜇𝑂 = −1.867eV). Error bars are the propagated 

uncertainties (Section 4.3.1); where smaller than the symbol size, they are not displayed. 

Table 4.1: Kinetic parameters for the R- to H-phase transformation at constant oxygen partial 

pressure (𝑝𝑂2
= 1.8 × 10−6mbar). 

Temperature 

(°C) 

Pressure 

(mbar) 

Oxygen 

Chemical 

Potential 

(𝜇𝑂) 

Nucleation 

Time t0 

(min)* 

Error 

Δt0 

(min)  

Growth 

Phase 

Time t50 

(min) 

Error 

Δt50 

(min)* 

H-Phase 

Growth 

Time t100 

- t0 (min) 

Total 

Oxidation 

Time t100 

(min) 

660 1.8×10-6 -1.825 35 9.67 13.6 12.57 55 90 

670 1.8×10-6 -1.846 32 0.81 4.03 1.0 63 95 

680 1.8×10-6 -1.867 30 1.81 8.49 2.26 70 100 

690 1.8×10-6 -1.889 28 3.39 23.44 4.99 79 107 

700 1.8×10-6 -1.91 26 10.93 40.54 17.33 94 120 

*Nucleation times t0 and full-oxidation times t100 are experimentally measured; the errors Δt0 

and Δt50 are the propagated uncertainties from the linear fit of the growth phase (Section 

4.3.1). 
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4.5. Oxidation at Constant Temperature 

The results from the constant pressure study showed that increasing temperature does not 

necessarily accelerate oxidation and that the rate is strongly influenced by oxygen 

availability. To evaluate the role of oxygen supply independently of temperature-driven 

activation, we examined the transformation from the R-phase to the H-phase at constant 

temperature of 670 °C while systematically varying the oxygen partial pressure 𝑝𝑂2
. The 

characteristic times t0 and t100 − t0 extracted from these experiments are summarized in Table 

4.2 and shown in Figure 4.4c and Figure 4.4d. This dataset isolates the role of oxygen supply 

in governing both nucleation and lateral growth of the H-phase. 

A clear pressure dependence was observed for the nucleation time t0. At the lowest 

𝑝𝑂2
of 6.3×10-7 mbar, nucleation required approximately 165 min, whereas at the highest 

pressure of 5.0×10-6 mbar it decreased significantly to 18 min. This behavior demonstrates 

that nucleation is strongly controlled by oxygen availability. At low pressures, the oxidation 

rate is limited by the insufficient supply of oxygen molecules to the surface. As 𝑝𝑂2
 increases, 

oxygen becomes sufficiently available and the kinetics transition to a regime where the rate is 

governed by the intrinsic surface reaction rather than by oxygen arrival.  

The H-phase growth time t100 − t0 (Figure 4.4d), also shown in Table 4.2, decreases 

continuously with increasing pressure, from 285 min at 6.3×10-7 mbar to 37 min at 5.0×10-6 

mbar. There is a dramatic increase in both nucleation and growth times in the low-pressure 

range, most clearly below ~2.0×10-6 mbar, after which the kinetics tend to saturate. When 

compared with the temperature series at constant 𝑝𝑂2
, these results highlight the necessity of 

evaluating oxidation behavior in a combined temperature-pressure framework.  
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Table 4.2: Kinetic parameters for the R- to H-phase transformation at constant temperature 

(𝑇 = 670°𝐶). 

 

4.6. Oxidation at Constant Oxygen Chemical Potential 

The previous two sections demonstrated that neither temperature nor oxygen partial pressure 

alone provides a complete description of the oxidation kinetics. At constant oxygen partial 

pressure, increasing temperature accelerates nucleation but slows growth, whereas at constant 

temperature, increasing oxygen partial pressure accelerates both nucleation and growth until 

saturation is reached. These observations show that oxidation kinetics must be understood 

within a thermodynamic framework that captures the combined influence of temperature and 

oxygen availability. To separate thermodynamic driving force effects from kinetic 

limitations, we performed a third series of experiments in which the oxygen chemical 

potential 𝜇𝑂 was kept constant at −1.867 eV by simultaneously adjusting temperature and 

oxygen partial pressure. The corresponding kinetic parameters are summarized in Table 4.3 

and displayed in Figure 4.4e and Figure 4.4f. 

To maintain a constant thermodynamic driving force for oxidation, the oxygen 

chemical potential 𝜇𝑂 was calculated according to [52] 𝜇𝑂 = 1 2⁄ [𝜇𝑂2

0 (𝑇) + 𝑘𝑇𝑙𝑛(𝑝𝑂2
𝑝0⁄ )], 

where 𝑘 is the  Boltzmann constant, T is the absolute temperature in Kelvin, and 𝑝𝑂2
 is the 

oxygen partial pressure, 𝑝0 is the reference pressure (1 bar). The reference term 𝜇𝑂2

0 (𝑇) =

𝐻𝑂2
(𝑇, 𝑝0) − 𝐻𝑂2

(0, 𝑝0) − 𝑇[𝑆𝑂2
(𝑇, 𝑝0) − 𝑆𝑂2

(0, 𝑝0)]  is chosen so that 𝜇𝑂2
(0, 𝑝𝑂2

) = 0 

[85]; the enthalpy 𝐻𝑂2
(𝑇, 𝑝0) and entropy 𝑆𝑂2

(𝑇, 𝑝0) per O2 molecule are taken from 

thermochemical tables [86]. 

A pronounced temperature dependence was observed for the nucleation time t0 under 

constant 𝜇𝑂. As the temperature increased from 660°C to 700°C, t0 decreased from 75 min to 

Temperature 

(°C) 

Pressure 

(mbar) 

Oxygen 

Chemical 

Potential 

(𝜇𝑂) 

Nucleation 

Time t0 

(min)* 

Error 

Δt0 

(min)  

Growth 

Phase 

Time t50 

(min) 

Error 

Δt50 

(min)* 

H-Phase 

Growth 

Time t100 

- t0 (min) 

Total 

Oxidation 

Time t100 

(min) 

670 6.3×10-7 -1.889 165 18.63 104.65 26.7 285 450 

670 1.1×10-6 -1.867 65 16.02 43.18 23.45 120 185 

670 1.8×10-6 -1.846 32 0.81 4.03 1.0 63 95 

670 3.0×10-6 -1.826 21 19.5 30.21 26.29 64 85 

670 5.0×10-6 -1.805 18 1.78 10.14 2.49 37 55 
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15 min (Figure 4.4e). This trend contrasts with the behavior observed at constant 𝑝𝑂2
, where 

increasing temperature lowered 𝜇𝑂 and therefore weakened the thermodynamic driving force 

for oxidation. Under constant 𝜇𝑂 conditions, this thermodynamic contribution is fixed, and 

the reduction in t0 reflects the intrinsic temperature dependence of the processes responsible 

for initiating the H-phase. When temperature decreases, the pressure must also decrease to 

maintain constant 𝜇𝑂, resulting in reduced oxygen arrival rates and prolonged nucleation 

times. Conversely, at higher temperatures, the increased pressure compensates for the 

temperature-induced lowering of 𝜇𝑂 and provides sufficient oxygen supply for rapid 

nucleation. 

The H-phase growth time t100 – t0 (Figure 4.4f) first decreased from 280 min at 660°C 

to 70 min at 680°C, followed by a slower decrease to 45 min beyond 680°C. Thus, the 

growth of the phase exhibited a distinct nonlinear temperature dependence. These 

observations show that growth remains strongly limited by oxygen availability at lower 

temperatures, even when 𝜇𝑂 is held constant. At higher temperatures, the increased pressure 

required to maintain constant 𝜇𝑂 provides an oxygen flux sufficient to sustain rapid H-phase 

propagation, leading to a saturation of the growth rate. This constant chemical potential series 

confirms that the interplay between oxygen supply rates and temperature-dependent reaction 

kinetics determines the overall oxidation behavior. Together with the previous datasets, this 

series demonstrates that neither temperature nor oxygen partial pressure alone can predict the 

oxidation kinetics, and a correct interpretation requires a combined consideration of both 

parameters and their effect on 𝜇𝑂. Maintaining 𝜇𝑂 fixed isolates the intrinsic temperature 

dependence of nucleation and growth while avoiding the thermodynamic biases present in the 

constant pressure series. These findings set the basis for the integrated analysis presented in 

the next section, where we compare all three datasets to establish a coherent kinetic and 

thermodynamic interpretation of the oxidation process. 
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Table 4.3: Kinetic parameters for the R- to H-phase transformation at constant oxygen 

chemical potential (𝜇𝑂 = −1.867 eV). 

 

4.7. Additional Kinetic Representations 

In kinetic studies of surface reactions, rate constants k = 1/t are often used to compare 

experimental results with thermally activated (Arrhenius) descriptions. The reciprocal times 

associated with the data in Figure 4.4 are plotted in Figure 4.5, where the inverse nucleation 

time 1/t0 and the growth rate 1/(t100 – t0) are shown as functions of temperature, oxygen 

partial pressure, and oxygen chemical potential. 

At constant oxygen partial pressure (Figure 4.5a,b), the inverse nucleation rate 1/t0 

increases approximately linearly with temperature, consistent with a thermally activated 

nucleation process, while the growth rate 1/(t100 – t0) decreases with increasing temperature. 

The reciprocal plots make explicit that the H-phase growth in this series is inconsistent with a 

description by a single activation energy. The pressure-dependent series at constant 

temperature (Figure 4.5c,d) shows that both 1/t0 and the growth rate increase strongly with 

pressure at low 𝑝𝑂2
 and tend to saturate at higher pressures (Section 4.5). Under constant 

oxygen chemical potential (Figure 4.5e,f), both inverse times increase with temperature, with 

the growth rate showing a slower rise above 680°C (Section 4.6). As the thermodynamic 

driving force is held fixed in this series, the reciprocal trends represent the intrinsic 

temperature dependence of the surface processes; the contrast with the constant-𝑝𝑂2
 series 

above shows that the deviation from thermally activated behavior in the latter arises from the 

simultaneously varying chemical potential. 

Temperature 

(°C) 

Pressure 

(mbar) 

Oxygen 

Chemical 

Potential 

(𝜇𝑂) 

Nucleation 

Time t0 

(min)* 

Error 

Δt0 

(min)  

Growth 

Phase 

Time t50 

(min) 

Error 

Δt50 

(min)* 

H-Phase 

Growth 

Time t100 

- t0 (min) 

Total 

Oxidation 

Time t100 

(min) 

660 6.3×10-7 -1.867 75 15.49 104.86 24.18 280 355 

670 1.1×10-6 -1.867 65 16.02 43.18 23.45 120 185 

680 1.8×10-6 -1.867 30 1.81 8.49 2.26 70 100 

690 3.0×10-6 -1.867 26 7.33 15.04 8.48 69 95 

700 5.0×10-6 -1.867 15 16.09 16.61 19.27 45 60 
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Figure 4.5: Inverse times associated with Figure 4.4. (a) Inverse nucleation time, (1/t0), and 

(b) inverse total growth time, (1/(t100- t0)), (growth rate) as functions of temperature at 

constant 𝑝𝑂2
= 1.8 × 10−6mbar. (c) Inverse nucleation time, (1/t0), and (d) inverse total 

growth time, (1/(t100- t0)), as functions of 𝑝𝑂2
 at constant temperature (670°C). (e) Inverse 

nucleation time, (1/t0), and (f) inverse total growth time, (1/(t100- t0)), as functions of 

temperature under constant oxygen chemical potential, (𝜇𝑂 = −1.867eV). 

Figure 4.6 plots the characteristic growth time t50, the time from nucleation to 50 % 

conversion (Section 4.3), for the three experimental series. While t100 − t0 is the total duration 

of the growth stage from nucleation to full coverage, t50 characterizes how quickly the first 

half of the transformation proceeds. The constant-pressure in Figure 4.6a shows non-

monotonic variation, reflecting the greater sensitivity of t50 to the local growth profile; t100- t0 

in Figure 4.4b therefore provides a more direct measure of the overall growth kinetics for this 

series. The constant-temperature (Figure 4.6b) and constant-𝜇𝑂 (Figure 4.6c) series reproduce 

the dramatic increase below ~2×10-6 mbar and at the lowest temperatures identified above. 
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Figure 4.6: Characteristic H-phase growth time (t50) (a) as function of temperature at 

constant 𝑝𝑂2
= 1.8 × 10−6mbar, (b) as function of 𝑝𝑂2

 at constant temperature (670°C), and 

(c) as a function of temperature under constant oxygen chemical potential (𝜇𝑂 = −1.867eV). 

4.8. Kinetic and Thermodynamic Control of the R-Phase to H-Phase Transformation 

The oxidation of the reduced Fe₃O₄(111) overlayer on α-Fe₂O₃(0001) proceeds through the 

nucleation and lateral growth of the H-phase, as observed directly by real-time LEEM. The 

transformation begins with isolated H-phase nuclei that appear within the R-phase 

background and subsequently expand until the surface is fully oxidized. The qualitative 

progression from reduced to fully oxidized regions has been observed previously on α-

Fe₂O₃(0001) surfaces using LEEM [10]. The time-resolved measurements in this work extend 

this picture by quantifying the nucleation and growth dynamics and reveal that the oxidation 

does not follow a simple thermally activated (Arrhenius) behavior. Instead, the oxidation rate 

reflects the combined influence of temperature, oxygen partial pressure, and oxygen chemical 

potential. 

The temperature-dependent series at constant 𝑝𝑂2
 showed that increasing temperature 

consistently accelerates nucleation, but slows the growth of the H-phase, because the 

simultaneously decreasing 𝜇𝑂 reduces the effective oxygen driving force. The pressure-

dependent series at constant temperature confirmed that both t0 and t100 − t0 decrease strongly 

with increasing 𝑝𝑂2
 until a saturation regime, beyond which additional oxygen pressure does 

not accelerate oxidation. 

The constant-𝜇𝑂 series provided the key control experiment required to separate 

thermodynamic driving force from the kinetic influence of oxygen supply. With 𝜇𝑂 held 

fixed, nucleation accelerated smoothly with increasing temperature, consistent with an 

activated process, while the growth stage showed a sharp transition between oxygen-limited 
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and oxygen-sufficient regimes between 660°C and 680°C. Once oxygen supply becomes 

sufficient to support the temperature-dependent reaction steps, the lateral growth of the H-

phase no longer accelerates with further increases in temperature. These trends demonstrate 

that nucleation is jointly controlled by temperature and oxygen pressure, whereas the 

subsequent growth stage is governed primarily by the availability of oxygen at the surface. In 

the oxygen-limited regime, the lack of oxygen becomes the decisive factor, since lateral 

growth of the H-phase proceeds only as fast as oxygen is dissociated and incorporated at the 

surface. 

Considering the oxidation mechanism, the key step is the formation of Fe vacancies 

via oxygen dissociation at the magnetite surface, followed by their subsequent transport. 

Previous studies on Fe₃O₄(100) have shown that the oxidation rate is limited by the kinetics 

of Fe vacancy formation rather than their equilibrium concentration [68]. The observed 

increase in growth time with increasing temperature at constant-𝜇𝑂 thus suggests a competing 

process, which could be either O₂ desorption during oxygen splitting or the diffusion of Fe 

vacancies into the bulk. As shown in Figure 4.3, the growth rate remains approximately 

uniform until the final stages of oxidation. Given that dissociative oxygen adsorption occurs 

uniformly across the magnetite surface [68], significant local variations in growth rate would 

be expected if the supply of dissociated oxygen from terraces were the sole limiting factor. 

This observation indicates that the transport of reaction-mediating defects, such as Fe 

vacancies, to the reaction site is a critical factor in determining the overall oxidation rate. 

These findings suggest that the growth of the H-phase involves two distinct but coupled 

processes: oxidation of bulk magnetite and formation of the terminating H-phase layer, with 

bulk oxidation not appearing to be completed at the surface in the absence of the H-phase.  
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4.9. Conclusions 

The oxidation of the reduced Fe₃O₄(111) layer on α-Fe₂O₃(0001) proceeds through distinct 

nucleation and growth stages that respond differently to temperature, oxygen pressure, and 

oxygen chemical potential. Nucleation exhibits a clear temperature dependence but remains 

strongly influenced by the oxygen supply, while the lateral propagation of the H-phase is 

governed primarily by the availability of oxygen at the surface. An increase in temperature 

must therefore be accompanied by a sufficient increase in oxygen partial pressure to sustain 

the oxidation rate. Below an oxygen partial pressure of ~2×10-6 mbar, the H-phase growth 

rate decreases dramatically, and this decrease cannot be compensated simply by lowering the 

temperature. The observation that residual R-phase persists until H-phase coalescence shows 

that complete recovery of the hematite surface termination is closely coupled to lateral H-

phase growth. Together, these findings provide a kinetic framework for interpreting oxidation 

on hematite that accounts for the combined influence of temperature, oxygen pressure, and 

oxygen chemical potential. Further insights into the coupling between bulk oxidation and 

surface termination would benefit from combining LEEM with cross-sectional TEM imaging, 

which is the subject of ongoing work.  
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This thesis investigated the surface structure and oxidation kinetics of α-Fe₂O₃(0001) under 

ultra-high vacuum, with the aim of resolving long-standing structural controversies and 

providing a quantitative description of the magnetite-to-hematite phase transformation. Two 

complementary approaches were combined: a multi-technique study integrating top-view 

surface probes (LEED, XPS, STM, nc-AFM) with cross-sectional TEM–EELS to resolve the 

atomic-scale structure of the limiting reduced and oxidised states (Chapter 3), and real-time 

LEEM/LEED monitoring of the R-to-H phase transformation under controlled temperature 

and oxygen partial pressure to quantify the kinetics (Chapter 4). These studies together 

establish a structural and kinetic framework for the α-Fe₂O₃(0001) surface that bridges 

atomic-scale observations and the redox processes governing surface termination. 

The cross-sectional TEM–EELS methodology developed in Chapter 3 provided direct 

side-view access to the near-surface structure of α-Fe₂O₃(0001) under controlled UHV 

preparation. Atomically resolved imaging together with fine-edge EELS mapping confirmed 

the formation of a sharp Fe₃O₄(111)/α-Fe₂O₃(0001) interface in the reduced R-phase. 

Complementary nc-AFM imaging from the same multi-technique study confirmed that the 

oxidised surface is terminated by a two-dimensional FeO₂ overlayer arranged in a moiré with 

the underlying bulk, providing a consistent structural framework that resolves the long-

standing "biphase" controversy. A key additional finding emerged from manganese 

segregation in the natural crystal, where ferrite-like Mn-rich inclusions locally hindered 

reoxidation despite oxygen chemical potentials sufficient for hematite recovery. This 

impurity-driven variability illustrates that natural crystals, while indispensable for probing 

intrinsic reconstructions, complicate reproducibility and motivate the use of synthetic films 

for impurity-free model studies. 

Building on this structural foundation, Chapter 4 employed a synthetic PLD-grown α-

Fe₂O₃(0001) film to quantify the kinetics of the R-to-H transformation by real-time 

LEEM/LEED. Nucleation and lateral growth of the H-phase responded differently to 

temperature, oxygen partial pressure, and oxygen chemical potential, and the overall kinetics 

did not follow simple Arrhenius behaviour. Counterintuitively, oxidation became slower at 

higher temperature when oxygen partial pressure was held constant, a result rationalised by 

the accompanying decrease in oxygen chemical potential and the consequent reduction in the 

oxygen supply at the surface. Below approximately 2×10-6 mbar oxygen partial pressure, the 

H-phase growth rate decreased substantially, and this decrease could not be compensated by 
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lowering the temperature. These observations provide a kinetic framework for hematite 

oxidation in which temperature, oxygen partial pressure, and oxygen chemical potential must 

be considered together rather than independently.  

Taken together, the structural and kinetic results presented in this thesis reinforce the 

picture of α-Fe₂O₃(0001) as a surface whose behaviour is governed by tight coupling between 

bulk stoichiometry, surface termination, and the oxygen chemical potential during 

preparation. Even under the simplified conditions of UHV, the surface is markedly more 

complex than earlier models suggested, with intrinsic impurities, subsurface phase 

transformations, and chemical-potential-controlled kinetics all contributing to the observed 

terminations. Under realistic catalytic conditions, additional factors such as surface 

hydroxylation and the adsorption of cations and other electrolyte species are expected to 

further modify both the stable terminations and the kinetics of their formation. Further insight 

into the coupling between bulk oxidation and surface termination would benefit from 

combining real-time LEEM with cross-sectional TEM imaging, which is the subject of 

ongoing work, and from systematic studies of impurity-controlled phase formation under 

catalytically relevant environments.  
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List of abbreviations 

2D Two-dimensional 

3D Three-dimensional 

ADF Annular dark field 

AFM Atomic force microscopy 

BF Bright field 

BUT Brno University of Technology 

CEITEC Central European Institute of Technology 

DFT Density functional theory 

EBID Electron-beam-induced deposition 

EELS Electron energy loss spectroscopy 

fcc Face-centered cubic 

FFT Fast Fourier transform 

FIB Focused ion beam 

GIS Gas injection system 

HAADF High-angle annular dark field 

hcp Hexagonal close-packed 

H-phase Honeycomb phase (hematite-terminating overlayer) 

HRTEM High-resolution transmission electron microscopy 

IBID Ion-beam-induced deposition 

LEED Low-energy electron diffraction 

LEED-IV Low-energy electron diffraction current–voltage analysis 

LEEM Low-energy electron microscopy 

nc-AFM Non-contact atomic force microscopy 

PLD Pulsed laser deposition 

R-phase Reduced phase (Fe₃O₄(111)-like surface layer) 
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SEM Scanning electron microscope 

STEM Scanning transmission electron microscopy 

STM Scanning tunnelling microscopy 

TEM Transmission electron microscopy 

UHV Ultra-high vacuum 

XPS X-ray photoelectron spectroscopy 


