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Abstract 

BiFeO₃ is one of the most promising functional materials on perovskite basis. It is well known for 

its multiferroic properties, which it even maintains at temperatures far above room temperature, in 

the form of coupling between its ferroelectric polarization and antiferromagnetic ordering. With 

the successful demonstration of a direct switching of the antiferromagnetic domains via an electric 

field, research interest in BiFeO₃ has enormously increased in the past years because it offers 

intriguing application prospects. Besides the magnetoelectric properties, BiFeO₃ is also 

piezoelectric, shows a photovoltaic effect, and is highly birefringent. Additionally, it does not use 

a toxic and environmentally problematic component like Pb-based perovskites.  

Possible applications include smaller, faster, and more energy-efficient digital storage since 

changing magnetic orientation via the application of an electric field and the magnetoelectric 

coupling needs much less energy than to have electric current create a magnetic field to rewrite 

magnetic domains. With an increasing demand for digital data storage, this could be valuable to 

reduce environmental impact by reduced energy consumption. Other interesting applications 

include spin valves, spintronic devices, sensors, and optoelectronic devices.  

Doping and strain engineering of BiFeO₃ can be used to tune and change the material properties 

for applications. For example, the antiferromagnetic behavior can be changed to a ferromagnetic 

one. To understand effects in the material at an atomic scale, advanced transmission electron 

microscopy is one of the best methods since it delivers not just structural but also elemental and 

chemical information. This is combined in this work with density functional theory calculations, 

which showed substantial synergy effects. Scanning electron microscopy, X-Ray diffraction, X-

ray photoelectron spectroscopy, and atomic force microscopy were used for additional 

characterization of the BiFeO₃ thin films.  

This dissertation focuses on thin films with Ca as a dopant or co-dopant. Specifically, it contains 

3 studies focused on different aspects:  

• A new finding of segregation of Ca dopant toward the in-plane compressively strained 

interface between the Ca and Mn co-doped bismuth ferrite film and a strontium titanate 

substrate. The Ca segregation triggers atomic and electronic structure changes at the 

interface. The strain at the interface is reduced according to the Ca concentration gradient. 

Variations in the interplanar spacing and oxygen vacancies are introduced. The observed 

segregation behavior is confirmed with density functional theory calculations.  
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• A study on the interaction of oxygen vacancies and ferroelectric domain walls on the case 

of a Ca doped BiFeO₃ film. The results revealed that the oxygen vacancies agglomerate in 

plates which simultaneously represent negatively charged domain walls in a tail-to-tail 

configuration. The plates appear without any periodicity between each other in out-of-

plane as well as in-plane direction. Within the plates, the oxygen vacancies form 1D 

channels in pseudocubic [010] direction with one site containing lots of vacancies and the 

adjacent ones on both sites few. Interestingly, no variety between the characteristics of out-

of-plane and in-plane plates could be found. Charged defects such as oxygen vacancies are 

known for their application-decisive pinning effect on domain walls, which on the one 

hand leads to fatigue mechanisms but on the other hand also counteracts retention failure. 

Charged defects also strongly influence domain wall conductivity.  

• The discovery of a significantly higher Ca solubility in BiFeO₃ than in the secondary Bi₂O₃ 

phase. The solubility behavior is confirmed and expanded on with density functional theory 

calculations. Bi₂O₃ can be used to evoke the super-tetragonal phase in BiFeO₃, which has 

very interesting material properties, without the need of a substrate that imposes very 

strong compressive strain. Using this effect for the fabrication of functional devices, the 

different Ca solubility is critical since it could increase the dopant level in the BiFeO₃ 

matrix. 
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Kurzfassung 

BiFeO₃ ist einer der vielseitigsten Funktionswerkstoffe auf Perovskitbasis. Es ist bekannt für seine 

multiferroischen Eigenschaften, die es auch bei Temperaturen weit über der Raumtemperatur 

beibehält, in Form einer Kopplung zwischen ferroelektrischer Polarisation und der 

antiferromagnetischen Ordnung. Mit der erfolgreichen Demonstration von einem direkten 

Umschalten der ferroelektrischen Domänen mittels eines elektrischen Feldes hat sich das 

Forschungsinteresse in BiFeO₃ stark verstärkt in den letzten Jahren, da es faszinierende 

Anwendungsmöglichkeiten bietet. Neben den magnetoelektrischen Eigenschaften ist BiFeO₃ auch 

piezoelektrisch, zeigt einen photovoltaischen Effekt und ist stark doppelbrechend. Außerdem 

werden keine giftigen und umweltproblematischen Komponenten wie bei Perovskiten auf Blei-

Basis verwendet. 

Zu den möglichen Anwendungen gehören kleinere, schnellere und energieeffizientere digitale 

Speicher, da die Änderung der magnetischen Ausrichtung mittels Anlegens eines elektrischen 

Feldes und der magnetoelektrischen Koppelung viel weniger Energie benötigt, als wenn 

elektrischer Strom ein Magnetfeld erzeugt, um magnetische Domänen neu zu beschreiben. 

Angesichts der steigenden Nachfrage nach digitaler Datenspeicherung könnte dies ein wertvoller 

Beitrag zur Verringerung der Umweltbelastung durch geringeren Energieverbrauch sein. Weitere 

interessante Anwendungen sind Spinventile, Sensoren, spintronische- und optoelektronische 

Geräte 

Durch Dotierung und Verformung von BiFeO₃ lassen sich die Materialeigenschaften für 

Anwendungen abstimmen und verändern. Zum Beispiel kann das antiferromagnetische Verhalten 

in ein ferromagnetisches umgewandelt werden. Um Effekte im Material auf atomarer Ebene zu 

verstehen ist fortgeschrittene Transmissionselektronenmikroskopie eine der besten Methoden, da 

sie nicht nur strukturelle, sondern auch elementare und chemische Informationen liefert. Dies wird 

in dieser Arbeit mit Dichtefunktionaltheorie-Berechnungen kombiniert, was große 

Synergieeffekte hervorbringt. Rasterelektronenmikroskopie, Röntgenbeugung, Röntgenphoto-

elektronen-Spektroskopie und Rasterkraftmikroskopie wurden zur zusätzlichen Charakterisierung 

der BiFeO₃-Dünnschichten eingesetzt. 

Diese Dissertation konzentriert sich auf Dünnschichten mit Ca als Dotierungs- oder 

Kodotierungselement, und enthält 3 Studien, die sich auf verschiedene Aspekte konzentrieren: 

• Die Entdeckung einer Segregation der Ca-Dotierelemente in Richtung der kompressiv 

gespannten Grenzfläche zwischen dem Ca- und Mn-kodotiertem Bismuthferritfilm und 
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einem Strontiumtitanatsubstrat. Die Ca Segregation löst atomare und elektronische 

Strukturänderungen an der Grenzfläche aus. Die Verformung an der Grenzfläche wird 

entsprechend dem Ca-Konzentrationsgradienten verringert. Es werden Variationen im 

interplanaren Abstand sowie Sauerstoffleerstellen erzeugt. Das beobachtete Segregations-

verhalten wird durch Dichtefunktionaltheorie-Berechnungen bestätigt. 

• Eine Studie über die Wechselwirkung von Sauerstoffleerstellen und ferroelektrischen 

Domänenwänden am Beispiel eines Ca-dotierten BiFeO₃-Films. Die Ergebnisse zeigen, 

dass sich die Sauerstoffleerstellen in plattenartigen Strukturen anhäufen, welche 

gleichzeitig negativ geladene Domänenwände darstellen, welche eine Startpunkt-zu-

Startpunkt Konfiguration aufweisen. Die Distanz der plattenartigen Strukturen zueinander 

weist keine Periodizität auf und sie erscheinen sowohl in den Orientierungen parallel als 

auch senkrecht zur Grenzfläche. Innerhalb der plattenartigen Strukturen bilden die 

Sauerstoffleerstellen eindimensionale Kanäle in pseudokubischer [010]-Richtung, wobei 

eine Stelle viele Leerstellen enthält und die beiden Nebenstellen auf beiden Seiten nur 

wenige. Interessanterweise konnten keine Unterschiede in Struktur und Charakteristik 

zwischen beiden Orientierungen der plattenartigen Strukturen festgestellt werden. 

Geladene Defekte, wie Sauerstoffleerstellen, sind für ihren anwendungsentscheidenden 

Verankerungseffekt auf Domänenwände bekannt, der zu Ermüdungsmechanismen führen 

kann, aber auch zur Verhinderung von Retentionsversagen genutzt werden kann. Sie 

beeinflussen auch stark die Leitfähigkeit der Domänenwände. 

• Die Entdeckung einer deutlich höheren Ca-Löslichkeit in BiFeO₃ als in der sekundären 

Bi₂O₃-Phase. Das Löslichkeitsverhalten wird mit Dichtefunktionaltheorie-Berechnungen 

bestätigt und das Verständnis davon erweitert. Bi₂O₃ kann verwendet werden um die 

supertetragonale Phase in BiFeO₃, die interessante modifizierte Materialeigenschaften hat, 

hervorzurufen, ohne dass ein Substrat benötigt wird, das eine starke kompressive 

Verformung an der Grenzfläche auslöst. Für die Herstellung von funktionalen Bauteilen, 

die diesen Effekt nutzen, ist die unterschiedliche Ca-Löslichkeit ein kritischer Aspekt, der 

berücksichtigt werden muss, da er den Dotierungsgrad in der BiFeO₃-Matrix erhöhen kann. 
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1. Introduction and Aims 

BiFeO3 is one of the few single-phase multiferroic materials with direct coupling between order 

parameters of electric polarization and magnetization, which is even maintained at temperatures 

high above room temperature. In 2006, the demonstration of successfully controlling the 

antiferromagnetic domains with an electric field sparked a wave of increased interest in this unique 

material.1  

The multiferroic properties of BiFeO3 offer a wide range of very interesting possible applications. 

A constantly increasing total worldwide consumption of electric energy has been the trend in the 

last years. A factor for this is the increasing usage of electronic devices. Devices with lower energy 

consumption for the same or superior tasks are a necessity and would technologically counteract 

the electric energy consumption trend. The possibility to change magnetic domains directly with 

an electric field is significantly more power efficient than creating a magnetic field by the flow of 

an electric current. Therefore, digital storage devices using electric fields and magnetoelectric 

coupling instead of magnetic fields to write bits would lead to much more power efficient but also 

smaller and faster data storage technologies. Further applications include spin valves, spintronic 

devices, optoelectronic applications, and sensors.2–4  

Functional doping of BFO is, besides strain engineering, a way to tune and design properties of 

the material for applications. Theoretical ab-initio calculations can help to highlight and prioritize 

promising design paths. However, for an exact understanding and analyzation of dopant or strain 

effects on an atomic level, advanced transmission electron microscopy (TEM) techniques are 

necessary and a critical experimental method.2,5  

The aim of this thesis is to use a range of methods centered around the said TEM techniques to 

study the aspects and effects of functional doping on BFO and its interlinkage with strain effects. 

To achieve this, BFO based thin films with the intended functional doping were fabricated and 

subsequently investigated.  

The results highlight the necessity of TEM studies by presenting a previously unknown effect of 

Ca dopant segregation toward a compressively strained epitaxial interface, by revealing the linkage 

between agglomerated oxygen vacancies (VO) and charged domain walls (CDWs) in films with 

relatively low Ca-doping ratio, and by showing the novel solubility behavior of a Ca dopant in 

BiFeO3 compared to a functional secondary phase. All these results have direct relevance for 

device applications. On a more general scope, this thesis highlights the potential of combining 

TEM methods with ab initio calculations.  
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2. Background and Motivation 

2.1 Multiferroics and Magnetoelectric Coupling  

Initially, the term multiferroics referred to materials, which exhibit more than one of the four 

primary ferroic orderings, which are ferromagnetism, ferroelectricity, ferroelasticity and 

ferrotoroidicity.6 Nowadays, this definition is not strictly maintained but has been expanded to 

include non-primary orderings like antiferromagnetism.7 Figure 1a,b,c,d shows schematic 

illustrations of these possible four ordering parameters of multiferroic materials, of which at least 

two must be present.  

 

Figure 1. The possible four ordering parameters of multiferroics and the magnetoelectric interactions: 

(a) elastic moment, (b) toroidal moment, (c) dipole moment, and (d) magnetic moment. The pink 

back-ground indicates the parameter combination of magnetoelectrics between the (c) electric and (d) 

magnetic ordering parameters. If they are coupled, (e) an applied electric-field (E) influences the 

magnetic moment (magnetization, M) or (f) and an applied magnetic-field (H) influences the dipole 

moment (polarization, P).8 Idea adapted from ref.8.  
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If magnetic and electric order parameters are present, the material is called magnetoelectric 

(indicated by the pink background in Figure 1) but is today frequently just labeled multiferroic. In 

multiferroics, the order parameters can be coupled so that one ferroic property can be influenced 

by the other. 7,9–11 An especially exciting variant is magnetoelectric coupling.7,12,13 Thereby, the 

magnetization can be switched by an electric field, as is displayed in Figure 1e. Also, the opposite 

variant of switching the polarization by a magnetic field is possible (see Figure 1f).8  

Spaldin and Ramesh distinguish two conventional mechanisms for ferroelectricity, which are the 

two left ‘roots’ of the magnetoelectric family tree (see Figure 2):7  

• Transition metals with empty d orbitals (d0), e.g., Ti4+ in BaTiO3 

• Lone pair stereochemical activity, e.g., Bi3+ in BiFeO3, Pb2+ in PbTiO3, or Ge2+ in GeTe 

 

 

Figure 2. The magnetoelectric family tree. Magnetoelectricity can arise from four different ‘root’ 

sources. The different possible combinations of these ‘root’ sources resulting in magnetoelectric 

materials are visualized in the branches of the tree. The branches also suggest less explored options 

that might be fruitful in the future. BiFeO3, which is the focus of this thesis, is marked by a magenta 

oval.7 Adapted with permission from ref.7, Springer Nature Limited, Copyright 2019 
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They also mention two established routes to magnetism, which are the two ‘roots’ on the right side 

of the tree (see Figure 2):7  

• Partially filled localized f-electron states on rare-earth ions, e.g., Eu2+ in (Eu, Ba)TiO3 or 

in strained EuTiO3 

• Partially occupied d levels in transition metals, e.g., Fe3+ in BiFeO3 or in PbFeO3  

To conclude, in BiFeO3, the magnetoelectricity arises from the lone pair stereochemical activity 

of the Bi3+ ions and the partially occupied d levels in the Fe3+ ions.7 

2.2 BiFeO₃ - Bismuth Ferrite 

BiFeO3 (BFO) has a magnetoelectric coupling between its ferroelectricity and antiferromagnetism. 

The magnetoelectric coupling is maintained until the Néel temperature of TN ≈ 370°C, at which 

the antiferromagnetic behavior becomes paramagnetic. The Curie Temperature is even higher with 

TC ≈ 830°C, at which the ferroelectricity turns to paraelectricity. That means that for device 

applications, making use of the magnetoelectric coupling, the functionality is maintained far above 

room temperate up to the Néel temperature of 370°C, which is rare among single-phase 

magnetoelectric materials. 1,14  

2.2.1 Crystallographic description and characteristics.  

The exact crystallographic description of BFO is a little complicated but is often simplified to a 

pseudocubic (pc) perovskite-type unit cell with a rhombohedral distortion. The pseudocubic unit 

cell, which is indicated by the thin dashed lines in Figure 3a, contains one chemical formula unit 

of BFO (1 × BiFeO3). The 8 × 1 8⁄  Bi atoms are sitting on the corners of the cube (violet spheres 

in Figure 3a, A-sites), and one Fe atom (orange spheres in Figure 3a, B-site) sits near the center of 

the cube but is shifted along the 〈111〉𝑝𝑐 direction due to the ferroelectric properties. 6 × 1 2⁄  O 

atoms (red spheres in Figure 3a) are sitting on the 6 cube faces forming an oxygen octahedron 

(orange-colored faces). The pseudocubic perovskite-type lattice parameter is apc = 3.965 Å, and 

the angle is not rectangular but slightly distorted to αpc = 89.3 - 89.4°.14–16  

The oxygen octahedron is tilted so that the O atoms on the cube faces are off-centric. In the 

adjacent perovskite cube in [111]pc direction, the octahedron is tilted inversely. This different tilt 

is only taken into account by enlarging the pseudocubic unit cell to the rhombohedral one (thick 

black lines in Figure 3a). The unit vectors of the rhombohedral unit cell are the red, green and blue 

arrows in Figure 3a and have the following directional relations [110]pc//[100]R, [101]pc//[010]R, 
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[011]pc//[001]R, and [111]pc//[111]R.15,17 It has the R3c space group (SG. 161) with  lattice 

parameters of aR = 5.6343 Å and αR = 59.348°. The rhombohedral unit cell (violet Bi spheres and 

thick black lines in Figure 3b) can be alternatively written in a hexagonal notation (other Bi spheres 

in grey color and thin lines), which is sometimes also used in literature. The directional relations 

are [001]hex//[111]pc//[111]R. and the hexagonal unit cell has lattice parameters of ahex = 5.5787 Å 

and chex = 13.8688 Å.15,17,18 

BFO has a G-type antiferromagnetic short-range ordering. That means that each spin in one 

direction (sitting on the Fe3+ ion) is surrounded by six antiparallel spins on the next nearest Fe 

neighbors. A schematic depiction can be found in Figure 3c, which shows the pseudocubic 

distribution of the Fe atoms (orange spheres) and the arrangement of parallel and antiparallel spins 

(green and violet arrows).14,19,20  

 

Figure 3. Crystallographic description of bulk BiFeO3. and antiferromagnetism. (a) Relation between 

the rhombohedral lattice system (thick black lines) and pseudocubic perovskite structure to which it 

is often simplified. The orange arrows indicate the spin. x, y, and z are the cartesian axes of the 

pseudocubic structure, while the red, green, and blue arrows are the unit vectors of the rhombohedral 

cell.15 (b) The rhombohedral structure (violet spheres, thick lines) can also be regarded as a trigonal 

crystal system.15 (a) and (b) are reproduced under the Creative Commons Attribution 3.0 License from 

ref.15, American Physical Society, Copyright 2013. (c) G-type antiferromagnetic ordering in 3 

dimensions, where each next nearest neighbor of a spin has a reverse orientation. Here, the corners of 

the cubes are the positions of the Fe atoms. 20 

In a pseudocubic unit cell of BFO, the possible polarization orientations are always oriented in 

〈111〉𝑝𝑐 direction as depicted in Figure 4a, e.g. for [111]pc (turquoise arrow) and [1-11]pc (dark 

blue arrow). Even though the magnetic spin ordering is G-type antiferromagnetic, the spins are not 

perfectly antiparallel but there is a slight canting, that originates from the magnetoelectric coupling 

to the polarization (see next paragraph) and leaves a net magnetic moment per spin-pair. This is 

schematically displayed by the green, purple, and magenta (net magnetic moment) arrows in 

Figure 4b. However, superimposed on this local spin-structure is a superstructure of a spin cycloid. 

https://creativecommons.org/licenses/by/3.0/
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The spin orientation does a full rotation in the plane spanned by the polarization vector 〈111〉𝑝𝑐 

and by the cycloid propagation vector in the 〈10 − 1〉𝑝𝑐. The wavelength of this rotation is 62-

64 nm. This spin rotation also cancels out the net magnetic moment. However, the spin cycloid 

can be demolished by doping or by epitaxial strain in thin films, which then gives rise to a remnant 

magnetization. 14,19–24  

If the electric polarization is changed, for example, by an external electric field, due to the 

magnetoelectric coupling, the easy plane of spin rotation is also changed. An example can be seen 

in Figure 4a by the two blue planes of spin rotation for either the turquoise [111]pc polarization or 

the dark blue [1-11]pc polarization. The magnetic easy plane can only be switched if the 

polarization changes direction – 180° switching of the polarity does not affect the magnetic 

orientation. 14,16,23,24 Experimentally, this switching behavior was first demonstrated in 2006 by 

Zhao et al.1 The BFO thin film, which they used, had no spin rotation and the magnetic easy plane 

was perpendicular to the ferroelectric polarization. Due to the fact that the experiment needed 

piezoelectric force microscopy and X-ray photoelectron microscopy for manipulation and 

characterization of the ordering parameters, further modifications are necessary to reach 

applicability. 1  

 

Figure 4. Relation of electric polarization and magnetization in BiFeO3. (a) Schematic illustration of 

the orientation of two vectors of ferroelectric polarization (�⃗� ) separated by a domain wall (DW, in light 

grey) in the pseudocubic unit cell. Here it would be a 71° uncharged domain-wall (UCDW). The 

magnetic easy planes (planes of magnetic spin rotation) are located in the blue planes linked to the 

ferroelectric polarization orientation. By applying an electric field (�⃗� ), the polarization can be switched, 

changing also the magnetic easy plane and the spins.16 Reprinted with permission of ref.16, American 

Physical Society, Copyright 2008. (b) Schematic depiction of the spin cycloid. The antiferromagnetic 

spins are canted (green and purple). Therefore, they don’t cancel out but result in a net magnetic 

moment (magenta arrow), which in turn is averaged out in space because of the cycloidal rotation. 

The spins rotate within the plane spanned by the cycloidal propagation vector (�⃗� , black) and the 

polarization (�⃗� , turquoise).14,25,26  
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Besides being piezoelectric, BFO also has interesting optical properties. It has a moderate band 

gap at room temperature between 2.6-3.0 eV, which lies in the visible range. The bulk photovoltaic 

effect gives rise to photovoltages much larger than the band gap, but the photocurrents are 

unluckily too low for light-harvesting applications.2 However, BFO is highly birefringent, which 

means that the refractive index can be changed with the polarization. 

2.3 Structure of the Ferroelectric Domains in BiFeO₃ 

Starting from here, crystallographic directions and planes are by default in the pseudocubic system 

unless it is indicated otherwise (with subscripts). The 8 possible ferroelectric variants are linked 

to 4 different ferroelastic deformations. Thereby, antiparallel polarizations result in the same 

ferroelastic deformation (see (Figure 5a).27  

Places where the orientation of the polarization in the BFO changes are ferroelectric domain-walls 

(DWs). There are 2 general possibilities for domain walls: Uncharged domain-walls (UCDWs), 

for which the relative orientation of the polarization vectors to each other is head-to-tail (H-T), 

and charged domain-walls (CDW), for which the relative orientation is either head-to-head (H-H) 

or tail-to-tail (T-T). These 3 options respectively introduce either zero, net positive, or net negative 

bound charges a the DWs. Since all the polarization vectors are oriented in the 〈111〉 directions 

(see Figure 5a), there are geometrically only 3 possible angles between the ferroelectric 

polarization vectors: 71°, 109°, and 180°.27–29  

Due to the minimization of elastic and electrostatic energy, not every possible combination of 

relative polarization and domain wall orientation appears in rhombohedral BFO. For UCDWs, 

there are only 3 types: 27–29 

• 109° UCDW with the DW-plane orientation in {100} (Figure 5b, e) 

• 71° UCDW with the DW-plane orientation in {110} (Figure 5c, e) 

• 180° UCDW with the DW-plane orientation in {110} (Figure 5d, e) 

According to Wang et al.   there are 4 types of CDW in rhombohedral BFO:27  

• 109° CDW with the DW-plane orientation in {100} 

• 109° CDW with the DW-plane orientation in {110} 

• 180° CDW with the DW-plane orientation in {100} 

• 71° CDW with the DW-plane orientation in {100} 
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Figure 5. Schematic illustrations of the uncharged domain-walls (UCDWs) in rhombohedral BFO. (a) 

The 4 ferroelastic (r1 - r4) and 8 ferroelectric variants in BFO, which are always oriented in 〈111〉 

directions. (b), (c), (d) The 3 types of possible UCDW variants. The DWs are marked by the bright 

green planes and the arrows mark the polarization directions in the domains (e) Edge-on projection 

of these 3 UCDWs. The yellow lines mark the DWs.27–29 Reprinted with permission from ref.27, 

WILEY-VCH Verlag GmhH & Co. KGaA, Copyright 2015 

 

2.4 Strain effects of BiFeO₃ in Epitaxy 

Epitaxy means the continuation of a single-crystalline thin layer on top of a thick single crystal 

(substrate). Thereby, ideally, the in-plane lattice parameters of the film should coincide with those 

of the substrate.30,31 When the film is deposited onto a substrate of another crystal formula 

(heteroepitaxial growth), the lattice parameters often differ, and the film is forced to grow strained 

onto the substrate surface. The strain energy accumulates until a critical thickness (30-70 nm when 

grown along the [001] direction), at which the film begins to release the strain energy through the 

formation of misfit edge dislocations, elastic domains, twins, and so on.30 Figure 6a shows in the 

bottom section a collection of commercially available substrates and their lattice parameter 

compared to BFO marked in the top section with the red overlay. For some applications, 

electrically conducting electrode materials, which are compatible with the epitaxy and allow the 

retention of strain, are required. A selection of these materials can be found in the middle section.32  
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Figure 6. Strain effects in BFO films: (a) relationship of lattice parameters of commercially available 

substrates (bottom area), electrode materials (middle area), and ferroelectrics with BFO marked (top 

panel).32 Reprinted with permission from ref.32, IOP Publishing Ltd, Copyright 2016 (b) Crystal 

structures of BFO depending on the strain state introduced by the substrate. The unit cells (blue lines) 

are compared with the pseudocubic unit cell (light grey lines).2 Reprinted with permission from ref.2, 

IOP Publishing Ltd, Copyright 2014 

The critical thickness of BFO is compared to other materials quite large due to the quite large 

“flexibility” of the BFO structure, where both strong cationic shifts and oxygen octahedra tilts can 

compensate for the epitaxial stress. The regular bulk rhombohedral symmetry of BFO is distorted 

by misfit strain and leads, depending on the size and if it is compressive or tensile, to new crystal 

structures.30 A schematic illustration of them can be found in Figure 6b. Under moderate strain 

between -3% and +2% on a (001)C substrate, BFO has a monoclinic phase of space group Cc., 

which is usually called the R-phase.30,33,34 When growing toward larger compressive strain, the 

oxygen octahedra tilts disappear, and the symmetry transforms into a Cm one, while keeping the 
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monoclinic structure.30,34,35 The ratio of out-of-plane to in-plane lattice parameters (c/a) changes 

continuously with the misfit strain.30,36,37  

The ratio develops roughly linearly under compressive strain until approximately -4.5%, which is 

reached for a LaAlO3 (LAO) substrate, where the c/a ratio jumps to unexpectedly high values 

around 1.23 (for other perovskite materials, the strained tetragonal phase is usually around 1.06 at 

room temperature). This is a new phase with a strong tetragonality with P4mm symmetry and is 

usually referred to in literature as super-tetragonal or T-phase (see Figure 6b). The tetragonal phase 

shows no lateral component of the ferroelectric polarization in contrast to the monoclinic or 

rhombohedral phases.30,36,38 A high misfit strain is not necessarily a condition to get the T-phase 

since a buffer layer of β-Bi2O3 can be used to stabilize the super-tetragonal phase on a STO 

substrate (misfit strain of only -1.4%) or other substrates.39  

BFO has an untypical behavior of its TC under strain. While in classical ferroelectrics like BaTiO3 

or PbTiO3, TC increases with epitaxial strain, in BFO, it decreases with compressive strain.37 If an 

(001) STO substrate (with an SrRuO3 electrode layer) is miscut 4° along [100], instead of the 

normal film on STO with all 4 ferroelastic variants and all 8 possible polarization directions (see 

bottom part of Figure 7a), only 2 ferroelastic variants coinciding with 4 polarization directions 

grow due to the constrains of the steps (see bottom part of Figure 7b). If the 4° miscut is instead 

done in [110] direction, only 1 ferroelastic variant and 2 polarization directions, which are 

antiparallel to each other, grow on the substrate (see Figure 7c).40,41  

 

 

Figure 7. Schematic illustration of the effect of substate miscut on BFO domain structure. (a) on exact 

(001) STO single crystal substrate all 4 ferroelastic variants appear. (b) on a 4° miscut along [100] 

only 2 ferroelastic variants appear. (c) on a 4° miscut along [110] only a single ferroelastic variant 

grows.40,41 Reprinted with permission of ref.40, Elsevier Ltd., Copyright 2013 
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Both the work of Landau and Lifshitz42 in 1935 and of Kittel43 in 1946 lead to the realization that 

in ferromagnetic thin films, the domain size scales as the square root of film thickness, which is 

known as Kittel’s law. Later, it could be shown that this law is also valid for ferroelectric44 and 

multiferroic45 materials. The situation can be understood as a competition between the surface 

energy (demagnetization, depolarization, strain), which is directly proportional to the width of the 

domain (w), and the DW energy, which is proportional to the number-density of DWs and thus 

inversely proportional to w. The width of the domains w is also connected to the film thickness d. 

Simplification leads to the expression 𝑤 = 𝐶 × √𝑑, with C being a constant. So thinner films lead 

to smaller domains.14,30  

Concerning the polar properties, the strategy of strain engineering in ferroelectrics is to enhance 

the out-of-plane polarization value.30 However, in the R-type phase, no matter the growth 

directions, the polarization direction stays in the [111] direction and differs only minor by around 

15% with respect to the 100 µC/cm² value for bulk BFO.30,46–48 However, for the T-phase (super-

tetragonal) polarization, values of approximately 150 µC/cm² are reached. In contrast, the 

piezoelectric properties appear to be much more strain sensitive. In the R-phase, by varying the 

misfit strain by ~3.5%, the piezoelectric coefficient d33 increases from ~20 pm/V to ~50 pm/V, 

which is an enlargement by 250%.30,47 The T-phase itself shows only a slightly improved 

piezoelectric coefficient, but a mixture of R- and T-phase shows a huge enlargement of 600% to 

~120 pm/V.30,36,49 

Concerning the effect of strain on the magnetism of BFO, between 0 and -1.75% strain, the 

antiferromagnetic spins arrange in a spin cycloid along [1-10] direction. For strains smaller than -

1.75% and larger than +0.5%, a G-type antiferromagnetic phase forms with spin-canting, but 

without cycloids, and with the spin orientation close to [001]. Because of the spin canting, this G-

type antiferromagnetic phase shows a remnant magnetization. Between 0-0.5% strain, a new type 

of cycloid with the propagation along the [110] direction forms, which is not perpendicular to the 

direction of the ferroelectric polarization anymore. However, it still lies in the cycloid plane. For 

the super-tetragonal phase at low temperature, a C-type antiferromagnetic ordering is adopted 

instead of the G-type antiferromagnetic ordering. Two studies50,51 both foresee a strain-induced 

enhancement of M-E cross-control or P-H cross-control (see Figure 1e,f). 22,30,52,53  
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Figure 8. Magnetic phase diagram of strained BFO films. The energy of the bulk-like type 1 cycloid in 

[1-10] direction is displayed by the red curve, of the type 2 cycloid with the propagation vector along 

[110] by the yellow curve, and of an antiferromagnetic ordering with the spins oriented close to [001] 

by the blue curve are displayed relative to an antiferromagnetic ordering with spins along in-plane 

[1-10]. On the top are substrates labelled for the according strain values like (LaAlO3)0.3-(SrAlTaO6)0.7 

(LSAT), DyScO3 (DSO), GdScO3 (GSO), SmScO3 (SSO), NdScO3 (NSO), and PrScO3 (PSO).30,52 

Reprinted by permission from ref.52, Macmillan Publishers Limited, Copyright 2013 

 

2.5 Doping of BiFeO₃  

Doping can be used to change, modify, tune, or specifically design certain properties of BFO. This 

work differentiates between 2 types of doping:  

• Substitutional doping  

• Vacancy doping. 
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Figure 9. Site preferences of substitutional doping in BFO, oxidation states, and energy level 

comparison. (a) Preferred doping sites for either the A-site substituting Bi (red) or the B-site 

substituting Fe (blue) for metallic elements according to the DFT calculations.5 The intensity of the 

color marks the size of the thermodynamic preference toward the indicated site. The effect of the 

elements in grey letters wasn’t calculated, but their effect was estimated. Superscript numbers indicate 

the observed oxidation state in BFO. If the element is known to appear in various oxidation states, they 

are given in brackets below the elemental symbol letters. For elements where the site preference 

coloring is only done in the bottom right corner, it was not calculated but predicted from an 

examination of the ionic radii and trends within the periodic table.5 (b) Site preference according to 

the ionic radii (purple bars) and DFT energies (green bars). The left side (negative energies) indicates 

A-site preference, while the right side indicates B-site preference.5 (c) Comparison of the energy levels 

of dopants on their most stable substitution site. Black markers indicate the Fe-dominated CBE, green 

ones mark the maxima of the first acceptor/donor state and orange bars show the optional shifted iron 

states, which appear below the CBE in case an Fe oxidation takes place. The energy values are given 

by the difference between them and the O-dominated VBE. The asterisks indicate n-type doping or 

only partially filled acceptor bands. In all other cases (elements without asterisks) each green bar 

(marking the energy of the acceptor band) indicates the energy of the first electronic excitation from 
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the VBE.5 All 3 subfigures are reprinted with permission of ref.5, American Physical Society, Copyright 

2018. 

2.5.1 Substitutional Doping  

In the perovskite BFO, a Bi atom sits on the so-called A-site and Fe on the B-site (ABO3 as 

generalization for perovskite structures). Usually in BFO substitutional doping, the dopants 

replace either the Bi or Fe on their respective sites. Which dopant replaces which atom can be to 

some degree predicted by considering the ionic radii or, if the behavior of other dopant elements 

is known, by considering trends and relations within the periodic table. However, to non-

experimentally receive very reliable predictions, theoretical calculations, specifically density 

functional theory (DFT) calculations, are necessary. In 2018, Gebhardt and Rappe5 theoretically 

calculated the behavior of a wide range of possible BFO dopants in an extensive work. Figure 9a 

shows a part of the periodic table (without lanthanoids and actinoids) with the indication of the 

site preferences of the chemical elements: Red means A-site and blue means B-site. The intensity 

of the color indicates how large the thermodynamic preference toward the indicated site is. 

Figure 9b compares the site preferences according to the ionic radii (purple bars) with the result 

according to the DFT calculations (green bars). An interesting case is Pd3+, which would ionic 

radii wise tend toward the A-site, but DFT calculations show a small tendency toward the B-site. 

Zn2+ is another one since the DFT calculations show no preference for either of the sites over the 

other but ionic radii predict a slight tendency toward B-sites. Additionally Zn2+ is the only 

transition metal element which behaves similar to alkali and alkaline earth elements (p-type 

doping).5  

In general, A-site substitutional doping influences the band structure indirectly usually by control 

of the band width and control of the band filling. A-site substitutions by dopants with smaller ionic 

radii can introduce a larger buckling in the Fe-O-Fe bond angle, which leads to a smaller tolerance 

factor and in turn also to a more insulating behavior (leakage currents are an unwanted behavior 

for most applications).54 The research on A-site acceptor doping has been mostly concentrated on 

Ba2+, Ca2+, Sr2+ and Pb2+.55 For instance, Ba2+ doping of BFO results in a larger permittivity, a 

smaller dielectric loss and a better ferroelectric hysteresis loop. This is caused by the smaller 

concentration of charge defects (see Chapter 2.5.2) and a structural transition.5 The Ca2+ dopant is 

charge-compensated by the formation of oxygen vacancies (VO, see Chapter 2.5.2).56 The 

Seebeck-coefficient and electrical-conductivity dependence on the oxygen partial pressure cannot 

be easily explained by a single point defect model. Parallel conduction pathways across undoped 

grains and defect-containing domain-walls can explain this behavior.57 In theory replacing the 
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trivalent Bi3+ by some divalent element like Ca2+ should give rise to novel conducting states of a 

hole-doped BFO. In reality, formation of VO often counteract this effect.54 Figure 10 shows the 

phase diagram of Ca-doped Bi1-xCaxFeO3-δ films grown on (001) STO substrate proposed by Yang 

et al.58 It shows that the film changes crystal symmetry from monoclinic to (pseudo)-tetragonal, 

the polarization behavior from ferroelectric to paraelectric and a super-structure arises.58 Ca2+ and 

Sr2+ doping leads to an improved magnetization. On the other hand, doping with Ce4+ is one of the 

few donor dopants (produces electron carriers) for the A-site. Doping with the rare earth elements 

Dy3+ and Sm3+ leads to the rise of a morphotropic phase boundary in BFO, which means a 

significantly increased piezoelectric response (110 pm/V). This stems from the introduction of a 

mixture between the rhombohedral and tetragonally distorted phase and resulting double hysteresis 

loop of the polarization. If, like in the case Dy3+ and Sm3+, the dopant has the same valence as the 

replaced ion, it is called isovalent doping. If the dopant has a different valence, it is called 

aliovalent doping. A-site doping can also introduce a magnetic moment which is given by  

𝜇 = |𝜇(𝑀𝐴
+𝑖)| + |3 − 𝑖| with μ being the magnetic moment induced by the A-site doping, 

|𝜇(𝑀𝐴
+𝑖)| being the intrinsic magnetic moment of the A-site dopant with the oxidation state +i, and 

i being the oxidation state of the dopant. 5,54–56,59–61  

By changing the electronic structure near the Fermi level, B-site substitutional doping can have a 

strong influence on the physical properties since the conduction band of BFO is related to the 

d-orbital state of the Fe3+ in BFO. The d-orbital of Fe3+ is filled with 5 electrons (d5 configuration) 

and is responsible for the antiferromagnetism of the BFO with the total spin of one Fe atom being 

(almost) antiparallel to all nearest Fe neighbors (G type antiferromagnetism, see Figure 3c). The 

valence shell configuration of the dopant determines its own magnetization, which typically aligns 

with the antiferromagnetic spin structure of the iron sites and lowers the magnetism reduction due 

to the antiferromagnetic ordering. The introduced magnetic moment is given by  

𝜇 = 5 − |𝜇(𝑀𝐵
+𝑖)| + |3 − 𝑖|  with μ being the magnetic moment induced by the B-site doping, 

|𝜇(𝑀𝐵
+𝑖)| being the intrinsic magnetic moment of the B-site dopant with the oxidation state +i, and 

i being the oxidation state. The isovalent doping with Mn3+, which has a d4 configuration, and Cr3+ 

which has a d3 configuration both introduce net magnetism in an antiferromagnetic ordering. Both 

dopants have a ferromagnetic exchange interaction with iron. Therefore, for an optimal 

ferromagnetic state one needs to maximize the amount of Fe3+ - Mn3+/Cr3+ neighbors (stabilize a 

superlattice structure of BFO and BiCrO3/BiMnO3 grown one by one in [111] direction). B-site 

doping of dopants like Ti4+, Cr3+ or Mn 3+ has been also proven effective to reduce the leakage 

current. Zr4+ is also found to reduce the leakage current but additionally improve ferroelectric 

properties and remnant polarization at moderate doping levels up to 20%. 5,54,55,62  
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Figure 10. Phase diagram of Ca-doped Bi1-xCaxFeO3-δ films grown on (001) STO substrate. The 

standard, monoclinic, ferroelectric (FE), and insulating state is present until a dopant level of 

approximately 10% at room temperature (indicated by the black dashed line) and indicated by the red 

area. Between 10% and ~17%, it turns into a pseudo-tetragonal state, which is still ferroelectric and 

indicated by the green area. Above this dopant level, a pseudo-tetragonal paraelectric state follows, 

which shows the formation of ordered oxygen vacancy superstructures and is indicated by the blue 

area. Going to high temperatures above the red area, a pseudo-tetragonal paraelectric state with no VO 

superstructure formation forms, which is separated by the one with superstructures by the green 

dashed line and which is indicated by the black area. The green and magenta error bars indicate a 

hysteresis loop effect in the phase diagram.58 Reprinted with permission of ref.58, Macmillan 

Publishers Limited, Copyright 2009 

Depending on the dopant, they can introduce acceptor/donor states at various energies. The 

difference between the VBE, which is dominated by the O anions, and the CBE, which is 

dominated by the Fe state, shows only minor changes for most dopants, as can be seen by the black 

bars in Figure 9c. However, the energy difference between the acceptor state and the VBE, which 

is also the first excitation energy, changes significantly (from 0.20 eV to 2.30 eV), as shown by 

the green bars in Figure 9c. This could be useful to tune the properties for optoelectronic 

applications in sensors and photovoltaic devices.5  

Simultaneous co-doping of A- and B-sites offers even more possibilities to vary and to combine 

the effects of different dopants with each other. For example, Ca and Co co-doping results in a 

large improvement in the saturation magnetization compared to samples doped with either one of 

them alone.63 Therefore, this dopant combination is promising for receiving a ferromagnetic 
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system instead of an antiferromagnetic one. However, the results have not always been consistent 

in previous works. 63,64 

2.5.2 Vacancy Doping  

Vacancy doping means that some of the crystal lattice positions of the 3 different ions (Bi, Fe and 

O) are vacant of said ion. There are 3 types of vacancies which can appear in BFO:  

• VO (oxygen vacancies) 

• VBi (Bismuth vacancies)  

• VFe (Iron vacancies) 

VO can be introduced by controlling the growth parameters during thin-film deposition, e.g., by 

controlling the oxygen partial pressure in the deposition chamber or with p-type dopants like Ca.54 

Under normal oxygen-rich conditions during deposition, the defect formation energy of VBi is 

lower than that VO, leading to VBi vacancies dominating. Both increase the conductivity of the 

film.65 VBi creates a relatively small net magnetic moment of ~1 μB, while VFe creates a much 

larger one of ~5 µB. VO has no influence on the net magnetization. Under oxidizing conditions, 

VBi  and VFe are the dominant defects, while under reducing conditions VO and VBi are 

dominant.66,67 VO can have a significant effect on domain wall conductivity.54,55,68–70 

2.6 Device Applications of BiFeO₃  

Due to its multifunctional properties, BFO has a wide variety of possible device applications 

making use of either a single functionality like, e.g., the ferroelectricity or piezoelectric response 

or the synergy between multiple functionalities, like, e.g., the magnetoelectric effect.2  

2.6.1 Device Applications based on Electronics 

Usually, electronic device applications exploit the large ferroelectric polarization of BFO. They 

can operate either in a planar geometry, where the current flows in a conductive channel adjacent 

to the ferroelectric, or in a perpendicular geometry, where the current flows across the ferroelectric. 

The former one includes ferroelectric field-effect transistors (FeFETs), while the latter one 

includes switchable diodes, ferroelectric tunnel junctions (FTJs), and memristors. This 

classification is also schematically illustrated in Figure 11.2 

In FeFETs, the conductivity of the channel material needs to be very sensitive to changes in the 

carrier density. Because of its sizeable ferroelectric polarization, BFO is an attractive gate oxide 
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for FeFETs. Yamada et al.71 built a prototype of such a device (see Figure 11a,b) using CaMnO3 

(CMO), which is a Mott insulator, as channel material. CMO was sandwiched between a YAO 

substrate and a super-tetragonal (T-)BFO layer on top. The T-BFO phase was necessary due to the 

otherwise small lattice parameter of YAO (see Figure 6a) and CMO but also provides the 

advantage of a larger ferroelectric polarization. The as-grown downward polarization is the OFF 

state, while an upward polarization is the ON state (see Figure 11b). The temperature-resistivity 

diagram in Figure 11c shows that, even toward room temperature (RT), the resistivity difference 

between ON and OFF is significant for a 20 unit cell (u.c.) thick CMO layer.2,71  

 

Figure 11. Electronic device applications of BFO: It can be differentiated between Planar-Geometry 

Devices (e.g., FeFET) or Perpendicular-Geometry Devices (switchable diode, FTJs, memristors). (a) 

AFM image of a FeFET device. Reprinted with permission from ref.72, American Physical Society, 

Copyright 2011 (b) Photograph of a FeFET device using a heterostructure of super-tetragonal 

(T-)BFO and CaMnO3 (CMO) grown on a YAlO3 (YAO) substrate. The conduction pathways for the 

4-point measurement are indicated in the photo. The left side shows schematics and piezoresponse 

force microscopy (PFM) of the device in the regular poled-downwards state, and the right one shows 

it in the poled-upwards state. (c) Resistivity-temperature diagram for the FeFET with 20 u.c. thick 

CMO layer. (b) and (c) are reproduced under the Creative Commons Attribution 3.0 License from 

ref.71, Copyright 2013, The Authors (d) Illustrations of 5 x 10 fully patterned ferroelectric tunnel 

https://creativecommons.org/licenses/by/3.0/
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junctions (FTJ), which behave as memristors. Reprinted from ref.73 with the permission of AIP 

Publishing, Copyright 2014. (e) Hysteresis of Resistance for an FTJ. The number 1 indicates the first 

switching from a virgin to the ON state. The typical reproducible hysteresis can be seen under 2 and 

3. 4 and 5 show intermediate states. Reprinted with permission of ref.74, American Chemical Society, 

Copyright 2013. 2,71–74 

One of the perpendicular geometry application cases is a switchable diode. A prototype was first 

presented by Choi. et al.75 using an Ag/BFO/Ag structure. Current-voltage diagrams showed a 

strongly asymmetric behavior, as it is typical for p-n junction diodes. This asymmetry can be 

reversed by flipping the polarization direction of the BFO.2,75 

For a current stemming from a tunneling effect, if the tunneling barrier is ferroelectric, polarization 

switching leads to a change in the tunnel resistance. Thereby, usually, one of the interfaces with 

the BFO barrier is epitaxially grown Ce-doped CMO (CCMO) (see Figure 11d). The resistance 

difference in such devices is quite large and even at room temperature several magnitudes, as can 

be seen in Figure 11e. After the initial switching (black curve number 1), the characteristics after 

each switching process stay largely the same (red and orange curve number 2 and 3) and show an 

endurance of up to several million cycles. These BFO-based FTJs can therefore also be used as a 

new type of memristor, in which the resistance is not determined by changing the defect 

distribution via applied voltage but a purely polarization-based effect.2,73,74,76  

The fact that DWs in BFO are conductive enables further applications. The work of Seidel et al.77, 

which kicked off this so-called field of DW nanoelectronics, falls under the class of perpendicular-

geometry devices and presented a proof of concept for a device application that can be seen in 

Figure 12a. Thereby, an electrode made from SRO was combined with a BFO in in-plane 

geometry. The structure was grown in (110) orientation on a STO substrate. The domains were 

switched by applying a bias to the tip of the PFM, which for non-proof of concept devices, has to 

be achieved with another technical solution than PFM. Depending on the number of domains, 

which were switched from the regular downwards polarization to the upwards polarization (180° 

DW), with each domain creating two domain walls, the measurements in Figure 12b show a step-

like increase of the current with each DW pair created. This process is also reversible, when one 

written domain is deleted again. The original study, including theoretical calculations, concluded 

that only 109° and 180° DWs are conductive and that it originates from the step in the electrostatic 

potential related to the change in polarization direction. However, this has proven wrong, and it 

was shown that conduction also occurs in 71° DWs.78 According to the current knowledge, the 

conductivity in DWs is caused by the agglomeration of charged defects, like VO or VBi at the 

DWs.2,68–70,77,78  
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Figure 12. Proof of concept for device application using DW conductivity (a) Schematic illustration 

(left) of an electrode (SRO) – ferroelectric (BFO) heterostructure. The right side shows an AFM and a 

PFM image of a region after the polarization was changed with the PFM. (b) Voltage-Current 

characteristics of the device for 0, 1, 2 and 3 areas with switched polarization, which creates 2 DWs 

for each area.77 Reprinted with permission from ref.77, Copyright 2009, Nature Publishing Group 

 

2.6.2 Device Applications based on Spintronics 

The magnetoelectric coupling makes BFO a promising candidate in the field of spintronics. The 

principle of controlling magnetic properties by an electric field could enable very energy-efficient 

spintronic devices, in which information is stored magnetically and written electrically. In BFO, 

switching the ferroelectric polarization 71° or 109° leads to a change in the magnetization. The 

antiferromagnetic properties of BFO can be used to induce exchange bias in standard ferromagnets 

with high Curie temperatures. This results, depending on the BFO domain structure, in either an 

enhanced coercive field (stripe-like domains) or in an additional shift of the hysteresis loop of the 

ferromagnet (mosaic-like domains).29,79 The magnetoelectric coupling in BFO allows to 

manipulate this exchange bias effect by an electric field. For a planar geometry, this has been 

demonstrated by changing the magnetic state of a Co9Fe layer on top of a BFO structure, as 

displayed in Figure 13a-e.80,81 For device applicability, this concept needs to be transferred to a 

vertical geometry since this allows lower voltages for operation and is therefore better compatible 

with standard electronics. Thereby, a spin valve is used, which means that between two or more 

conducting magnetic materials, electrical resistivity changes depending on the relative 

magnetization to each other. This is caused by the giant magnetoresistance (GMR) effect. 
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Figure 13f shows a device setup to control the exchange bias of a Co71Fe8B20/Cu/Co spin valve 

structure.2,29,79–84  

 

Figure 13. Spin valves with BFO. (a) Parallel projection and (b) cross-sectional schematic of an 

electrode device that allows electrical control of local ferromagnetism in CoFe device structures. 

In-plane PFM images showing the domain structure for a device in the (c) as-grown state, (d) after 

applying the electrical field and (e) after applying the electrical field in the antiparallel direction. 80 

(a)-(e) reprinted with permission of ref.80, Copyright 2008, Nature Publishing Group (f) Vertical spin 

valve device, which is better for standard integrated electronics.82 Reprinted with permission of ref. 82, 

Copyright 2012, American Chemical Society.  

 

2.6.3 Device Applications based on Optical Properties 

The birefringence of BFO is very interesting for applications. Changing the ferroelectric 

polarization either by 71° or by 109° results in a large change of the refractive index (≈ 0.2). For 

plasmonic resonators, this switching capability could be very interesting, and concepts have been 

presented. Additionally to birefringence, also the other electro-optical coefficients are large, and 

the super-tetragonal phase of BFO is even more promising due to its larger ferroelectric distortion. 

Therefore, it is expected to cause even higher electro-optical coefficients. 2,85,86 
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Figure 14. Prototype of 16-bit ferroelectric photovoltaic memory device. (a) Topography of the 

memory device with crossbar architecture to be able to control and read the voltage signal from each 

bit. The colors indicate the ferroelectric polarization state of the bit. Blue illustrates polarization up and 

red illustrates polarization down. (b) When light is shone on the array (20 mW/cm²), depending on 

the polarization, voltages with different signs are received.87 Reprinted with Permission of ref.87, 

Copyright 2013, Nature Publishing Group. 

The bulk-photovoltaic effect can also be used for a new type of FeRAM (ferroelectric random-

access memories), where the BFO is the active storage medium. The first prototype was presented 

by Guo et al.87, in the form of a 16-bit device with a cross-bar circuit architecture based on a 

La0.7Sr0.3MnO3/BFO heterostructure. The crossbar architecture allows the electric polarization of 

the BFO patches either in upwards (blue color in Figure 14a) or downwards direction (red color in 

Figure 14a). To read the stored bits, the device is irradiated with a halogen lamp with 20 mW/cm², 

and, over the crossbar architecture, the bias at each bit is readout. While upwards polarization leads 

to a positive voltage, downwards polarization results in a negative voltage readout (see 

Figure 14b). Such devices show no fatigue after 108 cycles (≈ 105 cycles is the limit for flash 

memories) and no deterioration within 4 months.2,87–89 

Bulk phase BFO also shows photostriction, which means a change in dimension when irradiated 

with light. It stems from the combination of inverse piezoelectricity and the bulk photovoltaic 

effect and is also influenced by magnetic fields.2,90  

An interesting effect, without much industrial relevance at the moment, is the fact that water and 

acidic solution can be used to imprint and delete domains on BFO films allowing to “write” 

patterns into the domain structure tow-view wise (e.g., in the form of letters) with a minimum 

resolution of around 30 µm.88,91  
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3. Methodology 

3.1 Thin-Film Fabrication 

Pulsed laser deposition (PLD), which occasionally is also named pulsed laser ablation deposition 

(PLAD), is often used for perovskite thin-film fabrication. It belongs to the physical vapor 

deposition (PVD) techniques. It is well established in research, due to the high-quality perovskite 

thin films it can produce, but is only scarcely used for industrial fabrication.92,93 

In a PLD system, a high-power pulsed laser beam is focused with lenses (see Figure 15a) on a 

target of the material to be deposited and which is placed within a vacuum chamber. The target is 

rotated to ensure a homogenous ablation. The hit of the laser on the target generates a plume of 

material. The material is thereby transported into the chamber and deposits on the heated substrate 

on the other side of the chamber placed in the line of the plume (see Figure 15a). The target-

substrate distance is usually between 5-10 cm. Also, multiple targets can be used simultaneously 

in the deposition chamber to fabricate multilayers and superlattices. If the substrate is rotated too, 

that further improves film quality. One advantage of PLD is that it congruently evaporates the 

target and produces layers with the same chemical composition as the target, which is especially 

crucial for multi-component films like perovskites, which often also incorporate one or two 

dopants. 92–94  

Typically, a KrF examiner laser which has a light wavelength of 248 nm and a repetition rate of 

4-15 Hz is used. The deposition rate is usually between 1-12 nm/min, and good quality films are 

normally reached with a laser fluence of 1-4 J/cm². For oxygen perovskites, additional O2 gas is 

introduced into the chamber (see gas cylinder in Figure 15a). Before heating the substrate and 

introducing the O2, the chamber is commonly evaporated to 10-4 Pa, and the O2 pressure is around 

10 Pa. The growth temperature for BFO is normally around 700°C. At too low temperature, BFO 

can’t be grown at all anymore (see Figure 15b).92–94 
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Figure 15. Schematic illustration of a pulsed laser deposition (PLD) apparatus and conceptual diagram 

of phase-stability regions. (a) In a PLD apparatus, a laser beam hits the rotating target, which has a 

composition tuned to the intended thin film composition and vaporizes it in the form of a material 

plume. In this way, the material is deposited on the target substrate, which is normally also rotating.93 

Reprinted under the Creative Commons Attribution 4.0 License from ref.93, Copyright 2020, Authors 

of ref.93 (b) Phase-stability regions in BFO thin-film fabrication in dependence of the strain introduced 

by the substrate (x-axis) and the inverse temperature and growth rate (y-axis). R-BiFeO3 (R-BFO) 

means the monoclinic BFO under moderate compressive or tensile strain. The super-tetragonal BFO 

phase (indicated as T-BiFeO3) can form under strong compressive strain but also under moderate 

compressive or tensile strain requiring the secondary chemical phase Bi2O3 (BO). Another secondary 

phase is Fe2O3 (FO).95, Reprinted from ref.95 with the permission of AIP Publishing, Copyright 2016 

Different regions of phase stability exist depending on the strain introduced by the substrate on the 

BFO thin film, the substrate temperature during growth, and the growth rate, as can be seen in the 

conceptual diagram in Figure 15b. The monoclinic BFO (R-phase) (red in Figure 15b) forms 

between approximately -2.5% and 1.5% strain at medium range temperature and growth rate. 

Epitaxial BFO films generally do not form between approximately -4% and -2.5% of strain. At 

strain values < -4%, the super-tetragonal (T-) phase forms either as a single phase or in a phase 

mixture with the R-phase. The super-tetragonal phase can also be reached at moderate strains by 

decreasing the substrate temperature and the growth rate to produce a secondary chemical phase 

Bi2O3 (BO) in the deposit, which in turn gives rise to the super-tetragonal phase. Another 

secondary chemical phase which can be in the film is Fe2O3 (FO).39,95  

Compared to molecular beam epitaxy (MBE)36, PLD has less high vacuum requirements, higher 

growth rates with still good film quality, and is cheaper, but MBE, in turn, offers better control 

over component concentration, which can be used to fabricate exotic superlattices or single atomic 

layers, intentionally varied dopant gradients, and films with a potentially even better quality and 

https://creativecommons.org/licenses/by/4.0/
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no unwanted secondary phases. Compared to PLD, chemical vapor deposition (CVD)96 has higher 

growth rates and is easier upscalable, especially for industrial applications, but to date results in 

significantly lower film quality, specifically, since there are many parameters, which need to be 

tuned with complicated relationships.26 

3.2 Transmission Electron Microscopy (TEM) 

Optical microscopes have been for hundreds of years a valuable tool for the understanding of the 

small-scale structure of all kinds of research objects. According to the Rayleigh criterium, the 

smallest distance between two point features which can be resolved is given by:97  

𝑑 =
0.61𝜆

𝜇 × sin (𝛽)
 

In this formula, μ is the refractive index of the viewing medium, β is the semi-angle of collection, 

and λ is the wavelength. Assuming that μ sin(β) ≈ 1, for green light (λ = 550 nm) in a visual-light 

microscope, the resolution limit is ≈ 336 nm, which is over 800 times larger than the pseudocubic 

lattice parameter of BFO. Using electrons instead of visible light has the advantage that ,because 

of the particle-wave dualism, the wavelength of electrons is given by:97  

𝜆 = ℎ [2𝑚0𝑒𝑉 (1 +
𝑒𝑉

2𝑚0𝑐2
)]
1/2

⁄
⏟                  
𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑖𝑠𝑡𝑖𝑐𝑒 𝑒𝑓𝑓𝑒𝑐𝑡𝑠 𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑑

≈
1.22

√𝐸(𝑖𝑛 𝑒𝑉)⏟      
𝑛𝑜𝑛−𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑖𝑠𝑡𝑖𝑐 
𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑖𝑜𝑛

 

Here h is the Planck’s constant, m0 the rest mass of an electron, c the speed of light, and 

1eV = 1.602e-19 J. So for electrons with 200 kV, the theoretical resolution limit stemming from 

the Rayleigh criterion would be ≈3 pm.97  

Different forms of electron microscopes have been developed to make use of this better resolution 

of electrons. The transmission electron microscope (TEM; see Figure 16a) is the earliest form, 

which was invented by Ernst Ruska (Nobel Prize in 1986 for his work on electron optics and the 

design of the first TEM) and Max Knoll in 1931 and is simultaneously also today the electron 

microscope variant which provides the highest resolutions. Thereby the electrons are transmitted 

through a very thin specimen (< 100 nm). A small part of the electrons interacts in some form with 

the sample, which is used to create the image signal.97,98  
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Figure 16. Schematic illustrations of a TEM and spherical and chromatic aberration in electromagnetic 

lenses. (a) The TEM schematic indicates lenses by grey brackets, apertures by black bars, the specimen 

and (intermediate) images of the specimen by red arrows, and the paths of scattered electrons in 

orange and green. (b) A perfect lens would have one single focus point. (c) Electron beams far from 

the optic axis are focused stronger than those close to the optic axis, which results in a focus area of 

least confusion rather than a point. This is called spherical aberration. (d) Chromatic aberration stems 

from electrons having different speeds (energies). Slower electrons (blue lines) are focused more 

compared to faster electrons (red lines), resulting again in a focus range.98 Reprinted under the 

Creative Commons Attribution 4.0 License from ref.98, Copyright 2020, Authors of ref.98 

 

However, electromagnetic lenses are not aberration free, which severely limits the reachability of 

the theoretical Rayleigh criterion. While in a perfect electron lens, all parallel electron beams 

would be focused into one point (see Figure 16b), due to the so-called spherical aberration, electron 

beams far from the optical axis are focused stronger than the ones closer to the optical axis resulting 

in a focus area rather than a focus point. Additionally, electrons with slightly lower energies 

(slower speeds) would also be focused stronger than higher energy ones. The latter can be omitted 

by having a low energy spread of the primary electrons. To correct spherical aberrations, starting 

in the 1990s, spherical-aberration correctors (often called Cs correctors) consisting of multipole 

lenses (quadrupole, hexapole, octupole and so on) were developed99, which correct for the 

spherical aberration and other lens errors.97–99 

The atomic-resolved phase-contrast image is often called high-resolution TEM (HRTEM). If 

spherical aberration in the objective lens (image forming system) is corrected, it is often called 

“image-side Cs-corrected” or “image-corrected”. Alternatively, the beam can be focused into an 

https://creativecommons.org/licenses/by/4.0/
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electron probe and scanned across the surface which is then called scanning transmission electron 

microscopy (STEM) and uses differently diffracted electrons or secondary signals (secondary 

electrons, energy-dispersive X-ray spectroscopy, electron energy loss spectroscopy) for imaging. 

If the spherical aberration in condenser lenses (probe forming system) is corrected, it is often called 

“probe-side Cs-corrected” or “probe-corrected”. There are numerous different imaging modes, 

from which often the information can be collected simultaneously. With a probe-corrected STEM 

in crystalline samples, single-atom columns can be resolved, and chemical information about their 

composition, oxidation state, bonds, and other aspects can be gained. These possible imaging 

modes include (without completeness):97,98  

• High-angle annular dark-field (HAADF)100,101 

• Annular bright-field (ABF)102 

• Differential phase contrast (DPC)103 

• Energy-dispersive X-ray spectroscopy (EDS)104,105 

• Electron energy loss spectroscopy (EELS)106 
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4. Summary and Discussion of Publication Results 

The results of the publications presented in this work are focused on different aspects and effects 

of doping in BFO thin films, which are experimentally studied, mainly with various advanced 

TEM techniques and sophisticated data analysis software developed in part by the author of this 

thesis. BFO is a magnetoelectric material showing coupling of ferroelectric and antiferromagnetic 

order parameters at temperatures far above room temperature. This makes it very interesting for 

countless applications, but a better understanding of general processes within the material and 

further property tuning via doping or strain engineering is crucial for widespread industrial 

applications.  

This thesis presents:  

• a novel phenomenon of segregation of Ca dopant toward a compressively strained 

heterostructure interface  

• a study on the effect that negatively charged domain walls in BFO based films coincide 

with agglomerated oxygen vacancies 

• the report of a novel solubility behavior of Ca in BFO compared to a functional secondary 

phase, which can be used for phase engineering  

 

4.1 Ca Segregation toward an Epitaxial Heterostructure Interface56 

For studying the Ca segregation toward an epitaxial heterostructure interface with compressive 

strain, thin-film systems of Bi0.9Ca0.1Fe0.95Mn0.05O3 (BCFMO) were compared with 

BiFe0.95Mn0.05O3 (BFMO), each grown on STO substrate. A-site doping with Ca2+ is thereby 

known to introduce oxygen vacancies, which increases conductivity.54 B-site doping with Mn3+ in 

turn is known to decrease conductivity.5 Additionally, depending on the concentration, Ca can lead 

to structural changes, changes of the behavior of the electric polarization (ferroelectric to 

paramagnetic), a rise of a ferromagnetic residual magnetization (see Chapter 2.5.1), and an 

enhancement of the electromagnetic coupling.61,107 Mn3+ doping has been shown to restore the 

antiferromagnetic behavior of BFO.61 So while these dopants are very useful to tune material 

properties, segregation processes are an essential aspect to consider since they can lead to 

concentration gradients at surfaces, grain boundaries, or heterostructure interfaces. Thereby, on 

the one hand it can change functionality by a depletion of the bulk but on the other hand also 
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change functionality by modifying the interfaces.108 There are countless studies available on 

segregation toward surfaces because there is a plethora of surface sensitive but also surface-limited 

analysis techniques. In comparison, for studies toward nonsurface interfaces, besides analytical 

TEM, only atom probe tomography and coherent Bragg rod analysis remain. Therefore, even for 

perovskite materials, nonsurface segregation has been rarely studied, and for BFO systems, even 

less so.56  

 

Figure 17. Ca segregation toward a BCFMO-STO interface. (a) Elemental Map of the BCFMO/STO 

interface gained via EELS. It is clearly visible that the Ca is segregated toward the interface, which is 

marked by the grey-dashed line. (b) Diagram of summarized HAADF A-site intensities (in [100] 

direction) across the interface (red x-label on the top) in comparison with the out-of-plane strain (black 

x-label on the bottom). The green-colored area indicates the zone with increased Ca segregation due 

to the strain. (c) DFT calculations of the segregation energy (Eseg) for monolayers (ML) of Ca 

depending on their position at the interface.56 Adapted under the Creative Commons Attribution 4.0 

License from ref.56, Copyright 2020, American Chemical Society 

In publication A56, a Ca segregation towards a BCFMO-STO interface was shown with analytical 

STEM techniques in atomic resolution, including EELS (Figure 17a) and EDS. EELS and EDS 

data showed that the Ca had segregated toward the interface and that several nm from the interface, 

the Ca content dropped below detectability. On the other hand, a concentration gradient of Mn 

could not be found anywhere in the film. A comparison of the geometric phase analysis (GPA) 

data of the film with Ca and one film without Ca, showed that the out-of-plane strain in the film 

with the Ca agglomeration was delayed at the interface in comparison to the other film, in which 

the out-of-plane strain increased immediately. Analysis of the EELS spectra showed no change of 

Fe polarization at the interface caused by the Ca and therefore suggested a formation of VO instead. 

Since the intensity of HAADF images is approximately proportional to the sum of atomic numbers 

https://creativecommons.org/licenses/by/4.0/
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squared (Z²), the A-site intensities of a large-scale HAADF image were summed up in the in-plane 

direction [100] and compared with the out-of-plane strain of GPA analysis (Figure 17b). This 

showed a direct correlation between the Ca concentration at the interface and the amount of strain 

reduction. Finally, these experimental results were compared with DFT calculations which 

suggested that only complete monolayers in the crystal matrix minimize the energy and also that 

this energy minimization is larger with simultaneous formation of VO instead of a change of the 

Fe oxidation (Figure 17c). Thereby, the calculations fully support the experimental results.56  

In conclusion, these results showed that significant segregation of Ca dopants in a BFO based film 

toward the interface can happen and that this is mainly driven by strain relief (significantly smaller 

ionic radii of Ca2+ compared to Bi3+) but also by the chemical interactions of the Ca-rich layer with 

the interface. For the understanding of segregation behavior, these results are of great importance, 

especially since for device applications, this might result in a functionality breakdown. The DFT 

results indicate the rise of a 2D electron-gas state at the interface due to the Ca agglomeration. 

Therefore, the mechanism could also be used for purposely creating 2D systems. Additionally, the 

Ca-rich buffer layer seems to prevent antiphase boundaries at the interface.56  

 

4.2 Vₒ agglomerations at negatively charged domain walls70 

For Ca doping ratios ≥ 20%, the oxygen vacancies arrange in ordered superstructures, which 

appear as dark stripes in HAADF images. For Ca dopant levels ≤ 10%, usually no ordered 

superstructures appear. Randomly distributed dark stripes in the HAADF images can also have 

other causes than oxygen vacancies. These VO can play a critical role in the retention failure of 

BFO based functional devices. 58,70,109  

In publication B70, randomly distributed dark stripes in HAADF images of a Bi0.9Ca0.1FeO3 

(BCFO) film were investigated (see Figure 18a). For the specific task of the data analysis, a Matlab 

script building up on a program developed by D. Knez110 was written (see Appendix) to analyze 

polarization, atomic site intensities, interatomic spacing, and other aspects in the image data. The 

evaluation of these data showed that the dark stripes always represent a T-T CDW and also always 

show a relative lattice enlargement of 11%. Additionally, the A-A distances across the defect show 

an alternating pattern, as can be seen in Figure 18c. From these 3 indicators, considering the 

previous results from Geng et al.111 and Campanini et al.112, it could be concluded that the defects 

also represent agglomerated oxygen vacancies. From the alternating A-A distances and the relative 

lattice enlargement of 11% it follows, that within the defects in the FeO2-δ plane δ ≈ 1, meaning 
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that approximately every second oxygen site accommodates a vacancy. Within the dark stripes, 

the VO form 1D channels in [010] direction with lots of vacancies on one site alternating with few 

vacancies on the two adjacent sites. Both in-plane defects and out-of-plane defects show exactly 

the same characteristics indicating their same nature and no preference of any sort.70  

 

Figure 18. VO agglomerations at negatively CDWs. (a) HAADF image of an in- and out-of-plane defect 

with contact point. The red arrows mark the defects, while the blue arrows indicate the projected 

ferroelectric polarization direction PS. (b) Crystallographic arrangement of the Bi cations and O anions 

in the FeO2-δ plane for the regular perovskite structure and for the two types of defects. (c) The path of 

indicators and deductions, which lead to the identification of agglomerated VO as the nature of the 

defects. Thereby, results of previous works by Geng et al.111 and Campanini et al.112 were used.70 

Adapted under the Creative Commons Attribution 4.0 License from ref.70, Copyright 2021 by the 

authors, Published by American Chemical Society 

The results of publication B70 are of high relevance because the demonstration of the close linkage 

of VO ordered in plates ,which represent negative CDWs, is noteworthy for influencing, 

controlling, and purposely designing domains and DWs in multiferroics due to the pinning effect 

of VO. Because charged defects in the DW region have a critical influence on the domain wall 

conductivity, this result is also very relevant for the relatively novel field of DW nanoelectronics 

and, thereby, give interesting insights into the functionalities, mechanisms, and interactions of 

DWs and ordered VO.70  

 

4.3 Ca solubility in BFO compared to secondary BO phase113 

In a BFO system, BO is one of the secondary phases, whose formation is promoted if the substrate 

temperature and/or the growth rate is lower than necessary for pure BFO growth (see Chapter 3.1 

and Figure 15b). This secondary BO phase can give rise to the formation of the super-tetragonal 
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phase in the BFO primary phase. Normally the super-tetragonal phase can only be created by 

strong compressive in-plane strain from the substrate but using secondary BO to create super-

tetragonal BFO allows the fabrication of this exotic phase on a wide range of substrates. The 

advantage of the super-tetragonal phase is that it provides an approximately 50% larger 

polarization, which is also oriented only in [001] direction.30,36,38 Therefore, the super-tetragonal 

phase plays an important role in many device concepts (see Chapter 2.6.1 and 2.6.3). 95,113–116  

Publication C113 shows a Bi0.8Ca0.2Fe0.95Co0.05O3 (BCFCO) thin film deposited on STO substrate 

containing the secondary BO phase in the form of one unit cell thick plates (see Figure 19a). EELS 

and EDS data not only confirm the BO phase nature but also show that the Ca content in the BO 

phase is significantly lower than in the bismuth ferrite matrix (see Figure 19b, c). DFT calculations 

support these observations by showing that the solution enthalpy is considerably lower in BFO for 

the two considered charge compensation mechanisms: Fe oxidation and VO formation (see 

Figure 19d). Additionally, DFT calculations predict at the growth temperature of the film a nearly 

50 times higher Ca content in BFO than in BO for the more likely compensation case of VO 

formation.56,113  

 

 

Figure 19. Ca solubility in BFO compared to secondary BO phase. (a) HAADF image containing two 

plates (one unit cell thick) of BO phase. The red circles indicate Bi positions, the green circles Fe 

positions. (b) EELS elemental map of Fe showing low signal in the BO stripes, as is expected. (c) EELS 

elemental map of Ca showing a reduced Ca content in the BO stripes. (d) DFT calculations for relative 

enthalpy of Ca solution in BFO compared to the secondary BO phase for two charge compensation 

mechanisms: Through Fe-oxidation or through VO formation.113 Adapted from ref.113 

The results of publication C113 on the Ca solubility in these two phases have never been reported 

in literature before. While the secondary BO phase is usually implemented to receive the super-
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tetragonal phase, Ca doping is also applied to tune other material properties of BFO. Since 

dissolution of the majority of the available Ca in the BFO phase leads to changes in the intended 

dopant levels, this could shift the intended material characteristics (depending on the BO phase 

ratio). Additionally, other studies have shown that bismuth oxide layers can have an influence on 

the domain structure and publication C113 also presents further evidence of that, without being a 

specific focus point of it. The results also serve as a highly relevant data point for the assessment 

of a ternary BO – FO – CaO system in a thermodynamic database like CALPHAD, which so far 

does not exist.113  

 

5. Conclusion 

In summary, this thesis centers around the study of dopant- and substrate strain effects in BFO 

systems on a subnanometer scale. Thereby, novel insights about segregation behaviors of dopants 

(Ca), the connection between charged domain walls and VO, and the previously unknown Ca 

solubility in a system of BFO and secondary BO are found. These findings contribute specifically 

to the fundamental understanding of BFO and perovskites in general. Not only this, but the results 

are also highly relevant for the design, operation, and reliability of multiferroic device applications 

in the present and future.  

In this way, the results also highlight the importance of state-of-the-art advanced TEM capabilities, 

without which the findings would not have been possible. It also demonstrates the potentially 

significant gains of combining experimental techniques with modern ab initio methods, which 

require in term high-performance supercomputers.  
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ABSTRACT:  

Segregation is a crucial phenomenon, which has to be considered in functional material design. 

Segregation processes in perovskite oxides have been the subject of ongoing scientific interest, 

since they can lead to a modification of properties and a loss of functionality. Many studies in 

oxide thin films have focused on segregation toward the surface using a variety of surface sensitive 

analysis techniques. In 

contrast, here, we report a Ca 

segregation toward an in-

plane compressively strained 

heterostructure interface in a 

Ca- and Mn-codoped 

bismuth ferrite film. We are 

using advanced transmission 

electron microscopy 
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techniques, X-ray photoelectron spectroscopy and density functional theory (DFT) calculations. 

Ca segregation is found to trigger atomic and electronic structure changes at the interface. This 

includes the reduction of the interface strain according to the Ca concentration gradient, interplanar 

spacing variations and oxygen vacancies at the interface. The experimental results are supported 

by DFT calculations, which explore two segregation scenarios, i.e., one without oxygen vacancies 

and Fe oxidation from 3+ to 4+ and one with vacancies for charge compensation. Comparison with 

electron energy loss spectroscopy (EELS) measurements confirms the second segregation scenario 

with vacancy formation. The findings contribute to the understanding of segregation and indicate 

promising effects of a Ca rich buffer layer in this heterostructure system.  

KEYWORDS: BiFeO3, oxide heterostructure interface, segregation, atomic-resolution TEM, 

EELS and EDS, oxygen vacancy, density functional theory (DFT)  

 

1. INTRODUCTION 

Perovskite materials have a structure of 2 or more cations and oxygen in the arrangement ABO3 

and provide a huge variety of physical phenomena and functional properties.1 One of the most 

promising properties is the coupling between ferroelectricity and the magnetic properties in 

multiferroic materials, which has attracted significant attention in the past years. Besides the 

fascinating physics underlying this effect, its potential applications include memory devices with 

superior speed and storage density,2,3 spin valves, spintronic devices and sensors.4 BiFeO3 is 

among the few single-phase magnetoelectric multiferroics with Néel and Curie temperatures far 

above room temperature and is therefore a material of strong relevance to practical applications. 

The successful demonstration of the electrical control of antiferromagnetic domains further 

increased the interest in BiFeO3 (BFO).5 

Doping of BFO with cations such as Ca or Mn offers further possibilities for tuning the magnetic 

and electric properties. In particular, it has been shown that Ca doping on the A-site leads to an 

increase in the oxidation state of Fe atoms which has experimentally been determined to be 4+ at 

300K and a pairing of 3+ and 5+ at 15K.6 Furthermore, Mn doping on the B-site has shown to 

restore the weak ferromagnetic behavior received through Ca doping to the antiferromagnetic 

behavior of pure BiFeO3.
7 

For such doping-related phenomena, segregation processes of cations are a critical aspect since 

they can lead to strong agglomeration at surfaces, grain boundaries or interfaces and a depletion 



 

 

Publication A 
 

 

46 
 
 

of the bulk. With this they have a significant influence on the behavior and function.8 Therefore, 

a deeper understanding of the processes underlying the segregation process is required in order to 

prevent property degradation. 

There are many studies available on segregation toward surfaces, since there is a variety of surface 

sensitive but also surface limited analysis techniques. This includes low-energy ion scattering 

(LEIS), Auger-electron spectroscopy (AES), X-ray photon spectroscopy (XPS), secondary ion 

mass spectroscopy (SIMS), atomic force microscopy (AFM) and scanning tunneling microscopy 

(STM).9 Different factors for segregation, which have been so far identified9 include non-

stoichiometry of the cations,10 the charge and the radius of the dopants,11–13 the crystallinity of the 

sample,8 lattice strain,14 temperature history,11,15 external electrical polarization,16 and the gas 

atmosphere, in particular, the oxygen partial pressure.11  

Since experimental studies of segregation processes toward nonsurface interfaces require either 

cross-sectional transmission electron microscopy (TEM) analysis, atom probe tomography (APT) 

or coherent Bragg rod analysis (COBRA)17, the segregation toward nonsurface interfaces is not as 

widely studied for perovskites. In the study of Yoon et al. the motivation for the choice of Ta and 

La as dopants in Ca1/4Cu3/4Ti1-xTaxO3 and Ca1/4-yLayCu3/4TiO3 was to minimize the influence of 

the dopant radius and focus on the space charge effect.18 Thereby it was demonstrated that besides 

the influence of the electrostatic potential near the interface, the segregation behavior is the same 

whether the segregation is toward a surface, the interfaces with secondary Cu excess phases or a 

grain boundary with or without amorphous materials in between.18 Interestingly, for epitaxial 

La2/3Ca1/3MnO3 thin films on (100) and (110) SrTiO3 (STO) substrates, a Ca enrichment close to 

the surface could only be observed for very thin films but not for films above 14 nm thickness.19 

In studies of heterostructures for solid oxide cells, it was shown that in (LaSr)CoO3/LaSrCoO4 

heterostructures a Sr enrichment in the interfacial region stabilizes it against detrimental Sr 

segregation receiving a much better surface exchange coefficient.20,21 In a 

(NdSr)CoO3/(NdSr)CoO4 multilayered structure, higher Sr and Co segregation could be observed 

for consistent crystal orientation, while grain boundaries hindered it.20,22  

Segregation processes in BiFeO3 have been scarcely studied. For a BiFeO3 thin film on a (100) 

LaAlO3 chemical interdiffusion of La atoms into the first atomic layers of the film with the 

suspected reason for stress reduction were found.23 For B-site Ti doping in BiFeO3 nanograins a 

segregation toward the grain boundary has been observed24.  
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Exsolution effects can be seen in a Bi2FeMnO3 thin film on STO substrate, which has led to 

Mn4+-rich antiphase boundary (APB) defects, which nucleate at the substrate where they have Ti 

at the core and form a stepped structure. Below this APBs the film is highly strained, while above 

it is relaxed and close to bulk state.25 Besides Nd nanorods formed through exsolution26,27, Ti rich 

APBs are formed in Nd and Ti co-doped BFO separating tetragonal distorted regions with strong 

polar ordering at each side of the defect28. Similar structures have been reported in other BFO 

based systems.29,30 

In this work, we demonstrate the segregation of the Ca dopant in a bismuth ferrite thin film at the 

interface with a strontium titanate substrate, which was formed via diffusion during and shortly 

after the thin film deposition, while still at high deposition temperatures of 700°C, using various 

transmission electron microscopy (TEM) techniques as well as density functional theory (DFT) 

calculations. Atomic-resolution scanning transmission electron microscopy (STEM) with 

simultaneous recording of high-angle annular dark field (HAADF) images, electron energy loss 

spectroscopy (EELS), and energy-dispersive X-ray (EDS) spectroscopy reveal that the vast 

majority of available Ca is agglomerated at the interface. Its concentration at the interface leads to 

the formation of oxygen vacancies, while the oxidation state of Fe3+ of an undoped BiFeO3 film is 

maintained. High-resolution transmission electron microscopy (HRTEM) examinations were 

performed to analyze the local strain states via geometric phase analysis (GPA) at the interface 

and revealed that, in contrast to a film without Ca, its agglomeration at the interface leads to a 

reduction of the compressive strain exerted by the substrate. The intensity analysis of large area 

HAADF data and GPA analysis showed that the strain reduction is directly linked to the Ca content 

at the interface. DFT calculations showed that the Ca agglomeration at the interface was 

energetically more favorable and the interatomic distances from the calculations show good 

agreement with the measured ones. To our knowledge, this is the first observation of A-site dopant 

diffusion toward interfaces in BiFeO3 and the understanding of this process is crucial to prevent 

device failure in future applications.  

 

2. EXPERIMENTAL AND CALCULATION DETAILS 

2.1. Thin Film Fabrication. Two Bismuth Ferrite thin films were fabricated via pulsed 

laser deposition (PLD): A Ca- and Mn codoped Bi0.98Ca0.02Fe0.95Mn0.05O3 (BCFMO) film and an 

only Mn-doped BiFe0.95Mn0.05O3 (BFMO) film. The thin films were deposited on a single-

crystalline (100) oriented SrTiO3 substrate (Kejing Materials Technology Co. Ltd., China) by PLD 
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technique using a KrF excimer laser (Lambda Physik COMPEX PRO 205F, λ = 248 nm) as the 

ablation source with a pulse repetition rate of 5 Hz. The laser beam energy was fixed at 

320 mJ/pulse for the Ca doped and at 280 mJ/pulse for the non-Ca-doped film. Prior to film 

deposition the substrates were ultrasonically cleaned with acetone, alcohol and pure water and 

subsequently blown dry with high-purity nitrogen gas. Afterward they were immediately loaded 

into the PLD chamber. The vacuum chamber was evacuated to about 10-
 

4 Pa. During film 

deposition, the substrate was kept at a temperature of 700°C and the oxygen pressure was fixed at 

3.0 Pa. The total deposition time for both film samples was 30 min resulting in a thickness of 

approximately 50 nm for the Ca doped film and 20 nm for the non-Ca doped film. The crystalline 

structure of the films was investigated using high-resolution X-ray diffraction (HRXRD) with a 

four-circle single-crystal diffractometer (D8 discover, Bruker, Germany) and a Cu Kα1 

monochromatic radiation source (γ = 1.5406 Å). X-Ray Photoelectron Spectroscopy (XPS) using 

an ESCALAB 250Xi (Thermo Fisher Scientific) was performed to confirm that there was a 

constant Ca level in the target during deposition and to investigate the surfaces of the thin films.  

 

2.2. Sample Preparation. Cross-sectional TEM samples were prepared via the sandwich 

technique using two film pieces glued together film side to film side in a Ti holder. Afterward, the 

holder and samples were ground from both sides to reach a residual thickness of ≈ 80 µm and then 

dimpled from one side to a residual thickness of ≈ 11 µm. For final thinning conventional Ar+ ion 

beam milling was done using a Gatan precision ion polishing system (PIPS) Model 691 at 3 keV 

acceleration voltage and first 6° for 20 min and subsequent 4° for a short time until the sample 

showed a thin area.  

 

2.3. Data Acquisition. High-resolution transmission electron microscope (HRTEM) 

investigations were performed on a JEOL JEM 2100F with an image-side CS corrector operating 

at 200 keV and using a Gatan Orius SC1000 camera. An indicated magnification of 600 000 

resulting in a pixel size of 0.21 Å and an exposure time of 0.7s was used. The analytical STEM 

investigations were carried out on a FEI Titan3 operated at 300 keV at a convergence angle of 

19.7 mrad. For analytical data collection a GIF quantum31 energy filter (Gatan) and a super-X 

EDX detector32 (FEI) were used with simultaneous HAADF image acquisition with 38 mrad inner 

and 137 mrad outer detection angles on the Gatan 806 HAADF STEM detector. The EELS 

collection semiangle was 20.5 mrad, the dispersion index was 5, and for the spectrometer channel 

width 0.25 eV was chosen. All EELS spectra were recorded in the dual mode with the energy 
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range of the core loss region from 300 eV to 812 eV. The analytical EELS and EDX STEM data 

were recorded with a pixel size of 0.69 Å. The pixel time for HAADF and EDX data acquisition 

was 10 ms. EELS pixel time was split into 9.95 ms for the core loss region and 0.05 ms for the 

zero-loss region. The HAADF survey image before the EDX line scan was recorded with a pixel 

size of 0.23 Å and a pixel time of 3.05 µs summing up 5 frames. For the EDX line scan, a step size 

of 0.7 Å was chosen and summing up the signal in the perpendicular direction above 64 pixels 

with a pixel width of 0.57 Å and a single pixel time of 7.5 ms totaling to 500 ms exposure time 

per line scan step. The HAADF data without analytical data collection was gained using the 

Fischione HAADF detector with 49 mrad inner and 242 mrad outer detection angles. The pixel 

size was 0.11 Å with a pixel time of 18 µs.  

 

2.4. Data Evaluation. For the EELS elemental atomic resolution map data were 

preprocessed with the DM plugin temDM MSA basic version33 applying principal component 

analysis (PCA) using components 1-7. The EELS and the EDX data were processed using the 

built-in functions of Gatan Digital Micrograph 2.3. To determine automatically the edge onset, a 

MatLab program was written. For the strain analysis, GPA for Digital Micrograph v4.0 from 

HREM Research Company was used. For the detailed intensity analysis in the HAADF images a 

homemade MatLab script written in MathWorks Inc. MatLab (version R2017b) was used. 

Thereby, the positions of the atomic columns in the image are determined by searching for local 

maxima. The experimental image was filtered with a batch principal component analysis 

(patchPCA) to reduce the influence of noise on the performance of the algorithm. The peak 

positions are refined by Gaussian fitting with subpixel precision and are then used as a basis for 

Voronoi tessellation. Based on these received cells, the absolute intensity from the unfiltered 

image is determined, and integrated over a defined area corresponding to each atomic column. 

Columns that lie not entirely in the image are excluded.34 The integrated column intensity is a 

robust measurement as it has been shown to be insensitive to probe shape and defocusing.35 Image 

simulations for the comparison with HRTEM images were done with JEMS Version 

4.7031U2018b21 using 200 keV acceleration voltage, CC = 1.2 mm, CS = - 5 µm, C5 = 10 mm, an 

energy spread of 0.8 eV, a lens stability of 0.1 ppm, a magnetic noise of 20 pm, a voltage stability 

of 0.5 ppm, and a beam half convergence of 1.0 nm-1. The real HRTEM images were filtered with 

the HRTEM filter from D. R. G. Mitchell, version 1.3 from February 2007 using the standard 

values of 5 steps, a delta of 2%, 20 cycles, BW b = 3 and BW Ro = 0.5. With SRIM software, 

deposition kinetic simulations were done. Thereby the assumption was that Ca and Bi have the 

same velocity in the deposition process and when assuming a primary energy for Bi of 1 keV the 
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resulting Ca value was 0.191 keV. The deposition was simulated for 200 nm thick layers, being 

either STO or BFO.  

 

2.5. DFT Calculations. Ab initio calculations were performed using projector augmented 

wave (PAW)36 method as implemented in the VASP code.37–40 The electron exchange-correlation 

effects were treated using PBEsol41 generalized gradient approximation. To cope with the d-

electron delocalization problem, the DFT+U method of Dudarev et al.42 was employed. The U 

parameters applied to Ti and Fe sites were set equal to 4 eV, in accordance with previous 

studies.43,44 The energy cut-off used for the basis set expansion was 520 eV. The supercell used 

for modeling the interface between STO and BTO consisted of the stoichiometric slabs of STO 

and BFO joined together along [001] to result in a TiO2-BiO stacking at the interface and a vacuum 

layer (see Figure S1). The individual slabs were constructed from fully relaxed BFO (R3c) and 

STO. Since STO was used as a substrate for BFO, the equilibrium lattice parameter of STO was 

imposed when constructing the interface model with the exception of the last SrO and TiO2 layers. 

The thickness of the slabs and the vacuum layer were chosen so as to minimize the surface-induced 

effects, and, in addition, the dipole correction was applied.45 The G-type antiferromagnetic order 

was maintained in BFO. The Brillouin zone integration was performed using a 6x6x1 k-point grid. 

All atoms in STO slab were fixed, except for those belonging to the two atomic layers adjacent to 

BFO. The positions of all other atoms were relaxed until the residual forces were less than 

10−2 eV/A. The segregation energy was calculated as: 

Eseg =
E(n∗Ca@IF)−E(IF)−n∗[E(Ca@Bulk)−E(Bulk)]

n
 . 

Here, E(n ∗ Ca@IF), E(Ca@Bulk), E(IF), E(Bulk) are the total energies of the supercell 

containing n Ca atoms at the interface, a 4x4x4 BFO supercell with one Ca atom, and similar 

supercells containing no Ca atoms. In the case of VO charge compensation, oxygen vacancies 

were introduced in close proximity to the Ca atoms. The structural models were visualized using 

the VESTA software.46  

 

3. RESULTS AND DISCUSSION 

3.1. Atomic Structure and Chemical Composition at the Interface. The 

interface structure and composition were investigated in the [010]c zone axis orientation regarding 
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the cubic STO substrate, which also corresponds to the [010]pc (pseudocubic) axis of the bismuth 

ferrite thin films. The HAADF image in Figure 1a shows that the film-substrate interface of the 

Ca- and Mn-codoped film is perfectly epitaxial without any visible defects. Both the elemental 

maps for Fe, Ca, and Ti gained from EELS image data (see Figure 1b), and the elemental ratio as 

line profiles from the EDS data for all cationic elements (see Figure 1c) reveal that the Ca is 

concentrated in the film area close to the interface sitting as expected on the A-site (Bi) position 

in between the B-site positions (Fe). In the first A-site layer of the film Ca is even the majority 

atomic species with an approximate ratio of 3:2 with regard to the Bi atoms on these positions. 

The Ca concentration in the film decreases with increasing distance from the substrate-film 

interface and is below detectability after an interface distance of approximately 7 nm (Figure 2a,b). 

Due to the XPS data of the PLD target we can be sure that the Ca level is constant during the 

deposition (Figure S2).  

 

 

Figure 1. Interface structure and chemical composition of the Ca doped film. (a) HAADF image of the 

interface along the [010]c zone axis. (b) Elemental map from the area of the HAADF image in (a) for 

the elements Ti (blue), Ca (green) and Fe (magenta) gained by processing the EELS spectrum image 

data. The gray dashed line indicates the exact position of the substrate film interface. The white dashed 

rectangles indicate the area considered for the Fe oxidation state analysis in Figure 3. (c) Profiles of 

elemental ratios from all sample elements including the dopants Ca and Mn (red) gained from EDS 

data by summing up along the [100] orientation.  
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Figure 2. Ca content far from the interface. (a) HAADF image of the interface of the Ca doped film. 

The red rectangle indicates the area where the EDS line scan was gained from. (b) EDS line profile 

with the elemental ratio indicates that in approximately 7 nm from the interface, the film contains no 

Ca anymore. 

To exclude the possibility that deposition kinetic effects are the cause for the Ca agglomeration at 

the interface, SRIM simulations were conducted and the backscattering ratios and implantation 

depths of Ca and Bi on STO and BFO targets were compared. However, neither of these two values 

provided an explanation for the Ca agglomeration.  

Therefore, the conclusion is, that the Ca gradient toward the interface must have been formed 

during and shortly after the thin film deposition, while the high substrate temperature of 700°C, 

which corresponds for BiFeO3 to 0.79*Tm (Tm: melting point temperature, 79% of the melting 

point temperature), significantly facilitated diffusion of the originally homogeneously distributed 

Ca and enabled its segregation at the interface. To our knowledge, there is no data about Ca 

diffusion in BiFeO3. The study of Francois-Saint-Cyr et al. investigated the diffusion coefficients 

for a range of different elements in amorphous SiO2.
47 Thereby, Ca showed by far the highest 

diffusion coefficient D in the range of 10−16 cm/s² at a temperature of T = 1000°C = 0.64*Tm and 

is even larger than the one for oxygen diffusion.47 In crystalline MgO at T = 700°C = 0.31*Tm the 

Ca diffusion coefficient is in the range of 10−15 cm/s².48 Lanthanide cobalt oxides (LnCoO3) show 

tracer diffusion coefficients in the range of 10−14 cm/s² for T = 700°C = 0.57*Tm
49,50. Assuming 

an average of these values as Ca diffusion coefficient in BiFeO3, the average diffusion distance 
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during 1h at 700°C (30 min deposition time including the time before and during cooling) 

corresponds to average diffusion distance of 50 nm (for a value of D = 10-15 cm/s²). Considering 

that the film thickness is 50 nm, it is reasonable that diffusion and segregation of the Ca from the 

whole film area toward the interface are reasonable. 

In addition, Figure 1 shows a clear indication of intermixing between the film and substrate 

material which is typical for this kind of heterostructure.23 In the first two layers of the substrate, 

a clear Ca signal can be detected in the EELS and EDS signals and additionally also a Bi signal in 

the first layer (EDS). In addition, Sr and Ti can be clearly identified in the first two layers of the 

thin film. The termination layer of the substrate is identified as TiO2 (Figure 1b), which is the 

expected one for an untreated STO substrate. Opposite to the Ca, the Mn dopant shows a 

homogenous distribution within the film.  

Note that since no defects at the film interface could be found, of a Ca rich buffer layer at an 

BFMO/STO interface could manifest as successful strategy against the unwanted formation of Mn 

rich APB at the interface.25 However, further studies are necessary, since the effect reported by 

MacLaren et al.25 appeared at films with much higher Mn doping ratios of 50% compared to 5% 

used in this study, which might also critically influence the formation of APBs. 

 

3.2. Influence of Ca on the interfacial electronic structure. Ca is an alkaline earth 

metal and offers only two electrons in the sp valence complex in contrast to Bi, which has three 

electrons. Hence, Ca leads to p-type or hole doping. There are two n-type or electron-doping 

mechanisms, which can occur and counteract the p-type doping through Ca. These mechanisms 

are either the creation and implementation of oxygen vacancies or the oxidation of a fraction of 

Fe3+ into Fe4+.51–53 For example, in the CaFeO3 perovskite, where all Bi atoms are replaced with 

Ca, the Fe atoms are found in the 4+ oxidation state.53,54 Therefore, to understand the interface 

structure and chemistry better, analyzing the Fe oxidation states is crucial.  

Electron energy-loss near edge structures (ELNES) of Fe-L and O-K edges can be used to 

determine the oxidation state of the Fe atoms.55,56 It has been previously shown that the energy 

onset difference (ΔE) between the O-K and Fe-L3 edge shows a clear correlation with the Fe 

oxidation state, where an increase would mean a shift from 3+ to a larger oxidation states.55,56 

However, as can be seen in Figure 3a, there is no change in ΔE in a Ca rich interface region 

compared to a Ca poor region (3 nm away from the interface). The exact locations where the 

spectra have been recorded are indicated by the white rectangles in Figure 1b. Furthermore, the 
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measured energy onset difference of ΔE = 178.00 ± 0.25 eV corresponds within the measurement 

tolerance to the values in the literature of 178.25 ± 0.30 eV56 and 178.5 ± 0.25 eV.55 We defined 

the edge onset as the point where the edge exceeds 15% of the edge maximum, to prevent falsifying 

influence from pre-peaks and noise, as suggested by Tan et al.55 In Figure 3b it becomes obvious 

that, while the O-K edge shape changes in the Ca rich interface region compared to the Ca poor 

region, the onset remains unchanged. The change in the edge simply stems from the overlapping 

of the two different O-K edge shapes in the substrate and the film (Figure S3). Likewise, the onset 

position of the Fe-L3 edge does not change as can be seen in Figure 3c. Additionally, the ratio of 

the Fe-L3 and L2 edges is also an indication of the oxidation state and known to have its maximum 

for Fe3+.55 The L3/L2 ratio, which does not decrease in the Ca rich area as becomes obvious in 

Figure 3c for the normalized Fe-L edges, is a further indication that a shift to higher Fe oxidation 

states does not take place. Summarizing, we find that Fe atoms in the Ca rich interface region 

remain in the 3+ oxidation state, which suggests that oxygen vacancies are present at the interface 

to counteract the p-type doing of Ca. 

 

Figure 3. EELS analysis of the Fe oxidation state at the Ca-rich interface. (a) Energy onset difference 

(ΔE) between O-K and Fe-L3 edges for the Ca-rich region directly at the interface (red) and for the Ca-

poor region at a distance of approximately 3 nm from the interface (black). The position where the 

spectrum stems from is indicated in Figure 1b by the dashed white rectangles. Compared to the Ca-

poor region the Ca rich interface shows no change in ΔE. (b) EELS region of the O-K edges enlarged 

showing that there is no relative shift in the edge onsets. (c) Energy region of the Fe-L3 and L2 edges 

enlarged showing again no relative shift in the edge onset. The Fe-L edge intensities are normalized 

by integrating the background subtracted intensity from 708 to 761 eV showing that the L3/L2 peak 

ratio does not change as well.  
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3.3. Influence of Ca Segregation on the Strain State of the Film. To see if the 

Ca agglomeration on the interface has an influence on the strain state of the thin film, HRTEM 

investigations together with GPA were carried out. Figure 4a demonstrates that, in the Ca doped 

thin film, identifying the exact atomic layer where the film starts in the HRTEM image is not a 

trivial matter. Ca agglomeration at the interface leads to very similar image contrast because of 

more similar Z per column compared to those of the Sr columns in STO. This leads to a similar 

contrast between the substrate and the first few layers of the film. To overcome this issue, image 

simulations were conducted via JEMS. For that, a supercell modeling the interface based on an 

STO unit cell (Pm- 3m symmetry) was created by 15 times multiplication in the [001]c direction. 

Figure S4a shows the resulting crystallographic atomic model, whereby the Sr and Ti cations were 

replaced completely or partly on the corresponding positions by Ca, Bi, and Fe to model the 

heterostructure interface according to the cation concentration displayed in Figure S4b. The 

simulated HRTEM image for a sample thickness of 10.54 nm in Figure S4c displays that the 

contrast in the first 2-3 A-side rows of the film (with 60, 4, and 20 atom % Ca compared to Bi) is 

almost identical to the contrast in STO. It is important to note that for these imaging conditions, 

the bright spots in the cells containing only Bi and Fe on the cation positions (unit cells 10 and 11) 

indicate the Fe positions and not the Bi ones. The simulated image accurately corresponds to the 

real HRTEM image in Figure S4d.  

The image simulations allow one to determine the location of the interface in the film with the Ca 

agglomeration in Figure 4a. GPA analysis of the HRTEM image shows no significant in-plane 

lattice strain εxx, which is the supposed situation for an epitaxial interface, as depicted in 

Figure 4b,d by the strain distribution and integrated profile. The out-of-plane lattice strain εyy of 

the film (cf. Figure 4c,d) is on average around 3%. This elongation along the [001] direction is 

expected, since the lattice of BFO is, simplified to a pseudocubic system, with a lattice constant of 

3.965 Å approximately 1.5% larger than the lattice parameter of STO.4,57 The novel aspect is that 

the increase of the out-of-plane strain directly after the heterostructure interface in the first 2 nm 

of the film is delayed. In Figure 4c,d the out-of-plane strain value of the film is reached notably 

later than for the non-Ca-doped film in Figure 4e,f,g,h, whose strain increase sets in immediately 

at the interface. The fact that the area with the delayed out-of-plane strain has a very similar 

HRTEM image contrast compared to the substrate indicates that it corresponds to the area of Ca 

agglomeration. This leads to the conclusion that Ca agglomeration at the interface results in a 

reduction of the out-of-plane strain, which is a probable driving force behind the segregation 

process of Ca.  
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Figure 4. GPA strain analysis from HRTEM images for the films with and without Ca agglomeration 

at the interface. (a) HRTEM image, (b) in-plane (εxx) and (c) out-of-plane (εyy) strain maps and (d) 

line profiles of the strains averaged over the width of the strain maps in [100] direction of the film with 

Ca agglomeration at the interface. The green square indicates the region where the out-of-plane strain 

is reduced compared to the rest of the film. (e) HRTEM image, (f) in-plane (εxx), and (g) out-of-plane 

(εyy) strain maps, and (h) averaged line profiles of the strains for the film without Ca doping.  

 

Compared to HRTEM, HAADF images have the advantage that the column intensity is directly 

proportional to Z 58 and, therefore, allows direct conclusions regarding the Ca content at the 

interface, in comparison to the indirect approach from HRTEM analysis where more detailed 

knowledge about the chemical composition and simulations is necessary. The atomic resolution 

HAADF image of the interface area with Ca agglomeration in Figure 5a has due to shorter 

recording times compared to spectral images less severe distortions stemming from drift while 

covering simultaneously a larger area. The color-coded intensity map shown in Figure 5b is 

calculated by integrating the intensities for each atomic position. Knowing from the EDS data that 

the first film layer contains 60 atom % Ca compared to 40 atom % Bi on the A-site positions, 

resulting in an average Z number (assuming that the columns have everywhere the same thickness 

and same number of atoms in projection direction) of Zm ≈ 54.7 (larger than the Z value of 38 for 

Sr), it can be clearly identified where the film starts. 
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While in HRTEM images, phase shifts caused by thickness or Z variations might introduce errors 

into the GPA analysis59,60, the nature of the scanning procedure itself introduces errors into STEM 

images. However, distortions in the slow-scan direction caused by sample drift and the so-called 

“fly-back” error are significantly larger than in the fast-scanning direction. Without using more 

elaborate techniques to correct scanning artefacts, like, for example, the method developed by 

Sang and LeBeau,61 by aligning the fast scanning direction parallel to the principal axis of the 

strain a reliable strain value in the fast scanning direction is received.62,63 Therefore, the fast 

scanning direction in Figure 5 was oriented perpendicular to the interface allowing to analyze the 

out-of-plane strain εyy and link it to the Ca concentration in the interface area. Figure 5c shows the 

out-of-plane strain received via GPA analysis (black curve) and the intensity values (red squares), 

both from the area marked by the white rectangle in Figure 5a,b, which shows the least drift in the 

image, and averaged along the direction parallel to the interface.  

In Figure 5c, the averaged intensity increases in the first six A-site rows (≈ 2.4 nm) of the film 

after the interface indicating the decreasing Ca content. Starting from the seventh A-site layer, the 

intensities reach a plateau value and remain there with little changes indicating that the chemical 

composition stays largely unchanged. Simultaneously, the out-of-plane strain starts increasing 

after the interface from the substrate level and reaches its plateau value of ≈3.5% in the film, 

exactly when in the intensity analysis no Ca can be detected anymore. This indicates a direct 

correlation between the lattice strain and the Ca content. The significantly reduced strain by 

integrating Ca in the film structure at the interface is one possible driving force behind the observed 

Ca segregation. 

Additionally, it can be seen in Figure 5c that, while the intensity in the substrate side is very 

uniform, the last A-site layer of the substrate shows a reduced intensity indicating the 

interdiffusion of Ca in the top substrate layer, as already observed in Figure 1.  

The strain data in Figure 4 and especially the direct correlation between Ca content and the strain 

value in Figure 5c indicate that the strain reduction and thereby minimization of elastic energy is 

the driving force for the segregation to the interface. The ionic radii for Ca2+ compared to Bi3+, 

which it replaces on the A-sites, are 1.18 Å compared to 1.24 Å (both for coordination 

number 9).64 The -4.8% smaller cation radius for Ca instead of Bi leads to a smaller lattice 

parameter and subsequent reduction of strain, if it segregates to the BFMO/STO interface. The 

observed segregation process in this study is related to segregation processes toward the surface 

for larger dopant radii, e.g. described by Lee et al.11 Therefore, for a deeper understanding DFT 

calculations have to be done.  
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Figure 5. Correlation of the Ca content and out-of-plane (εyy) lattice strain. (a) HAADF image of the 

heterostructure interface, where the primary scanning direction was vertical. The white rectangle 

indicates the area used for the strain and intensity analysis. The magenta curve indicates the interface 

(not a straight line due to the small image drift in the right half of the image). (b) Intensity map by 

integrating over the atomic positions of the HAADF image in (a). (c) Out-of-plane strain (εyy, black 

curve) received via GPA from (a), which is possible to receive reliably, since the primary scanning 

direction is oriented parallel, compared with the intensity of the A-site positions (red squares) in (b). 

Both were averaged horizontally within the white rectangle in (a) and (b). The green overlay indicates 

the area where the intensity analysis revealed the presence of Ca and the increase of the out-of-plane 

strain is simultaneously delayed.  

 

3.4. Density Functional Theory (DFT) Calculations. DFT modeling was used to 

investigate the energetics of Ca segregation to the STO/BFO interface by means of calculating the 

segregation energies, i.e., the energy change upon relocating Ca from bulk BFO to the interface. 

When this energy is negative, it indicates the propensity toward Ca segregation. Two segregation 

scenarios were explored: (1) a Bi atom in the BiFeO3 is replaced with a Ca atom; and (2) a complex 

of two Bi atoms at the interface is replaced with two Ca atoms and one oxygen vacancy. The first 

case corresponds to Fe oxidation from 3+ to 4+ while the second case corresponds to charge 

compensation by the vacancy mechanism. The resulting segregation energies are presented in 

Figure 6. In the case of the Fe-oxidation mechanism, one observes a slightly negative segregation 

energy for the 1/2 monolayer (ML) of Ca-coverage at interface, which becomes more prominent 

for 1 ML and even more so for 2 ML, reaching the value of about -0.2 eV per Ca atom 

(crystallographic models are shown in Figure S1). To verify whether the p-doping introduced by 

Ca was indeed compensated by Fe oxidation, the electronic density of states (DOS) and the 
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volumes of the FeO6-octahedra were analyzed. Ca-doping leads to the emergence of the acceptor 

gap state localized on the FeO6 octahedra next to Ca (see Figure S5b). Also, the volumes of these 

octahedra decreased as compared to the volumes of FeO6 units away from Ca. These two 

observations confirm the shift of the oxidation state of Fe3+ to Fe4+, in agreement with the analysis 

of Gebhardt and Rappe.53 When considering the second segregation scenario, i.e., involving the 

oxygen-vacancies, the segregation energy was found to be even lower (-0.3 eV per Ca atom). In 

this case no acceptor state occurs (see Figure S5c). Though both considered scenarios are found to 

favor Ca segregation, only the one that assumes formation of the oxygen vacancies is supported 

by the EELS assessment presented before and is also consistent with the previous reports on the 

effect of Ca doping in BiFeO3.
65 These findings give strong evidence of charge compensation by 

O-vacancies and, most importantly, confirm the tendency for Ca segregation to the STO/BFO 

interface.  

The analytical STEM data from Figure 1 suggest that the Ca:Bi ratio is approximately 6:4 in the 

first film layer. The energetically most favorable configurations in the DFT calculations appear to 

have higher Ca/Bi ratios. This is not a contradiction, since the Ca atoms can cluster in the 

investigated TEM sample, which was ≈ 25 nm thick (t/λ = 0.22) and corresponds to 60 

pseudocubic unit cells. It also needs to be kept in mind that channeling effects influence EELS and 

EDX results in atomic resolution and, in both techniques, cause signals from neighboring 

columns.66 

Figure 6b compares experimental and theoretical results of the out-of-plane cation distances 

received either from the HAADF image in Figure 5a or from the relaxed unit cells of the DFT 

simulations. The distances of the DFT calculations start in the last substrate layer, because the 

parameters of the other cells in the substrate are fixed. According to the results from Figure 5c, the 

first A-site distances in the film are smaller compared to the plateau level reached deeper into the 

film. The distances received from the DFT simulations show that for 1 ML of Ca in the first layer 

of the film, the interplanar distances are very similar to the ones from the HAADF data showing 

the absolute minimum of the distances between the first two Bi layers. For 2 ML of Ca in the first 

and second layer of the film, the minimum is on the same position as for 1 ML but also compared 

to the experimental data much more pronounced, since it concentrates more Ca at the interface 

than observed in the sample. The spacings received from the DFT simulations from the third film 

layer onward do not approach the experimental ones further from the interface, mostly, because 

thermal lattice expansion was not included in the calculations, the finite model size, and also due 

to limitations of the employed exchange-correlation functional.  
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Figure 6. DFT calculations for Ca agglomerations at the interface and comparison of lattice spacing for 

experimental and theoretical data. (a) Segregation energy received from DFT calculations for Ca 

agglomerations of the 1/2 monolayer, 1 ML positioned at the A-site film layers 1-5, 2 ML with the Ca 

at either layers 1 and 2 or 4 and 5 and 2 ML of Ca at the interface with one oxygen vacancy (VO). The 

last A-site layer of the substrate was assigned the y-axis value 0, while the film starts with the value 1. 

(b) Comparison of the A-site distances between experimental and calculated results. The experimental 

data are gained from the HAADF image in Figure 5a by averaging horizontally over the area within 

the white rectangle. The theoretical data are the values for the relaxed unit cells of the DFT simulations 

with 1 ML of Ca directly in the first A-site layer and 2 ML of Ca in the first and second A-site layers.  

 

In the literature, segregation phenomena have been studied in metals and compounds including 

oxides.11,67–70 There are two primary mechanisms identified, that drive segregation: minimizing 

the Coulomb energy in non-metals and the strain relief.11,67,68 In the case of Ca segregation to the 

STO/BFMO interface, it seems to be defined in-part by the strain relief, as judged from the 

comparison of the ionic radii of Bi3+ and Ca2+, but also by the chemical interactions of the Ca-rich 

layer with the interface. No significant amount of Ca found on the upper surface of the BFO film 

requires further investigation, as surface segregation is often observed in perovskite materials.11 

One of the possible explanations could be that surface Ca has evaporated while the film is at high 

temperatures, as it is relatively volatile. 
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4. CONCLUSION 

In summary, we have fabricated a BFO thin film with a minor initial Ca doping in the target of 

Bi0.98Ca0.02Fe0.95Mn0.05O3. The advanced STEM investigations of the film revealed that the Ca had 

diffused completely to the area of the compressive strain interface. An estimation of the value for 

the diffusion coefficient demonstrated that diffusion in this scale is reasonable. EELS 

investigations showed that in the Ca rich areas no shift in oxidation state took place indicating the 

formation of oxygen vacancies at the interface. HRTEM strain analysis of the interface revealed 

that compared to the Ca free film, the increase of the out-of-plane lattice strain at the interface is 

delayed due to the Ca at the interface. Analytical HAADF information of the interface region 

together with strain analysis proves the direct causality of Ca and strain reduction at the interface. 

Finally, in accordance with the measurement results, DFT calculations confirmed that it is 

energetically more favorable when Ca is agglomerated at the interface and the received lattice 

spacings from the calculations fit to the measured ones.  

This study is of great importance to accordingly understand the segregation behavior of dopants 

at oxide heterostructure interfaces and its effects on the atomic and electronic structure. Especially 

in light of functional devices using these materials, segregation behavior must be considered and 

addressed with prevention strategies if necessary. Alternatively, the process could be used 

purposely to engineer electric and magnetic properties of the two-dimensional system realized at 

the BFO/STO interface. A Ca-rich buffer layer at a BFMO/STO interface may be a successful 

prevention strategy against the unwanted formation of antiphase boundaries at the interface, since 

they could not be observed here.  
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Assuming incoherent scattering, the detected intensity I is proportional to Z1
2 + Z2

2 + … + Zn² with 

the Z for each atom in the column. To calculate the average Z-number (Zm), which we define as 

being the Z-number if the column would only consist of 1 hypothetical chemical element and not 

a mixture, (here 60at.% Ca and 40at.% Bi are assumed from the EDX data for the first film layer) 

the following formula is used:  

 

 𝑍𝑚 = √𝑐1 × 𝑍1
2 + 𝑐2 × 𝑍2

2 = √0.4 × 832 + 0.6 × 202 ≈ 54.7  (1) 

 cn … atomic concentration [1]  

 Zn … Z of element [1]  

 



 

 

Publication A – Supporting Information 
 

 

69 
 
 

 

Figure S1 shows as examples for the supercells used in the DFT calculations those with no Ca, 

2 ML of Ca directly at the interface and 2 ML of Ca and two oxygen vacancies at the interface.  

 

 

Figure S1. Supercells used in DFT calculations: (Top) STO/BFO interface model; (Middle) the 

interface with 2ML of Ca (4 atoms); (Bottom) the interface with 2ML of Ca and 2 oxygen vacancies. 

All presented structures correspond to equilibrium geometries obtained after ionic relaxation. Fixed 

layers in STO slab highlighted in the top panel were maintained throughout all calculations. 

 

Figure S2 shows the X-Ray Photoelectron Spectroscopy (XPS) data of the PLD target used for 

the fabrication of the film with the Ca agglomeration at the interface, recorded at different (laser 

ablated and unablated) areas on the target surface. It clearly shows that both XPS spectra contain 

similarly large Ca 2p1/2 and Ca 2p3/2 peaks, which indicate that the Ca distribution in the target is 

homogenous. 
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Figure S2. XPS data of the ablated (after deposition) and unabated (before deposition) surface of the 

PLD target from which the film with the Ca agglomeration stems. (a) Whole XPS spectrum (b) 

Enlarged area of the Ca 2p1/2 and Ca 2p3/2 peaks indicated by the grey squares in (a). 

The unusual O-K edge form at the substrate-film interface displayed by the red curve in Figure S3 

stems from a superposition of the typical edge shapes of the SrTiO3 substrate (blue) and the film. 

The dashed grey lines in Figure S3 are eye guides to show where local maxima of one curve 

compensate local minima or slopes of the other curve leading to a flat top form of the O-K edge at 

the interface. 

 

Figure S3. Formation by superposition of the O-K edge signal at the substrate-film interface (red) by 

the 2 characteristic O-K edges for the SrTiO3 substrate (blue) and the Bismuth Ferrite film (black). 

The grey dashed lines are eye guides to follow local maxima of one curve to local minima or slopes of 

the other one. 
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To precisely identify the interface in the HRTEM images, image simulations were conducted. 

Therefore, a supercell modelling the interface based on a STO unit cell (Pm-3m symmetry) was 

created by 15 times duplication in [001]c direction. Figure S4a shows the resulting crystallographic 

atomic model, whereby the Sr and Ti cations were replaced completely or partly on the necessary 

positions by Ca, Bi and Fe to model the heterostructure interface according to the cation 

concentration displayed in Figure S4b. The simulated HRTEM image for a sample thickness of 

10.54 nm in Figure S4c displays that the contrast in the first 2-3 A-side rows of the film is almost 

identical to the contrast in STO. The simulated image accurately corresponds to the real HRTEM 

image in Figure S4d. 

 

Figure S4. Comparison of image simulation and HRTEM image to verify the correct assignment of the 

interface in the film with Ca cluster at the interface. (a) Model of the supercell used for image 

simulations seen from the [010] zone axis consisting of 15 pseudocubic unit cells. The color is 

determined by the majority element in this column. (b) Diagram of the cation composition per lattice 

plane to model the heterostructure interface for the image simulations (c) Image simulation with 

JEMS® for CS = -5 µm, an over focus of 35 nm, a sample thickness of 10.54 nm and tilted 0.54° away 

from the [010] zone axis in the direction of the [111]. (d) HRTEM image with applied ABSF filter to 

reduce effects of amorphous layers. The grey dashed lines indicate the position of the interface. 
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In Figure S5 the atom- and position-resolved electronic density of states are compared for an 

undoped STO/BFO interface, for a 2 ML Ca-doped interface, which compensates with charge 

shifts from Fe3+ to Fe4+ and for the same interface but this time compensated by oxygen vacancies. 

In the 2ML Ca-doped interface with Fe charge shift an acceptor gap state localized on the FeO6 

octahedra emerges (see Figure S5b), but if oxygen vacancies are assumed instead, no acceptor 

state occurs (Figure S5c).  

 

  

Figure S5. Atom- and position-resolved electronic density of states (DOS) of: (a) STO/BFO interface, 

(b) 2ML Ca-doped interface, compensated by the charge shift of Fe from 3+ to 4+; and (c) 2ML Ca-

doped interface, compensated by oxygen vacancies. Structural models correspond to the geometries 

after relaxation. The color code is consistent with the one used in the manuscript. 

 

Figure S6a,b shows in the exemplary HAADF images that neither in the film the Ca segregation 

to the interface (BCFMO) nor at the film without Ca and only Mn doping (BFMO) any antiphase 

boundaries (APBs) or line defect appear at the interface.  
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Figure S6. HAADF images of the films with (a) Ca segregated to the interface (BCFMO) and (b) 

without Ca (BFMO)  

 

Figure S7a shows the XRD data of the Ca doped film and the film without Ca doping. The film 

without Ca doping contains also an Fe2O3 phase, which could be also seen in the TEM images. 

XPS spectra of both, the Ca-doped film and Ca-free film show that weak signals of Ca are only 

detected from the surface of the Ca doped film, as can be seen in Figure S7b. However, the 

weakness of the Ca signals suggests that there is no segregation of Ca towards the surface.  
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Figure S7. (a) XRD data of the of the Ca doped BFMO film and the film without Ca. (b) XPS spectra 

from the surfaces of the Ca doped film and the film without Ca. 

 

Figure S8 shows a Bright Field (BF)-TEM image of the Ca doped film, demonstrating the good 

film quality and that no undesired effects take place at the film surface.  

 

 

Figure S8. BF-TEM image of the Ca doped film with a magnification of 50k. 
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ABSTRACT:  

The interaction of oxygen vacancies and ferroelectric domain walls is of great scientific interest 

because it leads to different domain-structure behavior. Here, we use high-resolution scanning 

transmission electron microscopy to study the ferroelectric domain structure and oxygen-vacancy 

ordering in a compressively strained Bi0.9Ca0.1FeO3-δ thin film. It was found that atomic plates, in 

which agglomerated oxygen 

vacancies are ordered, appear 

without any periodicity 

between the plates in out-of-

plane and in-plane orientation. 

The oxygen non-stoichiometry 

with δ = 1 in FeO2-δ planes is 

identical in both orientations 
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and shows no preference. Within the plates, the oxygen vacancies form 1D channels in 

pseudocubic [010] direction with a high number of vacancies, that alternate with oxygen columns 

with few vacancies. These plates of oxygen vacancies always coincide with charged domain walls 

in a tail-to-tail configuration. Defects such as ordered oxygen vacancies are thereby known to lead 

to a pinning effect of the ferroelectric domain walls (causing application-critical aspects, such as 

fatigue mechanisms and countering of retention failure) and to have a critical influence on the 

domain-wall conductivity. Thus, intentional oxygen vacancy defect engineering could be useful 

for the design of multiferroic devices with advanced functionality.  

KEYWORDS: BiFeO3, oxygen vacancy, ordering in oxygen vacancy plates, charged domain 

wall, aberration-corrected STEM, domain-wall pinning, domain-wall nanoelectronics  

1. INTRODUCTION 

Multiferroic materials showing a coupling between ferroelectric and magnetic order parameters 

are referred to as magnetoelectric multiferroics and have attracted much attention in the past 

years.1–4 For example, in a magnetoelectric multiferroic, an electrical stimulation results in an 

effect on the magnetic order parameters.5–7 This behavior is intriguing for numerous applications 

such as new kinds of memory devices promising significantly improved speed and storage 

density,8,9 spin valves, spintronic devices, and sensors.10 Single-phase multiferroic materials with 

high Néel and Curie temperatures, which are critical for practical applicability, are relatively rare. 

One of those is BiFeO3 with a high antiferromagnetic Néel temperature of TN ≈ 370°C and an even 

higher ferroelectric Curie temperature of TC ≈ 830°C. In particular, the control of the 

antiferromagnetic domains via the manipulation of the ferroelectric ones has been successfully 

demonstrated.11 Additionally, the domain walls of BiFeO3 have a higher conductivity than the 

domains itself,12 promising the prospect of resistance-switching devices in the field of domain-

wall nanoelectronics.13 

Perovskite oxides such as BiFeO3 become even more versatile through the incorporation of 

substitutional elements on the A- (Bi) or B site (Fe), which enables us to manipulate and design 

the electronic and magnetic properties within certain limitations.14,15 Ca as an A-site dopant has 

been shown to tune the material’s behavior from antiferromagnetic toward ferromagnetic16 but 

also to enhance the magnetoelectric coupling17 and to enable a conductivity modulation through 

the application of an electric field.18 Ca doping in BiFeO3 can induce oxygen vacancies because 

the replacement of Bi3+ with Ca, which is an alkaline earth metal and therefore cannot have a 

higher oxidation state than 2+, has a hole doping effect. Stoichiometrically in Bi1-xCaxFeO3-δ that 
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would lead to δ = x/2 oxygen vacancies.18–20 It has been reported that for doping ratios of x ≥ 0.2 

the oxygen vacancies arrange in ordered superstructures.18,20–23 Thereby, the Ca is not uniformly 

distributed but can segregate to the energetically most favorable position.19,24,25 When relatively 

thick films are under compressive (tensile) strain, these superstructures are expected to be arranged 

parallel (perpendicular) to the interface, as shown in a study for LaCoO3-x films.26 For thin, tensile 

strained films where the surface energy becomes dominant compared to the bulk energy, the effect 

is seen that in order to minimize the surface energy, the perpendicular arranged oxygen defects, 

become parallel.27 While for doping ratios x ≤ 0.1, there are reports for some vacancy ordering 

under certain conditions,28 other results indicate that they are in most cases not ordered in 

superstructures.20,21,28  

Improved magnetic behavior16 and the coupling between the electric and magnetic ordering 

parameters17 alone are often not enough for potential device applications, because regions where 

the ferroelectric polarization has been switched are at times unstable and do not stay in their 

switched state but relax back to the original state. This process is known as “retention failure” and 

can lead to a loss of functionality of the device.29 Generally, it has been accepted that electrostatic 

boundary conditions at the ferroelectric/electrode interface are a cause for the back switching. 

Strong fields, that lead to depolarization, can arise at uncompensated interfaces29–31 as well as 

impurity defects.29 However, defects are also a method to counter retention failure by acting as 

pinning centers hindering the movement of domain walls but simultaneously leading to the fatigue 

phenomena by degradation of switchable polarization.29,32 Besides phase boundaries33, 

dislocations34 and pre-existing ferroelastic domains35, these defects can also be oxygen 

vacancies36–38, leading to another potential improvement of material properties by Ca doping.  

In this study, we investigate a Ca-doped Bi0.9Ca0.1FeO3-δ (BCFO) film deposited on a SrTiO3 

substrate covered with a 55 nm thick SrRuO3 interlayer. While there are no ordered 

superstructures, there are randomly ordered features in the atomic resolution image, which are 

either parallel or perpendicular to the interface. We show by atomic-resolution scanning 

transmission electron microscopy (STEM) with high-angle annular dark-field (HAADF), electron 

energy-loss spectroscopy (EELS) and the comparison with characteristic results from previous 

works, that these features are oxygen-deficient planar defects and, simultaneously, negatively 

charged domain walls with a tail-to-tail configuration. The atomic-resolution experimental results 

are compared with STEM image simulations and the HAADF images are evaluated with software 

scripts to determine the atomic-column locations, intensities, interatomic spacings, and 

ferroelectric polarization. Thereby, we found that while reduced intensities on the Fe sites of the 

planar defects do not indicate any Fe vacancies, either an increased Ca concentration or Bi-vacancy 
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concentration is detected on the A-site around the defect. The film is under compressive strain, 

which should favor planar defects parallel to the interface, but the defects occur in both directions, 

showing the same characteristics and presumably containing a similar amount of oxygen 

vacancies. Our work confirms that charged domain walls in BiFeO3 oriented both, in-plane and 

out-of-plane, can be coupled to a local accumulation of oxygen vacancies. This coupling is 

expected to lead to pinning of the domain walls and an improved resistivity against retention 

failure.  

 

2. EXPERIMENTAL DETAILS 

2.1. Thin-Film Fabrication. The thin-film was fabricated by pulsed laser deposition (PLD) 

using a KrF excimer laser (Coherent, Inc., 248 nm) with a pulse repetition rate of 10 Hz on a single 

crystalline (001)-oriented SrTiO3 (STO) (Shinkosha, Co., Ltd.) substrate. Before the thin-film 

deposition, the substrate was cleaned by acetone and ethanol in an ultrasonic cleaner. First, using 

a total deposition time of 30 min, a 55 nm thick SrRuO3 (SRO) intermediate layer was epitaxially 

grown with an energy of 220 mJ/pulse onto the STO substrate. Afterward, a 10% Ca-doped 

Bi0.9Ca0.1FeO3-δ (BCFO) thin film was deposited with a deposition time of 45 min and an energy 

of 220 mJ/pulse onto the SrRuO3 intermediate layer, resulting in a film thickness of 60 nm. The 

vacuum chamber was first kept at a pressure of about 10-7 Torr. During the deposition the substrate 

was maintained at a temperature of 700°C with an oxygen environment of 100 mTorr. Cross-

sectional samples for the TEM investigations were prepared using a Helios Nanolab FIB-SEM by 

a standard focused ion beam protocol.39–41  

2.2. Data Acquisition. A probe-aberration-corrected (DCOR, CEOS GmbH) JEOL JEM-

ARM200F with a cold field-emission electron source operated at 200 kV and equipped with a 

Gatan GIF Quantum ERS spectrometer was used for all STEM analyses. STEM imaging and 

EELS analysis were performed at a semi convergence angle of 20 mrad, resulting in a probe size 

of 0.8 Å.42 Detailed imaging parameters for the HAADF images can be found in the Table S1. For 

the EELS spectral image, a collection semi-angle of 111 mrad, a pixel time of 10 ms with 48 * 170 

pixel and an energy channel width of 1 eV have been used. High-resolution transmission electron 

microscopy (HRTEM) using a JEOL JEM 2100 F with an image-side CS corrector, an acceleration 

voltage of 200 kV and a Gatan Orius SC1000 camera was additionally used to evaluate the strain 

state of the film 
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2.3. Data Evaluation. The strain analysis was performed with the Geometric Phase 

Analysis  (GPA) software package v4.0 from HREM research company for Digital Micrograph 

2.3 from Gatan. For the analysis of HAADF images concerning intensities, site spacings, and 

ferroelectric polarization two homemade MatLab scripts written in MathWorks Inc. MatLab 

(version R2017b) were used. Prior to applying the scripts, the experimental images were filtered 

with a principal component analysis (PCA) script for Digital Micrograph written by S. Lichtert, T. 

Hayian, and J. Verbeeck to reduce image noise.43 At the beginning of the first MatLab scrip, the 

locations of atomic columns in the image are ascertained by searching for local maxima. Gaussian 

fitting with sub-pixel precision is used to refine the peak locations and then as a basis for Voronoi 

tessellation. These received cells are utilized to determine the absolute intensity from the unfiltered 

image by integrating over a defined area corresponding to each atomic column. Columns at the 

edge of the image that lie not entirely in it are excluded.24,44 The integrated column intensity is a 

robust measurement, as it is insensitive to the probe shape and the defocus.24,45 The second MatLab 

script was written to evaluate (i) the fitted atomic-column positions from the first script according 

to the spacings between the atomic sites, (ii) the polarization due to shifts of the central Fe atom 

and (iii) to visualize the data. The EELS spectra were processed using the built-in functions of 

Digital Micrograph and additionally filtered in OriginPro 2016 using a Savitzky-Golay filter with 

a window of 9 data points for denoising. HAADF-image simulations with the software Dr. Probe46 

were performed for a sample thickness of 30 nm (76 BiFeO3 unit cells), an acceleration voltage of 

200 kV, a semi convergence angle of 20.9 mrad, a spherical aberration of 0 µm, a defocus value 

of 0 nm, an effective source radius of 0.10 Å, a scanning step size of 10 pm, and a HAADF detector 

ranging from 49 to 250 mrad. Those parameters were chosen so that the simulation results are 

comparable with the experimental parameters used for HAADF acquisition. 

 

3. RESULTS  

3.1. Large-Scale Structure of the Film. STEM investigations of the overall thin film 

cross section showed that the SRO as well as the BCFO film have grown epitaxially on the STO 

substrate, as can be seen in Figure S1. The in-plane strain is only slightly increased over the 

thickness of the 55 nm wide SRO layer and the first 20 nm of the film covered in that image frame, 

while the out-of-plane strain is immediately increased at the STO/SRO interface and only 

marginally decreases over the width of the SRO thin film layer and the adjacent BCFO thin film. 
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These strain characteristics are expected for a good quality epitaxial growth, because the 

pseudocubic SRO and pure BiFeO3 (BFO) lattice parameters are approximately 0.6%47 and 

1.5%10,48 larger than the lattice parameter for bulk STO. Therefore, the thin films are compressed 

in the in-plane direction and enlarged in the out-of-plane direction. For the BCFO film, the lattice 

parameters received from the strain maps in Figure S1b,c are 3.93±0.01 Å for the in-plane 

direction and 4.01±0.01Å for the out-of-plane direction, resulting in an enlargement in the out-of-

plane direction by 2.0±0.5%. Determining the lattice parameter with HRTEM measurements, 

which have the advantage that drift distortions are minimized compared to STEM, 3.91±0.01 Å 

for the in-plane lattice parameter and 4.02±0.01 Å for the out-of-plane lattice parameter are 

received resulting in measured enlargement of the out-of-plane direction of 2.9±0.5%. 

Figure 1a shows a large scale (low magnification) HAADF image of the BCFO film covering 

almost the entire epitaxial layer. The SRO/BCFO interface is on the bottom side of the imaging 

frame and not visible. Noticeable in the HAADF image are several stripes with darker contrast 

than the surrounding areas, which are either parallel to the [100]pc (subscript pc refers to pseudo-

cubic) or the [001]pc direction. Their starting and endpoints are marked with colored arrows, and 

they are numbered. The map of the out-of-plane lattice strain in Figure 1b shows that the dark lines 

parallel to the [100]pc (in-plane) direction, which are marked with green arrows and numbers, 

coincide with an enlarged strain and therefore with an enlarged lattice parameter in the out-of-

plane direction. Because the out-of-plane lattice parameter is enlarged, they are called out-of-plane 

defects. Similarly, in the in-plane strain map in Figure 1c, dark lines in the HAADF image parallel 

to the [001]pc (out-of-plane) direction are marked by the magenta colored arrows and are called 

in-plane defects, because of their enlarged lattice parameter in the in-plane direction. Figure 1d 

shows a schematic illustration of the film system and the in-plane and out-of-plane defects. The 

blue arrows in Figure 1a and c mark a single misfit/edge dislocation, which originates at the 

SRO/BCFO interface and locally reduces the compressive strain. These dislocations are not very 

frequent and occur approximately once per 500 nm interface length and therefore will not cause a 

significant relaxation of the film. These edge dislocations are not the focus of this study, because 

they have already been investigated extensively for BiFeO3 thin films under compressive 

strain.49,50 
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Figure 1. Large-scale structural mapping of the BCFO thin film and its defects. (a) HAADF image of 

the BCFO film along the [010]pc zone axis. The red square indicates the area shown and analyzed in 

Figure 2. (b) Map of the out-of-plane strain (εzz) and (c) map of the in-plane strain (εxx). The colored 

arrows mark the beginning and the end of the dark stripes found in the HAADF image. Green arrows 

mark dark stripes, where εzz is increased, and are therefore called out-of-plane defects, while magenta 

arrows indicate dark stripes, where εxx is increased and are therefore called in-plane defects. The blue 

arrows indicate an edge dislocation relaxing the in-plane strain, which starts at the SRO/BCFO 

interface (not shown here). (d) Schematic illustration of the thin film and the two types of defects (the 

best contrast can be seen in the digital version). 

 

3.2. Analysis of In- and Out-Of-Plane Defect with Contact Point. In Figure 1a, 

the red square indicates an area, where one in-plane defect and one out-of-plane defect (for the 

difference between the two and the definitions see Figure 1d) touch each other. A more detailed 

analysis can be seen in Figure 2. In the HAADF image shown in Figure 2a, the in-plane and out-

of-plane defects are indicated by red arrows. These defects divide the image in three areas, which 

are numbered from I to III. The pseudo-cubic [100] direction is defined as the axis a, while the 

[001] direction is defined as c. Figure 2b shows the map of interatomic distances between A-sites 

(aA-A) in the a (in-plane) direction. It can be clearly seen that along the a direction there is an 

elongation of interatomic A-site distances at the in-plane defect, whose position is indicated again 

by red arrows and ends at the touching point with the out-of-plane defect (marked by the arrow 
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with a crossbar at the beginning). The out-of-plane defect shows no lattice enlargement in the 

a direction and is completely invisible in the map. The same interatomic distances in the c (out-

of-plane) direction (cA-A) can be found in Figure 2c. In contrast to Figure 2b, the out-of-plane 

defect can now be observed by an enlarged A-A spacing, while the in-plane defect is not visible. 

The map of the normalized A  -site intensities, where Bi and Ca atoms are sitting, is presented in 

Figure 2d. In region II, the A-site intensities are the highest, while in region I they are reduced by 

approximately 20%. The reason for that is, that the images of the A-sites look different in region 

I and are slightly elongated compared to region II. The root cause for that is probably, that due to 

the out-of-plane defect, region I is not exactly aligned in zone-axis orientation and is slightly tilted. 

In region III, the A-site intensities change in a continuous way from the left to the right side of the 

image. In Figure 2e, the normalized B site intensities (Fe atoms), are displayed. It is quite 

noticeable that especially at the in-plane defect but also at the out-of-plane defect, the intensities 

of the B site positions are reduced. In Figure 2f, a map of the electric polarization51,52 is displayed, 

which is obtained from the shift of the Fe atom away from the center of the pseudo-cubic cells, 

whose edges are formed by the Bi atoms sitting at the corner of the surrounding A-sites (for a 

schematic illustration see Figure 2a on the right bottom side). The projection of the polarization 

direction is thereby the vector sum of the negative shift of the Fe atom –Δa in a direction and –Δc 

in c direction.19,32,53–55 The color bar on the right side of Figure 2f is also valid for Figure 2d,e. It 

is clear from this map that each of the three regions has a prevalent polarization orientation 

excluding some minor deviations. The big grey arrows indicate the relative size and orientation 

obtained from averaging all polarization vectors in each region. In bulk BiFeO3, the ferroelectric 

polarizations are oriented along the pseudocubic [111] orientation. However, in thin films, 

especially in the proximity of defects, it has already been reported before, that the polarization can 

differ from this direction.19,49 The defects clearly represent charged domain walls (CDWs) between 

all three regions in a tail-to-tail configuration. Between regions I and II, they are either of the kind 

71° or 109°, assuming that the polarizations are indeed oriented along the [111] direction and the 

deviations from it are in fact measurement errors. Because, the b direction ([010]pc) can only be 

observed in projection, we cannot differentiate between 71° and 109° CDWs. Region III deviates 

from the [111] direction as well. Between regions I and III, there is also a 71° or 109° CDW, and 

between II and III, there is a 109° or 180° CDW. An optimized version for colorblind readers of 

Figure 2 is displayed in Figure S2.  
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Figure 2. Analysis of high-resolution STEM data of an in-plane and out-of-plane defect, which have a 

common point of contact (region indicated by the red square in Figure 1) (a) HAADF image showing 

two defects marked with red arrows. The defects separate the image into three areas designated with 

roman numbers I to III. On the top right side of the HAADF image, the [100]pc and [001]pc axes are 

indicated as a and c. At the bottom of the right side is a schematic illustration of the electrical 

polarization due to shift of the Fe atom from the center of the pseudo-cubic cell. (b) Map of interatomic 

distances of the A-sites (Bi and Ca atoms) in the a (in-plane)-direction. The in-plane defect marked by 

the red arrows can be clearly seen by the enlarged lattice parameter. (c) Map of interatomic A-site 

distances in the c (out-of-plane)-direction. The out-of-plane defect can be clearly observed by the 

enlarged lattice parameter. (d) A-site intensities (Bi and Ca positions) in the HAADF image normalized 

to the maximal A-site intensity. (e) B site (Fe) intensities in the HAADF image normalized to the 

maximal B site intensity. (f) Map of the electrical polarization due to the shift of the Fe atom overlayed 
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on the fitted positions and intensities of the A-site atoms. The gray arrows in the regions I-III indicate 

the average polarization direction and magnitude relative to each other. A version optimized for 

colorblind readers can be found in Figure S2.  

 

3.3. Analysis of In-Plane Defects. To explore the defects in more detail, an in-plane 

defect (for the definition see Figure 1d) is being analyzed separately in this section. Figure 3a 

shows the HAADF image of a different in-plane defect (than the one showed in Figure 2). The red 

arrows mark the defect, which separates the imaged area in regions I and II. In Figure 3b, the 

HAADF intensities normalized to the maximum A- or B site intensities, which have been averaged 

along the c direction, are shown. The gray dashed lines indicate the average of the measured 

intensities. The B site intensities (ĪB) are reduced exactly at the defect. Similarly, the A-site 

intensities (ĪA) in region II on the right side of the defect are noticeably reduced (atomic row 8), 

while on the left side of the defect (region I) there is a less pronounced intensity decrease on atomic 

row 7. Figure 3e shows the interatomic distances between A-sites (aA-A) in the a direction (in plane; 

the associated color bar can be found in Figure 3g). These interatomic distances clearly show a 

significant elongation exactly at the defect compared to the ideal perovskite structure, as can be 

seen by the lattice spacing averaged in the c direction in Figure 3f. The distortion is not uniform 

along the defect, but shows an alternating pattern, where one A-A pair atomic distance shows a 

larger elongation and the subsequent one has a less pronounced elongation. The analysis of the 

mean lattice elongation at in-plane defects (five defects analyzed including the in-plane defect 

shown in Figure 2) yields 11.4 ± 0.3% of the in-plane lattice parameter. The difference between 

the values for the lattice elongation of the in-plane defects shown in Figure 2 and Figure 3 are 

within the measurement errors. The small statistic variance indicates that that all the defects show 

essentially the same elongation. A summary of the lattice parameters and the lattice elongation 

values can be found in Table 1. A schematic illustration of this observed defect compared to the 

ideal perovskite structure can be seen in Figure 3d. In comparison, the interatomic A-site distances 

in the c direction show no influence of the defect (Figure 3g). The map of the electric polarization 

due to the shift of Fe atoms from the center of A-site quartets (schematically depicted in Figure 3c) 

is presented in Figure 3h. From this polarization map, it is obvious that the defect also marks a 

tail-to-tail CDW between regions I and II. The big gray arrows in Figure 3h show the averaged 

polarization direction and magnitude for regions I and II. The magnitude of the polarization vector 

in region II is larger than in region I, which is also depicted by the correct ratio of the norms of the 

gray vectors in Figure 3h. The reason for that can be seen on the A-sites (Bi) in region II 

(Figure 3a), which are not nicely circular like the A-sites in region I, but elongated toward the 

northeast direction of the image. This either seems to stem from a slight tilt introduced by the 
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defect or there is an astigmatism in region II, while there is none in region I. This slightly increases 

the magnitude of the polarization in region II, but it does not influence the general polarization 

direction or the relative polarization relationship between regions I and II. From these directions 

we can deduce that it can either be a 109° CDW or a 180° CDW. Figure 3i plots the shift of the Fe 

atoms from the center separated in the Δa and Δc components averaged along c direction, which 

correspond to the deviation of the Fe atom from the center of the four surrounding A-sites in a and 

c directions, as schematically depicted in Figure 3c. The Fe displacement values shift exactly at 

the defect. 

 

Table 1. Lattice parameters of the BCFO thin film and average elongation of 

the in-plane and out-of-plane defects with the average scanning step size used 

for the defect analysis.  

 Lattice 

parameter 

[Å]  

Defects 

 elongation 

[%] 

elongation 

[Å] 

average step 

size [pm] 

in-plane 3.93 ± 0.01 11.4 ± 0.3 0.45 ± 0.01 7.46 

out-of-plane 4.01 ± 0.01 10.7 ± 1.0 0.43 ± 0.04 12.48 
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Figure 3. Exemplary analysis of an in-plane defect. (a) HAADF image of the in-plane defect marked 

by red arrows. (b) A- and B site intensities (ῙA and ῙB) averaged along the c direction. The A-sites are 

numbered in integers, while the B sites are counted as integers of ± 0.5 (half sites). (c) Schematic 

illustration of the electric polarization due to shift of the central Fe atom by Δa and Δc in the pseudo-

cubic perovskite unit cell. (d) Illustration of the arrangement of the A-site atoms in the ideal perovskite 

and at the defects including the oxygen stoichiometry in the FeO2-δ plane (see discussion section).19 

(e) Map of interatomic A-A-site distances in the a direction (aA-A). The defect is marked by red arrows 

and shows an enlarged lattice parameter with an alternating pattern of one site having a larger 

elongation, whereas the next one has a less pronounced one. The color bar can be found in (g). (f) A-A-

site distances averaged along the c direction showing the average elongation at the defect. (g) Map of 

interatomic A-A-site distances in the c direction (cA-A). No variation along the defect is visible. (h) Map 

of the electric polarization due to shift of Fe atoms overlayed on the fitted positions and intensities of 

the A-site atoms (IA). (i) Displacement of Fe atoms separated in Δa and Δc components averaged in 

the c direction. A version optimized for colorblind readers can be found in Figure S3a.  
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3.4. Analysis of Out-Of-Plane Defects. In this section, an exemplary analysis of an 

out-of-plane defect (for the definition see Figure 1d) is presented and compared to the previously 

described in-plane defects. In Figure 4a, an HAADF image of a defect, which separates the imaged 

area in regions I and II, is presented. The red arrows mark the position of the defect. The intensities 

for A- and B sites averaged along the a direction are shown in Figure 4b. The averaged intensities 

of the B sites (ĪB) show, similar to the in-plane defect in Figure 3b, a significant intensity decrease 

at the defect location. The A-site intensities display a weak intensity decrease in atomic row 8 

above the defect, but no significant intensity difference can be seen in atomic row 7 below the 

defect. The map of the interatomic distances between A-sites in the a direction (aA-A) in Figure 4c 

shows, opposite to the same map for the in-plane defect in Figure 3e, there are no local distortions, 

because the present defect is an out-of-plane defect. Instead, the map of the interatomic distances 

in the c direction (cA-A) in Figure 4h shows the same alternating lattice-elongation pattern as for 

the in-plane defect, having one A-A couple having a large elongation and the subsequent one with 

a less pronounced elongation. The lattice spacing averaged in the a direction is displayed in 

Figure 4i, showing a significant overall increase at this defect. The analysis of the mean lattice 

elongation at out-of-plane defects (5 defects analyzed including the out-of-plane defect of 

Figure 2) shows a lattice parameter elongation of 10.7 ± 1.0%. The difference between the values 

for the lattice elongation of the out-of-plane defects in Figure 2 and Figure 4 is also within the 

measurement errors. No large difference in the lattice elongation of the out-of-plane defects 

compared to the in-plane defects could be observed, indicating that the nature of all defects is the 

same. The summary of the out-of-plane lattice-elongation values can be found in Table 1. The map 

of the electric polarization is presented in Figure 4f. Again the defect turns out to be a tail-to-tail 

CDW. The gray arrows show the averaged polarization moment for the regions I and II, displaying 

besides the direction also the relative magnitude of the polarization in regions I and II. The absolute 

value of the polarization vector in region I is larger than in region 2. Figure 4g shows the Fe site-

shift averaged in the a direction and demonstrates that the orientation of the Fe displacements 

shifts exactly at the defect as observed for the in-plane defects.  
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Figure 4. Exemplary analysis of an out-of-plane defect. (a) HAADF image of the defect marked with 

red arrows. (b) A- and B site intensities (ῙA and ῙB) averaged along the a direction. The A-sites are 

numbered in integers, while the B sites are counted as integers of ± 0.5 (half-sites). (c) Map of 

interatomic A-site distances in the a direction (aA-A). No variation along the defect is visible. (d) 

Schematic illustration of the electric polarization due to shift of the central Fe atom by Δa and Δc in 

the pseudo-cubic perovskite unit cell. (e) Schematic presentation of the A-site atom arrangement in 

the ideal perovskite and at the defects including the the oxygen stoichiometry in the central FeO2-δ 

plane of the defect (see discussion section).19 (f) Map of the electric polarization due to the shift of the 

Fe atom overlayed on the map of the fitted positions and intensities of the A-site atoms (IA). A version 

optimized for colorblind readers can be found in Figure S3b. (g) Displacement of Fe atoms displayed 

for Δa and Δc averaged in the a direction. (h) Map of interatomic A-site distances in the c direction (cA-

A). The defect is marked by red arrows and shows an enlarged lattice parameter with a typical 

alternating A-A distances. (i) A-A-site distances averaged along the c direction displaying an average 

lattice elongation at the defect. 

 

3.5. Atomic Resolution EELS at the Defects. After revealing information on the 

structural characteristics, analytical investigations on the defects were performed using 

STEM_EELS. In Figure 5a, the HAADF image of an in-plane defect is shown. The area of interest 

for the acquired EELS core-loss spectra is highlighted with a magenta rectangle. The spectral 

signals of a width of approximately one pseudo-cubic unit cell along the defect (red rectangle in 
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the EELS map in Figure 5b) and of the undistorted perovskite (blue rectangle) are compared. The 

distance between the O-K and Fe-L3 onsets for on and off the defect remains the same, which 

indicates that the Fe-oxidation state remains the usual Fe3+ in the area of the defect.56 Additionally, 

this is supported by the fact, that there is no change in the ELNES fine structure of the Fe or the O 

edge.57 Thus, the Fe oxidation state is not changed by the defect. Concerning the intensity of the 

O-K edge, the signal from the defect (red curve in Figure 5c) seems slightly weaker than the signal 

from the undistorted perovskite, indicating that the defect may indeed contain less oxygen (oxygen 

vacancies).  

 

Figure 5. Atomic resolution EELS study at the defects (a) HAADF image of the defect. The magenta 

rectangle indicates the area where the (b) spectrum image was recorded. The red rectangle marks the 

area of the defect and the blue one the undistorted perovskite area for comparison. (c) EELS spectra 

recorded on the defect (red) and beside the defect (blue).  

 

4. DISCUSSION 

Considering the data gathered about the the dark stipes, their exact nature becomes evident. 

Because the areas adjacent to the dark stripes are slightly tilted relative to each other (e.g. Figure 2 

region I and II and Figure 3) annular bright field (ABF) images could not be used to analyze the 

reason for the dark stripes and other indications had to be used. An overview of the three main 

indicators discussed in the following in detail can be found in Figure 6. In the literature, dark 

stripes in HAADF images of perovskites have been described as structural modifications due to 

the local accumulation of oxygen vacancies.19,20,26,32,58 Geng et.al were able to show directly with 

EELS for an undoped BFO film that the dark stripes are indeed oxygen deficient. They could 

confirm this by etching combined with XPS and the fact that films grown with less oxygen partial 

pressure, showed longer dark stripes in the cross sectional samples.32 Geng et al. also observed 

that the oxygen-vacancy stripes always resulted in a CDW with a tail-to-tail configuration32 (see 

Figure 6a), where the negative charge of the tail-to-tail domain walls compensates for the 

positively charged oxygen vacancies.59,60 However, in their studies, they were only observing out-
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of-plane defects and no in-plane defects, likely due to the much larger compressive strain of -2.6% 

instead of -1.4%. In our cross sectional samples, we also see dark stripes and they also always 

coincide with tail-to-tail CDWs (e.g. Figure 2, Figure 3 and Figure 4). Additionally, we see a very 

slight reduction in the O-K edge intensity of the EELS signal, which could be a direct hint of a 

reduced oxygen content (Figure 5c). These are apparent indications that the origin of the dark 

stripes in our samples is also the accumulation of oxygen vacancies.  

 

Figure 6: Schematic illustration of the three indicators for the reason of the dark stripes being the 

agglomeration of oxygen vacancies: (a) Tail-to-tail CDW (negatively charged) with dark contrast in 

the HAADF images. The accumulation of oxygen vacancies (positively charged) would compensate 

for the CDW.32 (b) The A-A distances across the dark stripe show one larger elongation followed by 

one smaller elongation, which is linked to a special ordering of oxygen vacancies reported by 

Campanini et.al.19. (c) Average lattice expansion of around 11% was measured. The same was reported 

by Geng et.al.32 for δ = 1 refering to the FeO2-δ plane. That means every second oxygen should be 

missing there, which again fits to the oxygen vacancies and structural changes reported by Campanini 

et.al.19. 

Campanini et al. (see Figure 6b) also observed these dark stripes in their HAADF images in a 

Bi0.8Ca0.2FeO3 sample. Mapping of the A site positions showed that across the dark stripes A-A 

distances are alternating having one larger elongation followed by a smaller one.19 Campanini et 

al. presented a model structure explaining the A-A distance oscillations with one O site in the 

FeO2-δ plane having few vacancies and the next site having many vacancies as schematically 

depicted in Figure 3d and Figure 4e. The Fe atoms move further away from the site with many 

vacancies and increase the adjactent A-A distances.19 This model was received by directly 

mapping the O column intensity in ABF (annular bright field) STEM imaging.19 Mapping the A 

site positions in our sample across the dark stripes, we also observe alternating A-A distances with 
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one A-A pair showing a larger elongation and the subsequent one being smaller (Figure 3e and 

Figure 4h). Thus, this alternating pattern is another evident indication that the nature of these 

defects is indeed the planar arrangement of oxygen vacancies. These columns with a high amount 

of oxygen vacancies form one-dimensional (1D) channels oriented in [010]pc direction. Also, the 

same type of oxygen vacancy channels has been found in 50 at.% doped Bi0.5Ca0.5FeO3.
22 It is 

important to note that while Brownmillerite-like defects have been observed in many perovskite 

materials, such as, e.g., LaCoO3-δ based61–64, SrFeO3-δ based65 or LaMnO3-δ based66, the oxygen 

vacancy ordering, which would be the explanation for the structure observed in this study, does 

not belong to the Brownmillerite-like ordering, because the O vacancy channels are oriented in the 

[010]pc direction and not in the [110]pc direction.66  

Geng et al. (see Figure 6c) saw a lattice elongation in the dark stripes of around 11%, which they 

assigned through density functional theory calculations in the FeO2-δ layers to a value of δ = 1.32 

In our film we also measured a lattice elongation for in-plane and out-of-plane defects of 

approximately 11%, which also hints on a value of δ ≈ 1. According to the result of Campanini 

et al., the alternating A-A distances indicate that in the FeO2-δ layers at the center of the dark lines 

in the HAADF image (e.g., Figure 2, Figure 3 and Figure 4) every second oxygen site has many 

vacancies, while the other have few (schematic disposition in Figure 3d and Figure 4e), suggesting 

also a value of δ ≈ 1. Therefore, based on the literature data, the alternating A-A distances as well 

as the 11% lattice elongation in our sample both in consistency suggest a value of δ ≈ 1.  

The intensity analysis of the Fe sites within the defects (see Figure 2e and the blue curves in 

Figure 3b and Figure 4b) shows that its values are reduced by 21 ± 10% compared to the 

undistorted structure resulting in the darker contrast. Simulations of a model Bismuth ferrite 

structure with undistorted regions and defects with a larger A-A spacing but without Fe vacancies 

using the software Dr. Probe46 show an intensity decrease by 14% which is within the variance of 

the measurement results (see Figure S4). Hence, Fe vacancies as the reason for the reduced Fe site 

intensities within the defects can be discarded. Looking at the A site intensities of the HAADF 

images, where Bi atoms and Ca dopants are sitting, their red curves in Figure 3b and Figure 4b 

show a reduction of intensities around the defect. Opposite to the Fe-site intensities, the 

simulations show no change in the Bi-site intensities at the defect compared to those of the 

undistorted structure (see Figure S4). Consequently, these intensity reductions indicate either an 

agglomeration of Ca or an agglomeration of Bi vacancies at the A sites adjacent to the defect, 

similar to the behavior observed by Campanini et.al.19 Because Ca is an earth alkali metal, it offers 

only two electrons in the sp valence complex and does not exceed the 2+ oxidation state. Hence, 
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Ca sitting on the Bi3+ positions or Bi vacancies act as charge compensation for the oxygen vacancy 

rich defects, and can explain, why we see no mixed valence states of Fe3+ and Fe2+.32,67  

The oxygen-deficient defect stripes in our 10 at.% Ca-doped Bi0.9Ca0.1FeO3-δ thin film show a 

random spacing between each other and no periodicity, like it has been reported for higher Ca 

dopant ratios.19,28 While here the defects always coincide with CDW within the ferroelectric 

structure of the film, it does not seem to be the case for higher dopant ratios.19 Earlier studies on 

oxygen vacancies in epitaxially grown LaCoO3-δ films suggest that under compressive strain from 

the substrate, out-of-plane oxygen defects appear and under tensile strain in-plane defects 

occur.19,26 Here, the oxygen-deficient defects appear simultaneously in both directions. We 

expected to see a difference and preference between in-plane and out-of-plane line defects either 

concerning the amount of oxygen vacancies δ or concerning their exact arrangement. However, 

the observations indicate no differences concerning these two characteristics. The fact that the 

ordered oxygen vacancy plates coincide with CDWs in the film could be useful to control domains 

and domain walls in multiferroics,68 due to the pinning effect of oxygen vacancies on domain 

walls.36–38 Because charged defects, of which oxygen vacancies are one type, have shown to have 

a critical influence on the electrical conductivity of domain walls if they are agglomerated in the 

domain wall region, our results are also relevant for the field of domain wall nanoelectronics.69,70 

5. CONCLUSION 

In conclusion, we have shown that a Bi0.9Ca0.1FeO3-δ film under compressive strain shows oxygen 

vacancies agglomerated in plates with an alternating pattern concerning the [010]pc oriented 

oxygen site columns. Thereby one oxygen column contains few vacancies and the two adjacent 

columns contain many vacancies forming vacancy channels. Even though the film is under 

compressive strain from the STO substrate, not just out-of-plane oxygen-deficient plates exist but 

also in-plane ones. Besides their different orientation, the ordered oxygen vacancies show the same 

ordering and oxygen vacancy concentration. The oxygen-deficient plates coincide with charged 

domain walls in tail-to-tail configuration. This leads to a pinning effect of the domain walls, 

causing critical aspects for device applications such as fatigue phenomena and countering of 

retention failure. This could be intentionally used to design properties in functional devices. The 

agglomeration of the oxygen vacancies at the domain wall could influence the domain wall 

conductivity and be relevant for domain wall nanoelectronics. Finally, our results give interesting 

insights into the functionalities, mechanisms, and interactions of charged domain walls and 

ordered oxygen vacancies. 
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In Table. S1 complementary imaging parameters of the HAADF data, which have not been 

mentioned in section 2. Experimental Details in the subsection 2.2. Data acquisition are listed. For 

Figure 3 five subsequent images each with 1.4 µs pixel time are summed up, resulting in a total 

pixel time of 7 µs.  
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Table. S1. Complementary imaging parameters of the STEM HAADF images.  

 collection angle 

[mrad] 

pixel time [µs] step size [pm] size 

[pixel*pixel] 

Figure 1 75-309 10.2 58 1536 * 1024 

Figure 2 83-205 10.2 12 1024 * 1536 

Figure 3 75-309 5 * 1.4 = 7 7 1024 * 1024 

Figure 4 83-205 13.6 7.2 1536 * 768 

Figure 5 110-270 61 36 512 * 512 

Figure S1 110-270 6.8 58 1536 * 1536 

Figure S5a 75-309 6.8 58 1536 * 1536 

Figure S5b 110-270 5.1 35 1536 * 2048 

 

 

The High Angle Annular Dark Field (HAADF) image in Figure S1a shows on a lamella in [110]pc 

zone axis that the SrRuO3 (SRO) interlayer and the Bi0.9Ca0.1FeO3 (BCFO) layer have grown in a 

good epitaxial quality on the SrTiO3 (STO) substrate. The blue dashed lines indicate the interfaces 

between STO and SRO and SRO and BCFO. GPA analysis for the in-plane strain in Figure S1b 

shows that there is only a slight in-plane relaxation from the beginning of the SRO layer to the 

first 20 nm of the BCFO. In comparison, the out-of-plane strain in Figure S1c shows a significant 

increase with the beginning of the SRO layer, and is only slightly reduced with larger film 

thickness. The scanning frame was once rotated by 90° so that each for εxx and εzz the primary 

scanning direction was normal to the direction of the analyzed strain. The Bragg vectors (1-10) 

and (002) were used, respectively.  
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Figure S1. Epitaxial growth quality of the thin film system. (a) HAADF image of a lamella from the 

pseudo-cubic [110]pc direction. (b) In-plane strain of the film system showing only slight increase 

along increasing layer thickness. (c) Out-of-plane strain, where clearly a significant increase at the 

STO-SRO interface can be seen with only slight decrease across the layer thickness. For the GPA 

analysis, the Bragg vectors (1-10) and (002) were used. The blue dashed lines indicate the respective 

interfaces.  

 



 

 

Publication B – Supporting Information 
 

 

102 
 
 

 

Figure S2 Version of Figure 2 from the main manuscript changed in (d), (e) and (f) to optimize the 

display for colorblind readers. It shows the analysis of high-resolution STEM data of an in-plane and 

out-of-plane defect, which have a common point of contact (a) HAADF image showing two defects 

marked with red arrows. The defects separate the image into three areas designated with roman 

numbers I-III. On the top right side of the HAADF image, the [100]pc and [001]pc axes are indicated 

as a and c. At the bottom of the right side is a schematic illustration of the electrical polarization due to 

shift of the Fe atom from the center of the pseudo-cubic cell. (b) Map of interatomic distances of the 

A-sites (Bi and Ca atoms) in a (in-plane)-direction. The in-plane defect marked by the red arrows can 

be clearly seen by the enlarged lattice parameter. (c) Map of interatomic A-site distances in c (out-of-

plane)-direction. The out-of-plane defect can be clearly observed by the enlarged lattice parameter. (d) 

A-site intensities (Bi and Ca positions) in the HAADF image normalized to the maximal A-site 

intensity. (e) B-site (Fe) intensities in the HAADF image normalized to the maximal B-site intensity. 
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(f) Map of the electrical polarization due to the shift of the Fe atom overlayed on the fitted positions 

and intensities of the A-site atoms. The grey arrows in the regions I-III indicate the average 

polarization direction and magnitude relative to each other. 

 

 

Figure S3 Colorblind version of (a) Figure 3h and (b) Figure 4f. 

In Figure S4 the results of HAADF image simulations using the software Dr. Probe1 are shown. 

The cation positions of the crystallographic supercell model used for the simulations is depicted 

in Figure S4a. It was created by multiplying the pseudo-cubic BFO unit cell three times in the 

c direction and modifying the Bi and Fe positions to replicate the defect, its lattice elongation with 

a value of 12.5% compared to the undistorted lattice and a changed polarization state (polarization 

within the defect was assumed zero). The thereby modified supercell became in the strict 

crystallographic sense a new modified unit cell, but we continue to call it small supercell in the 

text. Its crystallographic data and atomic positions can be found in Table S2. This small supercell 

(indicated by the grey rectangle in Figure S4a) was then multiplied 2 times each in the a and c 

directions to create the supercell model for the image simulations.  

The result of the image simulations for a sample thickness of ≈ 30 nm (76 BFO unit cells), an 

acceleration voltage of Uacc = 200 kV, a convergence angle of α = 20.9 mrad, a spherical 

aberration of CS = 0 µm, a defocus value of 0 nm, an electron source radius of rs = 0.010 nm, a 

scanning step size of 10 pm and a HAADF detector ranging from 49.0 - 250.0 mrad, can be seen 

in Figure S4b. The pairs of orange arrows in Figure S4a and Figure S4b indicate the area of the 

defect, where the lattice is elongated and the Fe is not shifted from the center meaning no local 

polarization there. A comparison of the intensities of the Fe sites in Figure S4c (area of the 

intensity profile is marked by the magenta rectangle in Figure S4b) shows that at the position in 

the defect (marked by the red arrow) it is significantly reduced compared to the iron intensities in 
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the undistorted structure. This intensity reduction happens without a change of atomic composition 

within this column. For the ideal incoherent scattering case, the detected intensity would be 

proportional to Z1
2 + Z2

2 + … + Zn² with Zk being the atomic number of each atom in the column 

and would not be influenced by an enlarged lattice spacing. In contrast, Figure S4d shows that the 

intensities of the Bi sites are not influenced by the defect (the area of the intensity profile is marked 

by the turquoise rectangle in Figure S4b). This is important to keep in mind, since a change in the 

Bi site intensities of the recorded images means, opposite to the Fe intensities, a compositional 

change.  

Table S2. Crystallographic data of the small supercell created by multiplying the pseudocubic BFO 
unit cell 3 times in c direction (marked by the grey rectangle in Fig. S4a). The cell parameters are 
a = b = 3.96 Å, c = 11.88 Å, α = β = γ =90°.  

Atom site 

label 

Atom site 

type symbol 

Occupancy Atom site 

fraction x 

Atom site 

fraction y 

Atom site 

fraction z 

Bi1 Bi 1 0 0 0 

Bi2 Bi 1 0 0 0.32 

Bi3 Bi 1 0 0 0.64 

Fe1 Fe 1 0.65 0.65 0.208 

Fe2 Fe 1 0.65 0.65 0.528 

Fe3 Fe 1 0.5 0.5 0.82 

O1 O 1 0 0.5 0.16 

O2 O 1 0.5 0 0.16 

O3 O 1 0.5 0.5 0 

O4 O 1 0.5 0.5 0.32 

O5 O 1 0 0.5 0.48 

O6 O 1 0.5 0 0.48 

O7 O 1 0.5 0.5 0.64 

O8 O 1 0 0.5 0.82 

O9 O 1 0.5 0 0.82 
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Figure S4. STEM image simulation with the software Dr. Probe1 (a) Cation model of the supercell used 

for the simulations (in this depiction the oxygen atoms are faded out for more clarity). The grey 

rectangle indicates the small supercell, which is multiplied with two in the a and c directions to receive 

the big supercell covering the whole simulation area. The small supercell consists of 3 pseudo-cubic 

BFO unit cells, where the atom positions have been modified to model the defect (indicated by the 2 

pairs of orange arrows on the left side) and the undistorted cells. The arrows indicate a shift of the 

central Fe atom and therefore a local polarization. (b) HAADF (49-250 mrad) simulation result from 

Dr. Probe1 for a sample thickness of 30 nm and a step size of 10 pm. (c) HAADF intensity of the Fe 

atoms in the area of the magenta rectangle in (b), which is significantly reduced for the Fe atom in the 

defect area marked by the red arrow. (d) HAADF intensity of the Bi atoms from the turquoise rectangle 

in (b), which show no influence from the defect.  

 

Figure S5 shows an overview HAADF image of the BCFO film from this study in comparison 

with an overview HAADF image from an undoped BFO reference sample. The BFO reference 

sample was deposited on the same SRO-STO substrate system with the same deposition 

parameters as the BCFO film with the exception of 15 min deposition time (instead of 45 min) 

resulting with 20 nm in a third of the thickness. While the BCFO sample clearly shows 

agglomerated oxygen vacancies, the undoped BFO film shows no agglomerated oxygen vacancies.  
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Figure S5. HAADF image comparison of (a) the BCFO film of this study with (b) an undoped BFO film 

on the same SRO-STO substrate. While the Ca doped film shows agglomerations of oxygen vacancies 

throughout the film, the BFO film shows none.  
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ABSTRACT:  

In BiFeO3 (BFO) a known secondary phase, which can appear under certain growth conditions, is 

Bi2O3 (BO). However, BO is not just an unwanted parasitic phase, but can be used to create the 

super-tetragonal BFO phase in the film on substrates, which would otherwise grow the regular 

rhombohedral phase. The super-tetragonal BFO phase has the advantage of much larger 

ferroelectric polarization of 130-

150 µC/cm2, which is around 50% 

larger than the ferroelectric 

polarization of the rhombohedral 

phase with 80-100 µC/cm2. Here we 

report that Ca, which is a common 

dopant of BFO to tune the properties, 

the solubility in the secondary BO 
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phase is significantly lower than in the BFO phase. This leads, starting from the film growth to 

completely different Ca concentrations in the two phases. We show this with advanced analytical 

transmission electron microscopy techniques and confirm the experimental results with density 

functional theory (DFT) calculations. At the film fabrication temperature, caused by the different 

solubility, an about fifty times higher Ca concentration is expected in the BFO phase than in the 

secondary one. Depending on the cooling rate after fabrication, this can further increase since a 

larger Ca concentration difference is expected for lower temperatures. For the fabrication of 

functional devices making use of Ca dopant and secondary BO phase to create super-tetragonal 

BFO, this needs to be considered since, depending on the amount of BO phase, it increases the Ca 

concentration level in the BFO phase. Depending on the size of the permitted tolerances, this can 

be critical to maintain the intended device functionality.  

KEYWORDS: Ca solubility, BiFeO3, Bi2O3, aberration-corrected analytical STEM, DFT  

1. INTRODUCTION 

Formally, multiferroics are single-phase materials with more than one of the primary ferroic 

properties, which are ferroelectricity, ferromagnetism, and ferroelasticity. This definition has been 

broadened to also include antiferroic order but tends to exclude ferroelasticity. The current focus 

of interest in the scientific community is magnetoelectric multiferroics linking electric and 

magnetic order parameters, today often only referred by the term multiferroics.1–4 An important 

reason for this interest is a range of highly interesting possible applications. In digital data storage, 

the reading and writing of a magnetic bit is done by a magnetic-field-generating current that creates 

waste heat and has a relatively long build-up time. These disadvantages are avoided with the direct 

control of magnetic order via electric fields in magnetoelectric multiferroics, promising a faster, 

smaller, and more energy-efficient data storage.1,5 Other possible applications are sensors, spin 

valves, and spintronic devices.6 

At the moment, BiFeO3 (BFO) is the leading magnetoelectric multiferroic4 with Curie and Neel 

temperatures high above room temperature (TC ≈ 830°C and TN ≈ 370°C), which is critical for 

device applicability.7,8 Multiferroic thin films often have fundamentally different properties 

compared to bulk materials,9,10 and therefore can be used to improve the properties of BFO by the 

choice of the substrate. Another way to tune electronic and magnetic properties is the doping with 

substitutional elements.11 Ca, which substitutes Bi on the A-sites, can produce O vacancies because 

as an alkaline earth metal Ca2+ replacing Bi3+ has a hole doping effect.12,13 Additionally, Ca doping 

has shown to enable modulation of conductivity through application of an electric field,13 boost 
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the magnetoelectric coupling14 and shift the magnetic order from antiferromagnetic to 

ferromagnetic.15 Co, which substitutes the B-site position, leads to a significant increase in the 

remanent and saturation magnetization at room temperature.16–18 Ca and Co co-doped BFO show 

an even larger improvement in the magnetization compared to samples doped with only one of the 

two and are promising for receiving in future a ferromagnetic system instead of an 

antiferromagnetic one.19  

In the BFO system, Bi2O3 (BO) is one of the secondary phases, which can form.20–28 Secondary 

BO has also several times been studied in BFO thin films with TEM techniques showing a variety 

of different nanostructures.29–31 A lower substrate temperature than usual and a slower growth rate 

are reported to promote the formation of the secondary BO phase.32 The BO phase is very useful 

because it can be utilized to grow tetragonal BFO under low substrate strain conditions instead of 

having a high compressive strain, which allows a greater substrate material flexibility.29,32–38 

Tetragonal BFO instead of the normal rhombohedral counterpart has the advantage of having a 

much larger ferroelectric polarization of 130-150 µC/cm2 instead of 80-100 µC/cm2.12,39–42  

In this study, we show that the Ca solubility in BiFeO3 (BFO) is higher than in secondary Bi2O3 

(BO), resulting in a Ca gradient between the two phases. Atomic-resolution scanning transmission 

electron microscopy (STEM) with high-angle annular dark-field (HAADF) imaging is used to 

analyze the BO nanostructure of the film and the local strain structure with geometric phase 

analysis (GPA). We use electron energy loss spectroscopy (EELS) and energy-dispersive X-ray 

spectroscopy (EDS), both in atomic-resolution, to confirm the structural model and show a Ca 

depletion in the secondary BO phase compared to the BFO based film. This experimental result is 

supported by density functional theory (DFT) calculations, which show that Ca is preferentially 

dissolved in BFO compared to BO and at the film growth temperature of 700°C at least 10 times 

higher Ca concentrations are expected in BFO than in BO. To our knowledge, this Ca solubility 

has not previously been reported and no pseudo-ternary phase diagram between Bi2O3 – Fe2O3 – 

CaO is available. Since both, Ca-doping, and the implementation of a BO secondary phase, are 

useful to tune the BFO material properties, knowledge about their interaction is crucial for the 

future design of BFO based functional devices.  

2. EXPERIMENTAL AND CALCULATION DETAILS 

2.1. Thin-Film Fabrication. Pulsed laser deposition (PLD) with a KrF excimer laser 

(Lambda Physik COMPEX PRO 205 F, 248 nm) with a pulse repetition rate of 5 Hz was used to 

fabricate a Ca- and Co-codoped Bi0.8Ca0.2Fe0.95Co0.05O3 (BCFCO) and a BiFeO3 (BFO) film on 
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single crystalline (001)-oriented SrTiO3 (STO) (HeFei Crystal Technical Material Co., Ltd.) 

substrate. The laser beam energy was fixed at 300 mJ/pulse. The substrate was cleaned by applying 

acetone, ethanol, and pure water and afterwards blown dry with high purity nitrogen gas before 

immediately loading it into the PLD chamber. The target-substrate distance was 5.5 cm, and the 

chamber was evacuated to about 10-4 Pa. During the deposition, the substrate temperature was kept 

constant at 700°C, and the oxygen pressure was 3 Pa. The deposition time of 10 min leads to a 

film thickness of 55 nm for the BCFCO film, which means a growth rate of 0.95 Å/s, and 48 nm 

for the BFO film, which corresponds to a growth rate of 0.80 Å/s. The crystal structure was probed 

in θ-2θ scan mode with a four-circle single-crystal diffractometer (D8 discover, Bruker, Germany) 

using a Cu Kα1 monochromatic radiation source with a wavelength of 1.5406 Å. The surface 

topology was investigated with atomic force microscopy (AFM; Solver Nano, NT-MDT) using 

semi-contact mode.  

2.2. Data Acquisition. Cross-sectional TEM samples were fabricated by standard focused 

ion beam protocol with a Helios Nanolab FIB-SEM.43–46 A probe-aberration-corrected FEI Titan3 

operated at 300 keV at a convergence angle of 19.7 mrad was used to gain all the STEM data. For 

HAADF imaging, a Fischione HAADF detector was used. Detailed imaging parameters for the 

HAADF images can be found in Table S1. A GIF quantum47 energy filter (Gatan) and a super-X 

EDX detector48 (FEI) were used for the analytical data. The EELS collection semiangle was 

26.6 mrad. The EELS spectra were collected in dual mode with an energy range of the core loss 

region of 290-802 eV and a channel width of 0.25 eV. The pixel time was 100 ms for the core loss 

region and 0.5 ms for the zero loss region. For the EDS maps in an energy range from 0-20 keV 

with a channel width of 5 eV, the signal from 77 images with a pixel time of 30 µs were summed 

up. For the EDS maps in the Supporting Information, 37 images with a pixel time of 40 µs were 

summed up. Drift effects were corrected during the recording with the internal Velox routine from 

Thermo Fisher. The DPC data in the Supporting Information were collected with a four-segment 

annular FEI DF4 detector.49  

2.3. Data Evaluation. For the strain analysis the Geometric Phase Analysis (GPA) software 

package v4.0 from HREM Research Company for Digital Micrograph 2.3 from Gatan was used. 

HAADF images were filtered with a Principal Component Analysis (PCA) script for Digital 

Micrograph to reduce image noise from S. Lichtert, T. Hayian, and J. Verbeeck.50 The EELS 

analytical data were processed in Digital Micrograph 3.43 from Gatan using the build-in MSA 

Analysis for filtering the data set.51 The EDS data were processed with Velox from Thermo Fisher 

using for pre-filtering an 8 pixel wide average filter and for post-filtering a Gaussian with a 

variance of 1.  
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2.4. DFT Calculations. For the ab initio calculations, a projector augmented wave (PAW)52 

method as implemented in the VASP code was used.53–56 The electron exchange-correlation effects 

were considered by using PBEsol57 generalized gradient approximation. The DFT+U method of 

Dudarev et al.58 was utilized to cope with the d-electron delocalization problem. In accordance 

with previous studies, for the values of the U parameters applied to Ti and Fe sites 4 eV was 

chosen. 59,60 The energy cut-off for the basis set expansion was set to 520 eV. To compute 

enthalpies of solution, we employed supercells constructed from fully relaxed BFO (R3c) and BO 

(P-421c). The BFO supercell, containing 320 atoms, was obtained by a 2x2x2 repetition of the 

pseudo-cubic unit cell. The BO supercell, containing 240 atoms, was made by a 2x2x3 repetition 

of the tetragonal unit cell. The G-type antiferromagnetic order was maintained in BFO. The 

Brillouin zone integration was performed using 2x2x2 k-point grids for the BFO and BO 

supercells. The positions of all atoms were relaxed until the residual forces were less than  

10-2 eV/A.  

3. RESULTS 

3.1 Bi2O3 Secondary Phase in the Bismuth Ferrite Matrix. The film structure 

was investigated in the [010]c cross-sectional orientation concerning the cubic STO substrate, 

which also complies with the [010]pc (pseudocubic) zone axis of bismuth ferrite.61 The HAADF 

image in Figure 1a shows a cross-section of the Ca- and Co-doped BiFeO3 film (BCFCO) and the 

interface with the STO substrate in the bottom part. In the film, approximately 5 nm away from 

the interface, white stripes with the width of approximately 1 unit cell appear running in the [100] 

direction. Closer inspection reveals that in these stripes, the B-site intensities are increased (the 

black arrows mark three exemplary examples), as is typical for a Bi2O3 (BO) secondary phase in 

a Bismuth ferrite matrix. This is caused by the fact that on the pseudocubic lattice positions, the 

Fe atom on the B-site is replaced with a Bi atom, which has a much higher signal intensity in the 

HAADF contrast due to the higher Z number. The in-plane strain map in Figure 1b shows almost 

no strain in the film, as is expected for a good quality epitaxial growth of the film on the substrate. 

The out-of-plane strain map in Figure 1c unveils a relatively small lattice enlargement of the film 

in the first 20 nm, which is expected since the pseudocubic lattice parameter of BFO is 3.965 Å, 

approximately 1.5% larger than that of STO.6,62 However, apart from that, the out-of-plane strain 

map also shows stripes with a very large lattice enlargement, which coincides with the bright 

stripes in the HAADF image identified as BO and confirms their identification since the 

pseudocubic lattice parameter of BO is approximately 5.5 Å.29 For comparison, the HAADF image 

of an undoped BFO film on STO substrate is shown in Figure 1d revealing no signs of the BO 
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secondary phase. The in-plane strain map in Figure 1e displays some distorted areas stemming 

from sample damage. However, the out-of-plane strain map in Figure 1f shows, beside an 

antiphase boundary after the fourth unit cell of the film63, no areas with strongly increased strain, 

like we see in Figure 1c as indicators of the BO phase. A high magnification HAADF image of 

the BO phase inside the film is shown in Figure 2. The places where a BO phase is present can be 

clearly identified by the very bright B-sites, with intensities being similar to those of the A-sites. 

Overlays in the image illustrate the majority atomic composition on the respective atomic sites in 

the BO secondary phase and in the film (red indicates Bi atoms and green Fe atoms). In the [001]pc 

direction (out-of-plane), the BO phase is usually only one unit cell thick, and thus the BO phase 

seems to form plates stretching mainly in [100]pc and [010]pc direction within the film. As indicated 

in Figure 2, while the film has an out-of-plane lattice spacing of ≈ 4.0 Å, the BO phase has a much 

larger spacing of ≈ 5.5 Å. As some of the BO stripes end within the image area of Figure 2, the 

film matrix is visually distorted around the secondary phase to compensate for the much larger 

spacing.  

 

 

Figure 1. Large Scale structural mapping of a film containing the BO secondary phase and a film 

without it. (a) HAADF image, (b) in-plane (εxx), and (c) out-of-plane (εzz) strain maps of the film 
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containing the secondary BO phase. The black arrows indicate examples of lines along the [100] 

direction where the B-site intensity is increased, indicating the BO phase. (d) HAADF image, (e) in-

plane (εxx), and (f) out-of-plane (εzz) strain maps of a film containing no secondary phase.  

 

 

Figure 2. High-resolution HAADF STEM image of the secondary BO phase in the BCFCO film. The 

overlays indicate the majority atomic composition on the respective atomic sites (red for Bi and green 

for Fe).  

 

3.2. Elemental Analysis of the Film and the Secondary Phase. Analytical 

STEM techniques were applied to receive more details on the chemical composition of the film 

and the secondary phase. Figure 3a shows a HAADF survey image of a film region with multiple 

stripes of BO secondary phase. The white, overlayed rectangle illustrates an area from which an 

EELS elemental map was taken. In the HAADF survey image, it clearly shows that this area 

contains 3 stripes of BO. Figure 3b displays the HAADF image recorded simultaneously with the 

EELS spectral signals. The three BO stripes oriented in [100]pc direction are clearly visible and 

indicated by the labeling on the left side. Figure 3c shows the Fe areal density map stemming from 

the Fe-L edge. As expected, in the stripes of the BO phase, the Fe content is low, with the residual 

Fe signal likely arising from partial intermixing in projection direction and channeling effects. The 

Ca areal density map (Ca-L edge), which can be seen in Figure 3d, is very unexpected. Instead of 

being homogenously distributed in the BO stripes and the surrounding matrix, which would be 

expected since the Ca dopant is placed in the Bi columns, the Ca content is smaller in the BO 

stripes than in the surrounding area. Figure 3e shows the elemental maps of Fe and Ca combined.  
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Figure 3. EELS elemental map of 3 plates of BO in the film. (a) HAADF survey image showing a region 

with several stripes of BO. The white rectangle indicates the area of the EELS elemental map 

containing 3 BO stripes. (b) Simultaneous HAADF image during mapping. EELS elemental maps of 

(c) Fe, (d) Ca, and (e) Fe and Ca combined.  

 

To confirm the lower Ca content in the BO stripes, EDS elemental ratio maps were also recorded, 

which provide the advantage that Bi, which is not well suited for EELS, can be mapped too. 

Figure 4a displays the HAADF image of the exact area of the EDS map with a BO plate in the 

upper half of the image. The position of the BO plate with the clearly increased intensity of the 

B-sites is also indicated on the left side of the image. The elemental map of Bi in Figure 4b clearly 

reveals a higher Bi content in the BO area, whereas the map of Fe in Figure 4c shows a lower Fe 

content in the BO area. In Figure 4d, the atomic ratios of Bi and Fe are combined and reveal that, 

while in the regular BCFCO area, there can be clearly distinguished between Bi and Fe sites, in 

the BO stripe there cannot be identified the regular Fe lattice sites. This is also indicated by the 

fact that the BO stripe appears more red and less green than the regular film area, which 

additionally confirms the BO nature of the stripes.  

Figure 4e displays the EDS map of Ca. In the area of the BO stripe, slightly less Ca can be seen. 

The Ca shortage in BO becomes more apparent in the combined elemental ratio map of Bi and Ca 

in Figure 4f. In it, the A-sites normally appear violet since red from Bi and blue from Ca color 

mix, but in the BO stripe it appears only red, indicating the lack of Ca. Figure 4g and h show the 

O and Co maps, which both have no noticeable inhomogeneities. In Figure 4i, the denoised EDS 

spectra of the BO are summed up from the area of the red rectangle in Figure 4a, and for 

comparison signals of the regular film are summed up from the blue rectangle. This confirms the 



 

 

Publication C 
 

 

115 
 
 

result of a higher Bi content in the BO area and a lower Fe content indicated by the different 

intensities of the Bi-M, Bi-Lα, Bi-Lβ, and Fe-Kα peaks. The lower Ca content in the BO stripe is 

confirmed by the comparison of the Ca-Kα peak, where the blue peak from the regular BCFCO 

film area is higher than the red peak from the BO stripe. Therefore, besides the confirmed BO 

nature of the plates, both the EDS elemental analysis and the EELS analysis show the lower Ca 

content in the BO secondary phase.  

 

Figure 4. EDS elemental analysis of a BO plate. (a) HAADF image of the EDS mapping area. The BO 

stripe is indicated on the left side. EDS elemental ratio maps of (b) Bi, (c) Fe, (d) Bi and Fe combined, 

(e) Ca, (f) Bi and Ca combined, (g) O, and (h) Co. (i) Comparing the background corrected and 

denoised spectra from the BO area of the red rectangle and the BCFCO area from the blue rectangle in 

(a). The spectra have the same color as the associated rectangle.  

 

3.3. Solubility of Ca in both phases from DFT calculations. DFT modelling was 

used to investigate if there is a thermodynamic driving force present that could explain the 

experimentally observed tendency for Ca depletion in the BO-regions. To this end, the difference 

of enthalpies of Ca dissolution in BFO and in BO was calculated. According to our TEM analysis, 

Ca occupies the Bi-sites upon dissolution. This requires a charge-compensation mechanism since 

Ca is divalent whereas Bi is trivalent. Two mechanisms were considered: 1) shift of the oxidation 

state of Fe from +3 to +4 (Fe-oxidation); 2) compensation by oxygen vacancies. A more detailed 
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explanation about these mechanisms can be found elsewhere46,61. The relative enthalpy of solution 

for the case of Fe-oxidation mechanism was calculated as: 

Hsol(BFO) − Hsol(BO) = [E(BFO, Ca) − E(BFO)] − [E(BO, Ca) − E(BO)]. 

Here, E(BFO, Ca) and E(BO, Ca), are the total energies of the respective supercell containing Ca 

atoms, while E(BFO) and E(BO) are the energies for the supercells without Ca. The relative 

enthalpy of solution for the case of O-vacancy compensation was defined similarly: 

Hsol(BFO) − Hsol(BO) =
1

2
[E(BFO, 2Ca, VO) − E(BFO)] −

1

2
[E(BO, 2Ca, VO) − E(BO)]. 

Here, E(BFO, 2Ca, V𝑂)  and E(BO, 2Ca, V𝑂) , are the total energies of the respective supercell 

containing two Ca atoms and 1 oxygen vacancy. The oxygen vacancy was always introduced in 

close proximity to the Ca atoms. The result is presented in Figure 5. When the relative enthalpy is 

negative, it means that it’s energetically more favorable for the Ca to go to the BFO. If it is positive, 

it preferentially goes to the BO phase. The differential solution enthalpies are negative for both 

dissolution mechanisms, with approximately -0.32 eV for the mechanism with O vacancies and 

even larger -0.63 eV for the Fe-oxidation one, as is shown in Figure 5a. Therefore, for both 

mechanisms, a Ca dissolution in BFO is favored, confirming the experimental observations.  

The ratio of the Ca concentration in BFO compared to the concentration in BO can also be 

determined from the differential solution enthalpies using the Arrhenius law: 

𝐶(𝐵𝐹𝑂)

𝐶(𝐵𝑂)
= 𝑒𝑥𝑝 [−

𝐻𝑠𝑜𝑙(𝐵𝐹𝑂)−𝐻𝑠𝑜𝑙(𝐵𝑂)

𝑘𝐵𝑇
], 

where 𝑘𝐵  is the Boltzmann’s constant and 𝑇  is the temperature. The result is presented in 

Figure 5b. The mechanism with the formation of O vacancies has a lower expected Ca ratio but 

can be considered the more likely case due to our previous results.61 Nonetheless, at the growth 

temperature of the film of 700°C, according to the DFT simulations about fifty times more Ca is 

expected in BFO than in BO. With increasing temperature, the ratio becomes in general smaller. 

But this also means that the cooling process of the film after the fabrication step increases the Ca 

gradient in the secondary phase as long as the temperature still enables enough Ca diffusion.61  

 



 

 

Publication C 
 

 

117 
 
 

 

Figure 5. DFT calculations for the Ca solubility in BFO and secondary BO phase. (a) Relative enthalpy 

of Ca solution for two considered charge-compensation mechanisms: via Fe-oxidation and through 

introducing oxygen vacancies (VO). Both variants favor Ca dissolution in BFO. (b) Shows the ratio of 

Ca concentrations for dissolution in BFO to dissolution in BO, estimated using the Arrhenius law and 

the data from (a). It shows that at the deposition temperature of 700°C there is about 50 times more 

Ca expected in BFO than in BO.  

 

4. DISCUSSION 

The different Ca solubility in the BO phase observed in this study is of importance for functional 

device design, as secondary BO phases at the right growth conditions lead to the super-tetragonal 

BFO phase, which otherwise only appears for films grown on substrates inducing a very strong 

compressive strain. 29,32–38 This allows the super-tetragonal phase to be grown on a wider range of 

substrates, including STO and even polycrystalline substrates.29 Because the super-tetragonal 

phase provides a much larger ferroelectric polarization39,64, being not limited by the necessity of 

choosing a narrow range of substrates is very valuable. Since simultaneously Ca doping is applied 

to specifically and accurately tune the material properties, e.g. to introduce O vacancies, in 

combination with a BO phase, one must be aware of the solubility effect because it increases the 

Ca content in the BFO phase. This, depending on the proportion of the BO phase, can have a 

significant influence and result in a wrong and unintended device functionality.  

Previous studies have shown that related phases (Bi2O2) have some influence on the ferroelectric 

polarization structure by having domain walls located at the bismuth oxide layers. However, that 
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does not mean that every bismuth oxide layer is also a domain wall. Instead, there seems to be a 

preference for them to be located in the bismuth oxide layers.65 We have also found that the BO 

plates can act as domain walls (see Figure S3). This could potentially be used to manipulate the 

location or orientation of domain walls or to influence the domain size. However, further studies 

are necessary for a more thorough understanding. 

Note that our results also provide a highly relevant data point for assessing a thermodynamic 

CALPHAD database of the ternary Bi2O3 – Fe2O3 – CaO system. So far, only relatively little is 

available in this direction. Indeed, while for the Bi2O3 – CaO66 and the Fe2O3 – CaO67 systems 

thermodynamic models have been assessed, this is not the case for the Bi2O3 – Fe2O3 system for 

which pseudo-binary phase diagrams have been reported,20–27 but the correctness of underlying 

experimental data is still under debate.28 With further progress in this direction, a thermodynamic 

model for the ternary Bi2O3 – Fe2O3 – CaO system could be in reach, where the present result 

provides a decisive contribution regarding Ca solubility and, in this way, also to the design of 

future multiferroic applications.  

5. CONCLUSION 

In conclusion, with advanced TEM studies and DFT calculation, we have shown that in a bismuth 

ferrite system with a secondary bismuth oxide phase, the Ca solubility is lower in the BO phase 

than the main bismuth ferrite phase. Different Ca solubility can prove problematic while growing 

BFO films with a secondary BO phase to promote the formation of tetragonal BFO, as it can lead 

to unintended Ca concentrations in the primary phase. This knowledge is important to keep in 

mind when designing functional devices. Otherwise, an unexpected Ca concentration can 

potentially jeopardize the functionality of the device. 
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In Table. S1 shows complementary imaging parameters of the HAADF and analytical data, which 

have not been mentioned in section 2. Experimental and Calculation Details in subsection 2.2. 

Data acquisition.  
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Table. S1. Complementary imaging parameters of the STEM data.  

 collection angle 

[mrad] 

pixel time [µs] step size [pm] scanning-frame 

size [pixel*pixel] 

Figure 1a 49-242 0.95 11 2048 * 2048 

Figure 1d 62-214 0.57 11 2048 * 2048 

Figure 2 49-242 0.14 3.1 4096 * 4096 

Figure 3a 117-177 11.4 65 512 * 512 

Figure 3b 117-177 105 91 20 * 83 

Figure 4a 124-200 30 17 121 * 357 

Figure S1a 117-177 11.4 46 512 * 512 

Figure S1b 117-177 105 92 26 * 72 

Figure S2a 124-200 40 17 157 * 581 

Figure S3a 39-200 2.5 4.24 2048 * 2048 

Figure S3b 10-37 2.5 4.24 2048 * 2048 

 

Figure S1 and Figure S2 show elemental maps of the BCFCO-STO interface. Figure S1a shows a 

HAADF survey image with the area from where the spectrum images were taken indicated by the 

white rectangle. Figure S1b shows the HAADF image recorded simultaneously during the 

mapping. The areal density elemental maps Ca, Ti, Fe, and Ti combined with Fe can be seen in 

Figure S1c, d, e, and f. Figure S2a shows the HAADF image of the area of the EDS maps. The 

maps of the elemental ratios of the single elements and in some combinations can be seen in 

Figure S2b-j. Figure S1 and Figure S2 demonstrate that the interface between the substrate and the 

film is sharp and well defined.  
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Figure S1. EELS elemental map of the interface between the BCFCO film and the STO substrate. (a) 

HAADF survey image of the interface area. The white rectangle indicates the area of the EELS 

elemental map. (b) Simultaneous HAADF image during mapping. EELS elemental maps of (c) Ca-L, 

(d) Ti-L, (e) Fe-L, and (f) Ti and Fe combined. The white lines indicate the interface. 

 

Figure S2. EDS elemental ratio map of the interface between the BCFCO film and the STO substrate. 

(a) HAADF image of the EDS mapping area. EDS elemental ratio maps of (b) Bi, (c) Ca, (d) Ti, (e) Bi, 

Ca and Ti combined, (f) Fe, (g) Sr, (h) Bi, Fe, and Sr combined, (i) Co, and (j) O.  

 

In Figure S3, the example of a BO plate acting as a domain wall can be seen. Figure S3a show the 

HAADF image with the location of the BO plate in the image marked on the left and right side. 

The BO plate divides the Bi0.8Ca0.2Fe0.95Mg0.05O3 film (grown on a STO substrate) in a top and 

bottom area. The vector plot of the electric field1 retrieved from the DPC signal in Figure S3b 

shows that in the top area above the BO plate, the ferroelectric polarization has a different 

orientation than in the bottom area below the plate. Therefore, the BO plate is the domain wall 

where the orientation changes.  
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Figure S3. DPC analysis of the ferroelectric polarization at a BO plate, which acts as a domain wall (a) 

HAADF STEM image of the BO plate and the area around it. The location of the BO plate is marked 

on the left and right side. (b) vector plot of the electric field retrieved from the DPC signal showing the 

two ferroelectric domains above and below the BO plate.  

Figure S4a and b show that the secondary BO phase can’t be detected in the XRD data of the 

BCFCO film. Figure S4c shows a topographic AFM image of the BCFCO film surface with a root 

mean square (RMS) value of 4 nm.  

 

Figure S4. (a), (b) XRD data of the BCFCO film. (c) topographic AFM image of the BCFCO film 

surface.  
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8. Appendix 

The two Matlab Script used for data analysis of publication B can be found below – one for in-

plane defects and one for out-of-plane defects:  

For analysis of in-plane defects: 

clear all; 

close all; 

M=load('addcsvfilenamehere.csv'); %here type in the csv file name 

[x,b]=size(M); 

%Add the number of lines on the A-site 

a=xx; %Add the number of A-sites in [100] and [001] direction, which 

must be the same (square image area necessary).  

 

  

c=floor(x/(a-0.5)); 

M3=nan(a,b,c); 

Msort=a*ones(a,c); 

m=1; 

  

[h,s1]=sort(M(:,2)); 

M=M(s1,:); 

  

%Can’t get this variant to work  

%for k=1:c 

%    if mod(k,2)==1, [h,Msort(:,k)]=sort(M(m:(m+13-1),3)); 

H=M(m:(m+13-1),:); M3(:,:,k)=H(Msort(:,k),:); m=m+13;  

%    else            [h,Msort(1:end-1,k)]=sort(M(m:(m+12-1),3)); 

H=M(m:(m+12-1),:); M3(1:end-1,:,k)=H(Msort(1:end-1,k));... 

%            m=m+12;  

%    end 

%end 

  

  

for k=1:c 

    if mod(k,2)==1, [h,Msort(:,k)]=sort(M(m:(m+a-1),3)); 

M3(:,:,k)=M(m:(m+a-1),:);  m=m+a;  

    else            [h,Msort(1:end-1,k)]=sort(M(m:(m+a-2),3)); 

M3(1:end-1,:,k)=M(m:(m+a-2),:); m=m+a-1;  

    end 

end 

  

for k=1:c 

    H=M3(:,:,k); s=Msort(:,k); H=H(s,:); M3(:,:,k)=H; 

end 

  

%Transformation of x,y and I values in Matrizes with the according 

%positions. 

  

%cordinates and intensities for A-site cations 

cA=ceil(c/2); 

XA=nan(a,cA); 

YA=XA; 
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IA=YA; 

  

for m=1:a 

    n=1; 

    for k=1:2:c 

        XA(m,n)=M3(m,2,k);  

        YA(m,n)=M3(m,3,k); 

        IA(m,n)=M3(m,6,k); 

        n=n+1; 

    end 

end 

  

%coordinates and intensities for B-site cations 

cB=cA-1; 

aB=a-1; 

XB=nan(aB,cB); 

YB=XB; 

IB=YB; 

  

for m=1:aB 

    n=1; 

    for k=2:2:c 

        XB(m,n)=M3(m,2,k);  

        YB(m,n)=M3(m,3,k); 

        IB(m,n)=M3(m,6,k); 

        n=n+1; 

    end 

end 

  

%center of gravity for quadruplet of A-site cations 

XAG=nan(aB,cB); 

YAG=XAG; 

for m=1:aB 

    for n=1:cB 

        H=XA([m,m+1],[n,n+1]);  

        XAG(m,n)=mean(H(:)); 

        H=YA([m,m+1],[n,n+1]);  

        YAG(m,n)=mean(H(:)); 

    end 

end 

  

%polarization vector and plotting 

figure('Name','Polarization');  

dx=XAG-XB; dy=YAG-YB; 

hold on 

quiver(XAG(:),YAG(:),dx(:),dy(:)); 

pointsize = 30; 

scatter(XA(:), YA(:), pointsize, IA(:),'filled'); 

colormap jet; 

%scatter(XB(:), YB(:), pointsize, IB(:),'filled'); 

v = colorbar; 

v.Label.String = 'A-site intensity [counts]'; 

axis equal;  

xlim([0,max(M(:,2))+0.5]); ylim([0,max(M(:,3))+0.5]); 

hold off; 

  

%Plotting displacement (Polarization) in x and y direction 

figure('Name','x and y displacement of Fe atom') 
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mdx=mean(dx,2); 

sdx=std(dx,[],2); 

mdy=mean(dy,2); 

sdy=std(dy,[],2); 

errorbar(mdx,[1:length(mdx)]+0.5,sdx,'bx-','horizontal'); 

hold on 

errorbar(mdy,[1:length(mdy)]+0.5,sdy,'mx-','horizontal'); 

plot([0,0],[1.5,length(mdx)+0.5],'--','Color',[0.66 0.66 0.66]); 

hold off 

legend('x-displacement','y displacement','Location','South'); 

  

%lattice spacing in differently styled plot 

  

%Map of A-A spacing in x direction 

figure('Name','Map of A-A spacing in x direction'); 

XAA=diff(XA,[],2); 

[m1,n1]=size(XAA); 

[M1,N1]=meshgrid(1:n1,1:m1); 

scatter(M1(:), N1(:), 300, XAA(:),'filled','s'); 

v = colorbar; 

v.Label.String = 'A-A spacing in x-direction [nm]'; 

axis equal;  

xlim([0.5,n1+0.5]); ylim([0.5,m1+0.5]); 

  

%Map of A-A spacing in y-direction 

figure('Name','Map of A-A spacing in y-direction'); 

YAA=diff(YA,[],1); 

[m1,n1]=size(YAA); 

[M1,N1]=meshgrid(1:n1,1:m1); 

scatter(M1(:), N1(:), 300, YAA(:),'filled','s'); 

v = colorbar; 

v.Label.String = 'A-A spacing in y-direction [nm]'; 

axis equal;  

xlim([0.5,n1+0.5]); ylim([0.5,m1+0.5]); 

  

  

%calculation lattice expansion 

MeanXAA=mean(mean(XAA)); 

MeanYAA=mean(YAA,2); 

def=mean(MeanYAA([8])) 

non_def=mean(MeanYAA([1:7,9:end])) 

ratio_def=def/MeanXAA 

ratio_non_def=non_def/MeanXAA 

ratio=def/non_def 

  

  

%Map of B-B spacing in x direction 

figure('Name','Map of B-B spacing in x direction'); 

XBB=diff(XB,[],2); 

[m1,n1]=size(XBB); 

[M1,N1]=meshgrid(1:n1,1:m1); 

scatter(M1(:), N1(:), 300, XBB(:),'filled','s'); 

colormap hot; 

v = colorbar; 

v.Label.String = 'B-B spacing in x-direction [nm]'; 

axis equal;  

xlim([0.5,n1+0.5]); ylim([0.5,m1+0.5]); 
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%Map of B-B spacing in y direction 

figure('Name','Map of B-B spacing in y direction'); 

YBB=diff(YB,[],1); 

[m1,n1]=size(YBB); 

[M1,N1]=meshgrid(1:n1,1:m1); 

scatter(M1(:), N1(:), 300, YBB(:),'filled','s'); 

colormap hot; 

v = colorbar; 

v.Label.String = 'B-B spacing in y-direction [nm]'; 

axis equal;  

xlim([0.5,n1+0.5]); ylim([0.5,m1+0.5]); 

  

%return; 

  

  

  

%PLOTS - Data display 

%LOTS OF FOR LOOPS 

  

%Plot interatomic A-site distances along vertical rows 

figure('Name','Plot interatomic A-site distances along vertical 

rows'); 

m=1; 

x1=ceil(sqrt(ceil(c/2))); 

for k=1:2:c 

    d=diff(M3(:,3,k));      

    subplot(x1,x1,m);  

    plot(1:a-1,d,'b');  

    ylim([0.4,0.6]); 

    title(mean(d)); m=m+1; 

end 

  

%Plot interatomic A-site distances along horizontal rows 

  

figure('Name','Plot interatomic A-site INTENSITIES and distances along 

horizontal rows'); 

m=1; 

D_HOR=[]; 

I_HOR=[]; %Horizontal Intensity 

x2=ceil(sqrt(a)); 

for l = 1:a 

    d_hor=[]; 

    i_hor=[]; 

    for k = 1:2:c 

        d_hor=cat(1,d_hor,M3(l,2,k)); 

        i_hor=cat(1,i_hor,M3(l,6,k)); 

    end 

    d=diff(d_hor); 

    subplot(x2,x2,m); 

    plot(1:length(1:2:c)-1,d,'g'); 

    ylim([0.4,0.6]); 

    title(mean(d)); m=m+1; 

    D_HOR=cat(2,D_HOR,d_hor); 

    I_HOR=cat(2,I_HOR,i_hor); 

end 

  

figure('Name','A-site intensity averaged along x direction'); 

ix_plot=mean(I_HOR); 
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ix_std=std(I_HOR); 

y4=1:length(ix_plot); 

errorbar(ix_plot,y4,ix_std,'ro-','horizontal'); 

     

     

     

%Plot interatomic A- and B-site INTENSITIES and distances along 

horizontal rows 

  

figure('Name','Plot interatomic B-site distances along horizontal 

rows'); 

m=1; 

D_HORB=[]; 

I_HORB=[]; %Horizontal Intensity 

x2=ceil(sqrt(a)); 

for l = 1:a 

    d_hor=[]; 

    i_hor=[]; 

    for k = 2:2:c 

        d_hor=cat(1,d_hor,M3(l,2,k)); 

        i_hor=cat(1,i_hor,M3(l,6,k)); 

    end 

    d=diff(d_hor); 

    subplot(x2,x2,m); 

    plot(1:length(2:2:c)-1,d,'m'); 

    ylim([0.4,0.6]); 

    title(mean(d)); m=m+1; 

    D_HORB=cat(2,D_HORB,d_hor); 

    I_HORB=cat(2,I_HORB,i_hor); 

end 

  

figure('Name','A and B-site intensity averaged along x direction'); 

ix_plotb=mean(I_HORB); 

ix_stdb=std(I_HORB); 

ix_plotb=ix_plotb(1:end-1); 

ix_stdb=ix_stdb(1:end-1); 

  

y4b=1:length(ix_plotb); 

y4b=y4b+0.5; 

errorbar(ix_plot,y4,ix_std,'ro-','horizontal'); 

hold on 

errorbar(ix_plotb,y4b,ix_stdb,'go-','horizontal'); 

plot([mean(ix_plot),mean(ix_plot)],[y4(1),y4(end)],'--','Color',[0.66 

0.66 0.66]); 

plot([mean(ix_plotb),mean(ix_plotb)],[y4b(1),y4b(end)],'--

','Color',[0.66 0.66 0.66]); 

hold off 

legend('A-site intensities','B-site intensities','Location','North'); 

  

  

  

  

% %Plot interatomic A-site intensities along vertical rows 

% figure('Name','Test'); 

% m=1; 

% for k=1:2:c 

%     int=M3(:,6,k);%/(10^7); 

%     subplot(x1,x1,m);  
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%     plot(1:a,int,'r'); 

%     m=m+1; 

% end 

  

%Plot only intensity on both sites 

figure('Name','Intensities on A and B sites'); 

pointsize = 40; 

scatter(M(:,2), M(:,3), pointsize, M(:,6),'filled'); 

colormap jet; 

v = colorbar; 

v.Label.String = 'Intensities on A and B sites [counts]'; 

axis equal;  

xlim([0,max(M(:,2))+0.5]); ylim([0,max(M(:,3))+0.5]); 

  

  

M2_B=[]; 

  

for k=2:2:c 

    M2_B=cat(1,M2_B,M3(:,:,k)); 

end 

  

M2_A=[]; 

  

for k=1:2:c 

    M2_A=cat(1,M2_A,M3(:,:,k)); 

end 

  

%Plot intensity only on A-sites 

figure('Name','Intensities on A sites') 

pointsize = 60; 

scatter(M2_A(:,2), M2_A(:,3), pointsize, M2_A(:,6),'filled'); 

colormap jet; 

v = colorbar; 

v.Label.String = 'Intensities only on A [counts]'; 

axis equal;  

xlim([0,max(M(:,2))+0.5]); ylim([0,max(M(:,3))+0.5]); 

  

%Plot intensity only on B-sites 

figure('Name','Intensities on B sites') 

pointsize = 60; 

scatter(M2_B(:,2), M2_B(:,3), pointsize, M2_B(:,6),'filled'); 

colormap jet; 

v = colorbar; 

v.Label.String = 'Intensities only on B [counts]'; 

axis equal;  

xlim([0,max(M(:,2))+0.5]); ylim([0,max(M(:,3))+0.5]); 
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For analysis of out-of-plane defects: 

clear all; 

close all; 

M=load('addcsvfilenamehere');%here type in the csv file name 

 

%Add the number of lines on the A-site 

a=xx; %Add the number of A-sites in [100] and [001] direction, which 

must be the same (square image area necessary). 

%Add the dimension where it should be averaged for the input 

parameters 

dim=1; 

  

[x,b]=size(M); 

c=floor(x/(a-0.5)); 

M3=nan(a,b,c); 

Msort=a*ones(a,c); 

m=1; 

  

[h,s1]=sort(M(:,2)); 

M=M(s1,:); 

  

%Doesn't get this variant to work.  

%for k=1:c 

%    if mod(k,2)==1, [h,Msort(:,k)]=sort(M(m:(m+13-1),3)); 

H=M(m:(m+13-1),:); M3(:,:,k)=H(Msort(:,k),:); m=m+13;  

%    else            [h,Msort(1:end-1,k)]=sort(M(m:(m+12-1),3)); 

H=M(m:(m+12-1),:); M3(1:end-1,:,k)=H(Msort(1:end-1,k));... 

%            m=m+12;  

%    end 

%end 

  

  

for k=1:c 

    if mod(k,2)==1, [h,Msort(:,k)]=sort(M(m:(m+a-1),3)); 

M3(:,:,k)=M(m:(m+a-1),:);  m=m+a;  

    else            [h,Msort(1:end-1,k)]=sort(M(m:(m+a-2),3)); 

M3(1:end-1,:,k)=M(m:(m+a-2),:); m=m+a-1;  

    end 

end 

  

for k=1:c 

    H=M3(:,:,k); s=Msort(:,k); H=H(s,:); M3(:,:,k)=H; 

end 

  

%Transformation of x,y and I values in Matrizes with the according 

%positions. 

  

%cordinates and intensities for A-site cations 

cA=ceil(c/2); 

XA=nan(a,cA); 

YA=XA; 

IA=YA; 

  

for m=1:a 

    n=1; 

    for k=1:2:c 
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        XA(m,n)=M3(m,2,k);  

        YA(m,n)=M3(m,3,k); 

        IA(m,n)=M3(m,6,k); 

        n=n+1; 

    end 

end 

  

%coordinates and intensities for B-site cations 

cB=cA-1; 

aB=a-1; 

XB=nan(aB,cB); 

YB=XB; 

IB=YB; 

  

for m=1:aB 

    n=1; 

    for k=2:2:c 

        XB(m,n)=M3(m,2,k);  

        YB(m,n)=M3(m,3,k); 

        IB(m,n)=M3(m,6,k); 

        n=n+1; 

    end 

end 

  

%center of gravity for quadruplet of A-site cations 

XAG=nan(aB,cB); 

YAG=XAG; 

for m=1:aB 

    for n=1:cB 

        H=XA([m,m+1],[n,n+1]);  

        XAG(m,n)=mean(H(:)); 

        H=YA([m,m+1],[n,n+1]);  

        YAG(m,n)=mean(H(:)); 

    end 

end 

  

%polarization vector and plotting 

figure('Name','Polarization');  

dx=XAG-XB; dy=YAG-YB; 

hold on 

quiver(XAG(:),YAG(:),dx(:),dy(:)); 

pointsize = 30; 

scatter(XA(:), YA(:), pointsize, IA(:),'filled'); 

colormap jet; 

%scatter(XB(:), YB(:), pointsize, IB(:),'filled'); 

v = colorbar; 

v.Label.String = 'A-site intensity [counts]'; 

axis equal;  

xlim([0,max(M(:,2))+0.5]); ylim([0,max(M(:,3))+0.5]); 

hold off; 

  

%Plotting displacement (Polarization) in x (in-plane) and z (out-of-

plane) direction 

figure('Name','x and y displacement of Fe atom') 

mdx=mean(dx,dim); 

sdx=std(dx,[],dim); 

mdy=mean(dy,dim); 

sdy=std(dy,[],dim); 
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errorbar([1:length(mdx)]+0.5,mdx,sdx,'bx-','horizontal'); 

hold on 

errorbar([1:length(mdy)]+0.5,mdy,sdy,'mx-','horizontal'); 

plot([1.5,length(mdx)+0.5],[0,0],'--','Color',[0.66 0.66 0.66]); 

hold off 

legend('x-displacement','y displacement','Location','South'); 

  

%lattice spacing in differently styled plot 

  

%Map of A-A spacing in x direction 

figure('Name','Map of A-A spacing in x direction'); 

XAA=diff(XA,[],2); 

[m1,n1]=size(XAA); 

[M1,N1]=meshgrid(1:n1,1:m1); 

scatter(M1(:), N1(:), 300, XAA(:),'filled','s'); 

v = colorbar; 

v.Label.String = 'A-A spacing in x-direction [nm]'; 

axis equal;  

xlim([0.5,n1+0.5]); ylim([0.5,m1+0.5]); 

  

%Map of A-A spacing in y-direction 

figure('Name','Map of A-A spacing in y-direction'); 

YAA=diff(YA,[],1); 

[m1,n1]=size(YAA); 

[M1,N1]=meshgrid(1:n1,1:m1); 

scatter(M1(:), N1(:), 300, YAA(:),'filled','s'); 

v = colorbar; 

v.Label.String = 'A-A spacing in y-direction [nm]'; 

axis equal;  

xlim([0.5,n1+0.5]); ylim([0.5,m1+0.5]); 

  

%calculation lattice expansion 

MeanYAA=mean(mean(YAA)); 

MeanXAA=mean(XAA,dim); 

def=MeanXAA(7) 

non_def=mean(MeanXAA([1:6,8:end])) 

ratio_def=def/MeanYAA 

ratio_non_def=non_def/MeanYAA 

ratio=def/non_def 

  

%Map of B-B spacing in x direction 

figure('Name','Map of B-B spacing in x direction'); 

XBB=diff(XB,[],2); 

[m1,n1]=size(XBB); 

[M1,N1]=meshgrid(1:n1,1:m1); 

scatter(M1(:), N1(:), 300, XBB(:),'filled','s'); 

colormap hot; 

v = colorbar; 

v.Label.String = 'B-B spacing in x-direction [nm]'; 

axis equal;  

xlim([0.5,n1+0.5]); ylim([0.5,m1+0.5]); 

  

%Map of B-B spacing in y direction 

figure('Name','Map of B-B spacing in y direction'); 

YBB=diff(YB,[],1); 

[m1,n1]=size(YBB); 

[M1,N1]=meshgrid(1:n1,1:m1); 

scatter(M1(:), N1(:), 300, YBB(:),'filled','s'); 
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colormap hot; 

v = colorbar; 

v.Label.String = 'B-B spacing in y-direction [nm]'; 

axis equal;  

xlim([0.5,n1+0.5]); ylim([0.5,m1+0.5]); 

  

%return; 

  

  

  

%PLOTS - Data display 

%LOTS OF FOR LOOPS 

  

%Plot interatomic A-site distances along vertical rows 

figure('Name','Plot interatomic A-site distances along vertical 

rows'); 

m=1; 

D_VER=[]; 

I_VER=[]; 

x1=ceil(sqrt(ceil(c/2))); 

for k=1:2:c 

    d=diff(M3(:,3,k)); 

    subplot(x1,x1,m);  

    plot(1:a-1,d,'b');  

    ylim([0.4,0.6]); 

    title(mean(d)); m=m+1; 

    D_VER=cat(2,D_VER,M3(:,3,k)); 

    I_VER=cat(2,I_VER,M3(:,6,k)); 

end 

  

% %Plot interatomic A-site distances along vertical rows 

% figure('Name','Plot interatomic A-site distances along vertical 

rows'); 

% m=1; 

% x1=ceil(sqrt(ceil(c/2))); 

% for k=1:2:c 

%     d=diff(M3(:,3,k));      

%     subplot(x1,x1,m);  

%     plot(1:a-1,d,'b');  

%     ylim([0.4,0.6]); 

%     title(mean(d)); m=m+1; 

% end 

  

  

%Plot interatomic A-site distances along horizontal rows 

  

figure('Name','Plot interatomic A-site distances along horizontal 

rows'); 

m=1; 

D_HOR=[]; 

I_HOR=[]; %Horizontal Intensity 

x2=ceil(sqrt(a)); 

for l = 1:a 

    d_hor=[]; 

    i_hor=[]; 

    for k = 1:2:c 

        d_hor=cat(1,d_hor,M3(l,2,k)); 

        i_hor=cat(1,i_hor,M3(l,6,k)); 
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    end 

    d=diff(d_hor); 

    subplot(x2,x2,m); 

    plot(1:length(1:2:c)-1,d,'g'); 

    ylim([0.4,0.6]); 

    title(mean(d)); m=m+1; 

    D_HOR=cat(2,D_HOR,d_hor); 

    I_HOR=cat(2,I_HOR,i_hor); 

end 

     

     

  

%Plot interatomic B-site distances and Intensities along vertical rows 

figure('Name','Plot interatomic B-site distances along vertical 

rows'); 

m=1; 

D_VERB=[]; 

I_VERB=[]; 

x1=ceil(sqrt(ceil(c/2))); 

for k=2:2:c 

    d=diff(M3(:,3,k)); 

    subplot(x1,x1,m);  

    plot(1:a-1,d,'b');  

    ylim([0.4,0.6]); 

    title(mean(d)); m=m+1; 

    D_VERB=cat(2,D_VERB,M3(:,3,k)); 

    I_VERB=cat(2,I_VERB,M3(:,6,k)); 

end 

  

  

%Plot interatomic B-site distances along horizontal rows 

figure('Name','Plot interatomic B-site distances along horizontal 

rows'); 

m=1; 

D_HORB=[]; 

I_HORB=[]; %Horizontal Intensity 

x2=ceil(sqrt(a)); 

for l = 1:a 

    d_hor=[]; 

    i_hor=[]; 

    for k = 2:2:c 

        d_hor=cat(1,d_hor,M3(l,2,k)); 

        i_hor=cat(1,i_hor,M3(l,6,k)); 

    end 

    d=diff(d_hor); 

    subplot(x2,x2,m); 

    plot(1:length(2:2:c)-1,d,'m'); 

    ylim([0.4,0.6]); 

    title(mean(d)); m=m+1; 

    D_HORB=cat(2,D_HORB,d_hor); 

    I_HORB=cat(2,I_HORB,i_hor); 

end 

  

figure('Name','A and B-site intensity averaged along z direction'); 

%A-sites 

ix_plot=mean(I_VER); 

ix_std=std(I_VER); 

y4=1:length(ix_plot); 
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%B-sites 

%only with Z-direction defects 

I_VERB=I_VERB(1:end-1,:); 

ix_plotb=mean(I_VERB); 

ix_stdb=std(I_VERB); 

%only with x-direction defects 

%ix_plotb=ix_plotb(1:end-1); 

%ix_stdb=ix_stdb(1:end-1); 

  

y4b=1:length(ix_plotb); 

y4b=y4b+0.5; 

  

%FOR Z-DIRECTION 

errorbar(y4,ix_plot,ix_std,'ro-'); %'horizontal' if rotated 

hold on 

errorbar(y4b,ix_plotb,ix_stdb,'go-'); %'horizontal' if rotated 

plot([y4(1),y4(end)],[mean(ix_plot),mean(ix_plot)],'--','Color',[0.66 

0.66 0.66]); 

plot([y4b(1),y4b(end)],[mean(ix_plotb),mean(ix_plotb)],'--

','Color',[0.66 0.66 0.66]); 

hold off 

legend('A-site intensities','B-site intensities','Location','West'); 

  

% %FOR X DIRECTION 

% errorbar(ix_plot,y4,ix_std,'ro-','horizontal'); 

% hold on 

% errorbar(ix_plotb,y4b,ix_stdb,'go-','horizontal'); 

% plot([mean(ix_plot),mean(ix_plot)],[y4(1),y4(end)],'--

','Color',[0.66 0.66 0.66]); 

% plot([mean(ix_plotb),mean(ix_plotb)],[y4b(1),y4b(end)],'--

','Color',[0.66 0.66 0.66]); 

% hold off 

% legend('A-site intensities','B-site 

intensities','Location','North'); 

  

  

  

% %Plot interatomic A-site intensities along vertical rows 

% figure('Name','Test'); 

% m=1; 

% for k=1:2:c 

%     int=M3(:,6,k);%/(10^7); 

%     subplot(x1,x1,m);  

%     plot(1:a,int,'r'); 

%     m=m+1; 

% end 

  

%Plot only intensity on both sites 

figure('Name','Intensities on A and B sites'); 

pointsize = 40; 

scatter(M(:,2), M(:,3), pointsize, M(:,6),'filled'); 

colormap jet; 

v = colorbar; 

v.Label.String = 'Intensities on A and B sites [counts]'; 

axis equal;  

xlim([0,max(M(:,2))+0.5]); ylim([0,max(M(:,3))+0.5]); 
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M2_B=[]; 

  

for k=2:2:c 

    M2_B=cat(1,M2_B,M3(:,:,k)); 

end 

  

M2_A=[]; 

  

for k=1:2:c 

    M2_A=cat(1,M2_A,M3(:,:,k)); 

end 

  

%Plot intensity only on A-sites 

figure('Name','Intensities on A sites') 

pointsize = 60; 

scatter(M2_A(:,2), M2_A(:,3), pointsize, M2_A(:,6),'filled'); 

colormap jet; 

v = colorbar; 

v.Label.String = 'Intensities only on A [counts]'; 

axis equal;  

xlim([0,max(M(:,2))+0.5]); ylim([0,max(M(:,3))+0.5]); 

  

%Plot intensity only on B-sites 

figure('Name','Intensities on B sites') 

pointsize = 60; 

scatter(M2_B(:,2), M2_B(:,3), pointsize, M2_B(:,6),'filled'); 

colormap jet; 

v = colorbar; 

v.Label.String = 'Intensities only on B [counts]'; 

axis equal;  

xlim([0,max(M(:,2))+0.5]); ylim([0,max(M(:,3))+0.5]); 

 

 


