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Zusa m menfassu ng 

Der Bedarf fiir schnellere und kleinere Datentrager, neue Sensortechnik und multi-
funktionelle Komponenten hat die Forschung an Ubergangsmetalloxiden stark vor-
angetrieben. Da die Elektronen in diesen Materialien oft stark korelliert sind, zeigen 
Ubergangsmetalloxide eine Vielzahl von neuartigen Effekten. Speziell der Einsatz 
von kiinstlichen multiferroischen Heterostrukturen hat grof/,es Interesse geweckt. Die 
physikalischen Eigenschaften der einzelnen Schichten konnen auf den individuellen 
Einsatz zugeschnitten werden, und <lurch geeignete Kombination der Materialien 
werden neue Funktionalitaten realisiert. 
Gegenstand dieser Dissertation ist die Beeinflussung der Magnetisierung von diinnen 
Ubergangsmetalloxidschichten mittels des ferroelektrischen Substrates 
[Pb(Mg1;3Nb2;3)O3]0.1-[PbTiO3]0.3 (PMN-PT). 
Der erste Teil dieser Dissertation berichtet iiber das Wachstum und die Unter-
suchung von SrCoO3_6 . Durch Manipulation des Sauerstoffgehalts kann das an-
tiferromagnetische und isolierende SrCoO2_5 in das ferromagnetische und leitende 
SrCoO3 umgewandelt werden. Fiir das Wachstum epitaktischer und stochiometrischer 
Sr1 Co1 0 2_5 Schichten mittels Molekularstrahlepitaxie (MBE) miissen die Wachs-
tumparameter prazise gewahlt werden. Um die Co-zu-Sr Stochiometrie in-situ zu 
bestimmen und zu optimieren kann ,,Reflection High Energy Electron Diffraction" 
(RHEED) eingesetzt werden. Das RHEED Beugungsmuster ermoglicht die Unter-
scheidung zwischen Co Defizit oder Uberschuss und stochiometrischer Sr1 Co1 0 2_5 

Schicht. Durch Heizen in Sauerstofffluss konnen die hochqualitativen SrCoO2_5 

Schichten zu SrCoO3 umgewandelt werden. Die SrCoO3 Schichten sind stabil in 
Vakuum. SrCoO3_6 Proben mit 6< 0.25 bilden drei verschiedene ferromagnetische 
Phasen und weisen einen Exchange bias Effekt auf. Messungen einer SrCoO2_75 

Schicht mit polarisierter Neutronenreflektometrie zeigen ein homogene Verteilung 
der magnetischen Phasen. SrCoO2_5 Schichten konnen <lurch den Unterschied der 
Gitterkonstanten nicht direkt auf PMN-PT gewachsen werden. Durch den Ein-
satz einer La0_67Sr0_33MnO3 (LSMO) Zwischenschicht kann der Unterschied der Git-
terkonstanten verringert werden, was das Wachstum einer kristallinen 
SrCoO2_5/ LSMO/ PMN-PT Heterostruktur ermoglicht. 
Der zweite Teil der Dissertation behandelt die magnetoelektrische Kopplung in 
Fe3O4 / PMN-PT(001) und Fe3O4 / PMN-PT(Oll) Heterostrukturen, welche mit gepul-
ster Laserabscheidung gewachsen sind. Die Proben zeigen eine starke Kopplung 
zwischen der Magnetisierung der ferrimagnetischen Schicht und der Verspannung 
und Polarisierung des Substrates wenn ein elektrisches Feld angelegt wird. Durch 
ein qualitatives Model konnen die Anteile der einzelnen Beitrage zur magnetoelek-
trischen Kopplung abgeschatzt werden. Sowohl die Schnittrichtung des Substrates 
als auch die Orientierung der Probe im Magnetfeld hat einen starken Einfluss auf 
das magnetoelektrische Verhalten der Schicht. 





Abstract 

The demand for smaller and faster information storage media, new types of sensors 
and multifunctional devices has lead to a rush in research on transition metal oxides 
(TMO's). Strong electronic correlations in TMO's lead to a wealth of new and in-
teresting effects. Particularly the use of artificial multiferroic heterostructures using 
advanced thin film growth techniques, has attracted a lot of interest, as they enable 
the tailoring of the physical properties of individual materials and hold the promise 
of new combined functionality. 
The subject of this thesis is control of the magnetisation in thin TMO films using 
the ferroelectric substrate [Pb(Mg1; 3Nb2;3)O3]0_7-[PbTiO3]0_3 (PMN-PT). 
The first part of this thesis is about the fabrication and investigation of SrCoO3_ 6 , 

which has different magnetic and conductive properties depending on the oxygen 
content. Importantly, the antiferromagnetic, insulating SrCoO2_5 can be trans-
formed reversibly in the ferromagnetic, metallic SrCoO3 • To grow epitaxial and 
stoichiometric Sr1 Co1 0 2_5 films by molecular beam epitaxy (MBE), the deposition 
parameter have to be precisely controlled. To determine the Co-to-Sr ratio in-situ 
and optimise it, Reflection High Energy Electron Diffraction (RHEED) can be used. 
The RHEED scattering pattern changes depending on the Co/ Sr ratio and can be 
used to determine Co excess or deficiency and to grow stoichiometric Sr1 Co1 0 2_5 

samples. High quality SrCoO2_5 can be transformed to SrCoO3 by heating in oxy-
gen flow and the resulting films remain stable in vacuum. SrCoO3_ 6 films ( with 
5< 0.25) form three distinct magnetic phases and show an exchange bias effect. The 
magnetic phases are distributed uniformly throughout the film, as can be deter-
mined by Polarised Neutron Reflectometry (PNR). Due to a mismatch of lattice 
constants, SrCoO2_5 films can't be grown directly on PMN-PT. However, using an 
La0_67Sr0 _33MnO3 buffer layer, crystalline SrCoO2_5 / La0_67Sr0_33 MnO3 / PMN-PT het-
erostructures can be grown. 
The second part of the dissertation is about the magnetoelectric coupling in 
Fe3O4 / PMN-PT(001) and Fe3O4 / PMN-PT(0ll) heterostructures grown by pulsed 
laser deposition. The strain and polarisation of the substrate with applied electric 
field mediate the coupling to the magnetisation in the ferrimagnetic layer. Using 
a qualitative model, the strength of the different contributions can be estimated. 
The substrate cut and orientation of the sample in the magnetic field has a strong 
influence on the magnetoelectric behaviour of the layer. 
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1 Introduction 

Ever since the theory of modern computers by Alan Turing [1] and implementation 
by Konrad Zuse [2], the development of smaller and denser information storage 
systems has been a driving force in science. Starting with machines filling a whole 
building to save a few kilobytes of data it developed into solid state drives fitting 
in the palm of a hand capable of holding a library worth of information. But 
data volumes and demands for faster and smaller devices are ever increasing, which 
not only requires optimisation of existing technologies, but also research into new 
ones. Traditional hard disk drives use a ferro- / ferrimagnetic medium to store the 
information and a read/ write head with giant magnetoresistance to save and retrieve 
information. The giant magnetoresistance effect was so important that Albert Fert 
and Peter Grunberg were awarded the Nobel prize in 2007 for its discovery [3-5]. As 
science progresses, new avenues for developing storage media or even multifunctional 
devices became apparent. 

A very promising class of materials for this area of research are the transition metal 
oxides (TMO), which are model systems for highly correlated electron physics. High 
electronic correlations are found in materials where the electrons are neither fully 
free from nor fully bound to atomic position, which results in coupling between mag-
netic, electronic and structural degrees of freedom. Because of these close connec-
tions, TMO's exhibit a multitude of emergent properties, such as high temperature 
superconductivity [6], multiferroicity [7], and metal-insulator transitions [8]. 

Multiferroics are materials which possess more than one ferroic order, e.g. ferromag-
netism and ferroelectricity. In such a magnetoelectric multiferroic, magnetism and 
polarisation are intrinsically linked and, such that an external electric field is able 
to influence the magnetisation in the sample, or vice versa. Multiferroic materials 
are very rare however, as they have to break time-reversal and inversion symmetry 
at the same time. A way of expanding the pool of usable materials is to take two 
separate compounds, each with a different ferroic order, and combine them into a 
thin film heterostructure. This enables tailoring of physical properties as the two 
components can be chosen nearly independently to achieve the best possible func-
tionality. The heterostructure can be comprised of a single or multiple layers on a 
substrate. The challenge in creating artificial multiferroics this way is to achieve the 
coupling between ferroic orders in the two materials. To facilitate this the shared 
interface between substrate and film and the crystallinity of the thin film have to 
be excellent. 

In this thesis, heterostructures of an ( anti-)ferromagnetic or ferrimagnetic layer and 
a ferroelectric substrate are investigated. SrCoO3 _ 8 (SCO) and Fe3O4 (magnetite) 
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1 Introduction 

layers are studied in detail. The properties of the first layer, SrCoO3_ 8 , depend 
strongly on the oxygen content. Intriguingly, SCO can transform topotactically from 
the perovskite structure for SrCoO3 , to the brownmillerite structure for SrCoO2_5 , 

which is accompanied by the change from a ferromagnetic metal to an antiferro-
magnetic insulator. The oxygen content can be tuned by annealing in oxidising or 
reducing conditions [9], ionic liquid gating [10] or strain [11]. Because of the Co3+ 
valence, SrCoO2_5 is more stable compared to SrCoO3 , which has Co4+ valency. The 
films for this investigation are grown by molecular beam epitaxy (MBE) using ef-
fusion cells for the deposition of Sr and Co and an oxygen plasma source. Because 
the maximum possible pressure in the MBE setup is around 10-5 mbar, SCO films 
always grow in SrCoO2_5 stoichiometry. Before any coupling effects between the 
film and substrate can be investigated, first the growth conditions for high qual-
ity SrCoO2_5 layers have to be ascertained. In MBE growth, the deposition rates 
of Co and Sr are independent, as opposed to growth methods using a target with 
pre-defined stoichiometry such as pulsed laser deposition or sputtering. A detailed 
growth study was undertaken to optimise the growth conditions, particularly the 
Co/ Sr ratio, for SrCoO2_5 films on SrTiO3 (STO) and (La0_26Sr0_76 )(Al0_61Ta0_37)O3 

(LSAT) substrates. After the successful growth of high quality, epitaxial SrCoO2_5 

films, the annealing conditions necessary to transform the films into SrCoO 3 were 
determined and the SrCoO3 stability determined. The samples were then inves-
tigated for their magnetic properties by magnetometry and neutron reflectometry. 
Finally, SCO films were grown on ferroelectric [Pb(Mg1;3Nb2;3)O3]0_7-[PbTiO3]0 _3 

(PMN-PT) substrates, with and without La2;3Sr1;3MnO3 (LSMO) buffer layer. 

As a second project, Fe3O4 films grown by pulsed laser deposition on PMN-PT(00l) 
and PMN-PT(0ll) substrates are studied to understand the different mechanisms 
participating in magnetoelectric coupling. Magnetite is a ferrimagnetic half-metal 
and undergoes a Verwey metal-to-insulator transition at 120 K, which drastically 
increases resistivity and reduces magnetisation [8, 12]. Recent studies have shown 
that Fe3O4/ PMN-PT(0ll) heterostructures show a large magnetoelectric effect [13-
16], however the underlying mechanisms have not yet been studied much. After the 
evaluation of crystalline quality of the Fe3O4 films, influence of an electric field on 
the magnetisation is studied in different magnetic field and temperatures. 

Thesis structure 

In the beginning of the thesis, the theory behind magnetism and magnetoelectric 
coupling in transition metal oxides is introduced, with a focus on magnetic interac-
tions in SCO and magnetite. Next, the principle of relaxor ferro electrics is explained. 
As scattering techniques are an integral part of the investigations presented in this 
thesis, the basics of scattering theory with different probes is reviewed, with a focus 
on scattering from thin films. 

In the methods chapter, all used instruments, from thin films growth, over laboratory 
characterisation methods, to polarised neutron reflectometers are explained. 
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Chapter 4 presents the results of the growth investigation of SrCoO2_5 and reports on 
the stoichiometric and structural optimisation of the thin films on STO and LSAT 
substrates. After the growth the annealing conditions for the transformation to 
SrCoO3 are determined and the resulting films characterised regarding their phase 
stability and magnetic properties by laboratory methods and polarised neutron re-
flectometry (PNR). 

In chapter 5, the characterisation of the ferroelectric PMN-PT substrates is shown, 
for both substrates orientations used in the next two chapters. 

Completing the investigation of SCO, chapter 6 reports on the growth of SCO on 
PMN-PT and the investigation by PNR. 

The study of magnetoelectric coupling in Fe3O4/ PMN-PT is described in chapter 
7. The chapter starts with the structural and magnetic characterisation of PLD 
grown samples, followed by the magnetisation dependence on the electric field. The 
different influences of strain, polarisation and charge contributions are discussed. 

An outlook of possible future studies is given in chapter 9. 

To ensure reproducibility of all results obtained here, information about the sample 
growth for all samples in this thesis are summarised in the supplementary informa-
tion. 

3 





2 Theory 

In the following, the magnetic interactions present in the investigated systems are 
sketched, based on the textbooks [17-19]. Then, properties and crystal structure of 
thin films and substrates are discussed. These are perovskite, brownmillerite and 
inverse spinel for SrCoO3 , SrCoO2_5 , and Fe3O4 , respectively. After that, ferroelec-
tricity in the substrate PMN-PTa will be introduced, followed by growth modes of 
thin films. Then, an overview of scattering theory and scattering by different types 
or radiation is given, specifically for the case of thin films. 

2.1 Crystal structures 

Table 2.1 lists the lattice constants and crystal structure of all films and substrates 
used in this thesis. 

Table 2.1: Bulk crystal structures and lattice constants of materials used in this 
thesis 

Formula unit Crystal structure a[X] b [A] c[X] References 
SrCoO2.5 orthorhombic brownmillerite 5.574 5.470 15.745 [20] 

pseudo-tetragonal notation 3.905 3.905 3.936-4 [20] 
SrCoO3 cubic perovskite 3.830 3.830 3.830 [21 l 
CoO cubic rocksalt 4.260 4.260 4.260 [22] 
Fe3O4 inverse spinel 8.396 8.396 8.396 [23] 
Lao_57Sro_33MnO3 rhombohedral perovskite 5.506 5.506 13.356 [24] 

a = /3 = 1 = 90.26° 
pseudo-cubic notation 3.87 3.87 3.87 [24] 

LSATX pseudo-cubic perovskite 3.868 3.868 3.868 [25] 
SrTiO3 cubic perovskite 3.905 3.905 3.905 [25] 
PMN-PT (30%)Y rhombohedral perovskite 4.017 4.017 4.017 [26] 

a = /3 = 1 = 89.89° 
x (Lao.25Sro. 76) ( Alo.61 Tao.37) 03 
Y[Pb(Mg1;3Nb2;3)O3]0.1~[PbTiO3]0.3 
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2 Theory 

2.1.1 Perovskite and brownmillerite structure 

One of the most commonly investigated material systems for correlated electron 
systems are perovskites. Perovskites posses an AB03_ 6 stoichiometry, with an A-site 
cation, a B-site transition metal, and oxygen ions forming corner sharing octahedra 
around the B-site ion (fig. 2.1, top left). 

The stability of the perovskite structure, for given choice of A and B site cations, 
can be estimated by the Goldschmidt tolerance factor [28], t, with the radii of the 
ions, r A,B, and the oxygen radius, r0 , 

rA + ro t=-----
v12(rB + ro) · 

(2.1) 

If the tolerance factor is between 0.9 and 1, the structure is stable as a cubic per-
ovskite. For values lower than 0.9, the oxygen octahedra will tilt, resulting in an 
orthorhombic or rhombohedral structure. 

For SrCoO3 , the tolerance factor is tsrcoo3 = 0.94, meaning it will be perfectly cubic 
perovskite. 

If the perovskite structure (in the following with index P) becomes oxygen deficient 
(6 > 0), the oxygen vacancies will reduce the symmetry of the system and for 
6 = 0.5, the brownmillerite structure (index BM) will form (fig. 2.1, top right). 
For SrCoO2_5 , the oxygen vacancies cause the oxygen octahedra in every second 
layer to be replaced by tetrahedra, with the vacancies forming channels along a 
crystalline axis and the remaining octahedra tilt away from the c-axis. The unit 
cell will then be orthorhombic, with the a and b lattice vectors ( see table 2.1) 
roughly v12 larger and c 4-times larger. This means the brownmillerite unit cell 
will be rotated by 45° in the ab plane relative to the perovskite lattice. For growth 
considerations, it may be useful to define a pseudo-tetragonal lattice (index BM, t) 
for the brownmillerite structure, such that aBM,t = bBM,t = asMtbsM and CBM,t = 
CBM/4 and <fJi,BM,taBM = 45° (similar for b). 

Perovskite substrates 

Two perovskite substrates were primarily used for the growth study of SrCoO2_5 : 

strontium titanate (SrTiO3 , STO) and lanthanum aluminate - strontium aluminium 
tantalate ( (La0.26Sr0. 16 ) ( Alo.61 Tao.31) 0 3 , LSAT). 

STO is diamagnetic and undergoes an antiferrodistortive phase transition at 105 K 
[29]. Below the transition temperature the oxygen octahedra rotate away from the 
c axis, changing the structure from cubic to tetragonal. This is accompanied by a 
compressive strain in the ab-plane caused by the reduction of the lattice constant of 
about 0.1%. 

LSAT is a disordered system with a mixture of 26% La and 76% Sr in the A-site 
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Perovskite 

Sr 

0 Co 
Fe 

0 0 

Inverse spinel 

2.1 Crystal structures 

Figure 2.1: Overview of crystal structures. SrCo03_ 0 crystallises in perovskite 
( top left) or brownmillerite ( top right) structure. Cobalt ions are indicated in 
black, oxygen in red, and strontium in blue. The oxygen octahedra are indicated 
in red, and tetrahedra in cyan. The inverse spinel structure of Fe30 4 is shown on 
the bottom. Iron ions are indicated in yellow and oxygen in red. The oxygen oc-
tahedra occupied by both Fe2+ and Fe3+ ions are indicated in red, and tetrahedra 
occupied by Fe3+ ions in cyan. A view of a partial unit cell for better visualisation 
of the octahedral and tetrahedral sites is shown on the bottom left. Figures were 
created with VESTA [27]. 

and 61 % Al and 37% Ta in the B-site. It is mostly diamagnetic, with a small 
paramagnetic moment at low temperatures, attributed to impurities [30]. 
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2 Theory 

2.1.2 Inverse spinel structure 

The inverse spinel structure has the general stoichiometry Btet(AB)actO4 , with the 
cations A, B and oxygen forming octahedra and tetrahedra around them (fig. 2.1, 
bottom). Fe3O4 grows in the inverse spinel structure, with the tetrahedral sites occu-
pied by Fe3+ ions (d5 ) and the octahedra by Fe2+ (d6 ) and Fe3+ ions (Fef~(Fe2+Fe3+)actO4 ). 

2. 2 Magnetism in transition meta I oxides 

2.2.1 Exchange interactions 

The magnetism in transition metal oxides depends on many factors, though it is 
based on the exchange interactions between the electrons of the transition metal 
and their neighbours [ 1 7]. In general, the exchange between direct neighbours can 
be described by the Heisenberg Hamiltonian, 

(2.2) 

(2.3) 

with the exchange constant, J, the direct and kinetic exchange constants, Jdir and 
Jkin, the hopping matrix element, t, and the on-site Coulomb repulsion, U. For 
systems with strong electronic correlation, the electrons are relatively localized, such 
that U > > t, and thus direct exchange is negligible. Since in transition metal oxides 
the magnetic ions are not nearest neighbours, the exchange is mediated by the 
oxygen atoms between them. For 3d metals with an intermediate oxygen atom, two 
forms of exchange interactions are dominant, superexchange and double exchange. 
Because oxygen is highly electroegative, its oxidation state is 0 2-, with the spins in 
the 2p orbitals aligned antiparallel due to Pauli repulsion, rendering it magnetically 
inert. The oxygen orbitals can, however, have a direct and kinetic exchange with 
the 3d metal orbitals and effectively mediate the exchange between the metal ions. 

Superexchange 

The superexchange interaction depends strongly on the valency and bond angle 
between the 3d metal and intermediate oxygen atom, which is described by the 
Goodenough-Kanamori-Anderson rules [31-33]. For a 180° angle and half filled (or 
empty) 3d orbitals, the superexchange is antiferromagnetic due to the kinetic ex-
change of neighbouring spins. The electrons can delocalize by aligning antiferromag-
netically, thus lowering the energy (fig. 2.2). Superexchange can be ferromagnetic in 
two cases, if one 3d orbital is half filled and the other one is either empty or full; or 
for a 90° angle between two half filled 3d orbitals. 
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2.2 Magnetism in transition metal oxides 

3d metal 02- 3d metal 

t 
Figure 2.2: Schematic of the superexchange between two 3d metal ions of same 
valency. The spins of the 3d metal are aligned antiparallel due to a lowering in 
energy by delocalization. 

Double exchange 

For 3d metals of different valency, double exchange interaction can occur. The 
additional electron on one of the ions can hop onto the oxygen-2p orbital, while 
a 2p electron hops onto the second 3d ion. This is shown in fig. 2.3 for Fe2+ and 
Fe3+. Because the 2p electron can only hop onto the Fe3+ ion if it is aligned parallel 
to the electron hopping from the Fe2+ ion, double exchange leads to ferromagnetic 
alignment of the remaining electrons on both Fe atoms. 

Fe2+ 02- Fe3+ 

Fe3+ Fe2+ 

Figure 2.3: Double exchange interaction for Fe2+ and Fe3+. The double exchange 
of the additional electron on the Fe2+ ion (black) couples the remaining electrons 
(white) ferromagnetically. 

2.2.2 Lifting of orbital degeneracy 

Hubbard band splitting 

In section 2.2.1 the Heisenberg Hamiltonian was briefly discussed. Considering the 
limit for large U, it can be energetically favourable for the 3d electrons to align 
ferromagnetically within one site, as described by the Hubbard Hamiltonian. 

(2.4) 

For an extended system, this causes a splitting of the 3d band into an upper and 
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E 
Simple metal 

3d band 

Half-metal 

Lower H. band 

Figure 2.4: Example of unsplit 
3d band for a simple metal (left) 
and Hubbard band splitting for 
a half-metal with a majority-
spin up (right). 

lower band with energy difference U (fig. 2.4). For a half filled orbital, the electrons 
will fill the lower band first. Any additional electron will then occupy the higher 
band. This results in a majority spin lower Hubbard band and a minority spin upper 
Hubbard band. If the electron in the higher band is still quite localized and not 
very mobile, the result is a charge ordering effect. If the Fermi level is in the upper 
Hubbard band, the material will be a half-metal, meaning that it is a conductor for 
minority spin electrons and an insulator for the majority spin electrons. 

Crystal field splitting 

As the ferromagnetic ions in the transition metal oxides are surrounded by oxygen 
octahedra or tetrahedra, the local environment has an effect on the energy levels 
of the 3d orbitals. The two e9 orbitals, z2 and x2 - y2 , have orbital lobes along 
the Cartesian axes, whereas the three t29 orbitals, zx, yz , and xy point along the 
diagonal directions (fig. 2.5). This means that for the octahedral environment the 
e9 orbitals are oriented along the metal-oxygen bond and the t29 point between two 
metal-oxygen bonds. As a result of the Coulomb repulsion experienced by the e9 

orbitals, their energy is increased by i EcF, whereas the t29 levels have their energy 
reduced by gEcF, with EcF as the total energy difference (crystal field energy). For 
tetrahedral environment, the case is reversed, with the t29 energetically favourable. 
The occupancy of electrons in the orbitals depends on the relative strength of the 
crystal field energy, EcF, favouring the filling of the lower lying level first, and the 
Hund's coupling (1 st rule), EHR, favouring a parallel alignment of all spins. Taking 
a 3d5 system in an octahedral environment as an example, for EHR > EcF, the 
electrons are in the same spin state, creating a high spin state, with S= ~, whereas 
for EHR > EcF the electrons fill the low lying t29 state first, with 3 spin up and 2 
spin down, creating a low spin state with S=½-

Strain splitting 

The remaining degeneracy of the orbitals after the crystal field splitting can be 
further lifted if the system experiences strain. For a uniform in-plane strain, e.g. 
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Octahedral 
environment 

Tetrahedral 
environment 

2.2 Magnetism in transition metal oxides 

d z2 : e9 orbital in crystal field 

dz2 d x,-y2 

Free ion -eq-1 ~EcF 

t 29 _ ! ~EcF 
d xy d xz d yz 

Figure 2.5: Crystal field splitting in octahedral (top) and tetrahedral (bottom) 
environment. The black spheres represent the 3d metal ions, red spheres oxygen, 
and the blue spheres the cation. The red shaded area represent the oxygen octa-
hedra and cyan shaded areas the oxygen tetrahedra. The dxy and dz2 orbitals are 
indicated in green. On the right, the resulting crystal field splitting of the energy 
levels is indicated. 

octahedral crystal field 

--~~·.·.·.·.·.· ·· · 

Free ion .-.-

compressive strain 

·······--··············· 

. .. .. .. . -- dxy 
--········ 

. . . . . . . . . . 

Figure 2.6: Crystal 
field splitting in oc-
tahedral environment 
(left) and further split-
ting by compressive 
strain (right). Below, 
the resulting crystal 
field splitting and strain 
splitting is shown. 
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for an epitaxial film on a substrate, the bonding along the out-of-plane axis will 
be different from that along the in-plane axes, thus breaking the degeneracy for 
orbitals with different z-component. This is shown in fig. 2.6 for compressive in-
plane strain in an octahedral crystal field. The splitting due to strain is similar 
to the Jahn-Teller effect, but reversed, since here the elastic strain influences the 
electronic states, whereas for the Jahn-Teller effect, the electronic states lead to 
distortion and strain. 

2.2.3 Magnetic anisotropies 

Thus far, the mechanisms governing the interactions of spins inside or between 
neighbouring unit cells have been discussed. On larger length scales, the influence 
of additional effects increases. To describe the collective behaviour of a macroscopic 
magnetisation, anisotropies are considered. The orientation of the magnetisation 
within a sample is governed by the interplay between different forces, trying to 
align the magnetisation to minimize the energy. For uniaxial anisotropy, the energy 
density required to change the angle, 0, of magnetisation from the initial direction, 
can be expressed as 

(2.5) 
with the anisotropy constant, K1 . In any given sample, the shape, crystalline struc-
ture, strain state and other contributions, dictate the magnetic anisotropy in the 
system. In general, the anisotropy is strongly dependent on the temperature. 

Magnetocrystalline anisotropy 

The crystal structure contributes to the magnetic anisotropy due to the crystal field 
(see chapter 2.2.2) combined with spin orbit coupling. For the 3d metals investigated 
in this thesis, however, the spin-orbit part plays only a very small role compared to 
the crystal field. Depending on the specific crystal system and anisotropy constant, 
the crystal field leads to easy and hard axes of magnetisation. In a cubic system, 
the anisotropy energy density is given by, 

Emc,an = K1 (sin2 0 sin2 2¢ + cos2 0) sin2 0, (2.6) 

with 0 as the angle between the magnetisation and the z-axis and ¢ as the angle be-
tween magnetisation and the x-direction. This leads to an (un)favourable alignment 
along the crystalline axes, depending on the sign of K1 . 

Shape anisotropy 

In thin films, the sample shape has a large influence on the magnetic anisotropy 
due to dipolar interaction. Trying to align the magnetisation in the out-of-plane 
direction of the film, creates a large stray field, which raises the energy density 
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according to, 
1 2 2 

Es,an = 2 µoM COS 0, (2.7) 

for the angle 0 between magnetisation and surface normal. This creates easy and 
hard directions of magnetisation. Along the easy axis the magnetisation saturates 
already in smaller fields. 

The hysteresis loops in fig. 2. 7 show the interplay between shape and magnetocrys-
talline anisotropy in a thin film sample with cubic crystal structure with the out-of-
plane direction [011]. In bulk, the magnetocrystalline anisotropy would dominate 
and the magnetic easy axis would lie along (111), but for a thin film the shape 
anisotropy forces the easy axis in-plane. The two in-plane direction, [100] and [01 I], 
then have an energy difference according to the magnetocrystalline anisotropy, which 
creates an easy axis along [OlI] and a hard axis along [100]. 

::J 
ro ........ 
C 
0 

-+- in-plane easy axis, [011] 
-+- in-plane hard axis, [100] 
-+- out-of-plane axis, [0ll] 

roO~---------~ ~ ~ ---~ 
V} 

Q) 
C 
O'l ro 

O µ0 H [a.u.] 

Figure 2. 7: Magnetisation in thin film sample F2 Fe30 4 / PMN-PT(Oll) with 
shape and magnetocrystalline anisotropy. The inset shows a zoom-in on the low 
field region. 

Magnetoelastic anisotropy and magnetostriction 

A piezo or epitaxial strain can also influence the anisotropy, similarly to the already 
discussed effects on the orbital degeneracy ( chapter 2.2.2). The deformation of 
the unit cell leads to a change in the atomic distances, making certain directions 
favourable. In fig. 2.6 for instance, the elongation along z-direction would lead to an 
energy minimum in the xy-plane. The magnetostriction energy, Ems,an, for a thin 
film sample can be calculated by [34], 

Ems,an = - ~ACT sin2 0 for isotropic strain (2.8) 

3 3 = - 2--\xo-x sin2 0 cos2 </> - 2--\yo-y sin2 0 sin2 </> for unisotropic strain, (2.9) 

with the saturation magnetostriction constants Ax,y, and the strain, CTx,y, along a 
crystallographic axis; and the angles, 0, between the surface normal, z, and the 
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magnetisation, and </>, between the magnetisation and the x-direction. 

2.2.4 Magnetoelectric coupling 

All effects discussed so far have been due to interactions between spins on a micro-
and macroscopic level without external fields. Now, the effects on the magnetisation 
of a sample subjected to an electric and magnetic field will be discussed. The free 
energy (now written as F, to avoid confusion with the electric field) can be expressed 
as [35, 36], 

electric displacement magnetic induction 
magnetoelectric coupling 

(2.10) 
The terms of the equation are the field independent free energy, F O; electric, E, 
and magnetic, H, fields; polarisation, P, and magnetisation, M; electric permittivity 
of free space, Eo, and vacuum permeability, µ0 ; electric, Xe and magnetic, Xm, 
susceptibility; and magnetoelectric coupling coefficients, a, /3, 1 , and 5. 

The first two terms describe the direct interaction between the electrical and mag-
netic field with the associated properties of the sample, electrical displacement and 
magnetisation. The terms containing both, an electrical and magnetic field de-
pendence govern the cross-coupling between electrical field with magnetisation and 
magnetic field with polarisation. 

The first magnetoelectric coupling term, aEH, describes direct magnetoelectric cou-
pling and the fourth, c5E2H2 strain mediated coupling. The second and third terms 
are linearly dependent on one and quadratic on the other field and thus far have 
not been investigated much. The magnetisation originating from the coupling terms 
can be expressed as the differentiation of the free energy by H as, 

BF 2 2 
MME= - aH = aE + 2/3EH + ,E + 2c5E H + ... (2.11) 

Direct coupling is only possible if the system breaks both time inversion (required by 
M) and space inversion symmetry (required by P). A possible mechanism to achieve 
this coupling is the Dzyaloshinskii-Moriya effect. If an antiferromagnetic system 
is also ferroelectric, the electric dipole can lead to a spin canting, distorting the 
antiferromagnetic order and giving rise to a magnetic moment. As the interaction 
is linear in E, the effect can change the sign of the induced magnetisation. 

The most common and robust coupling mechanism is strain mediation. The effect 
is based on an independent electrostriction ( or piezoelectricity) and (inverse) mag-
netostriction. As all effects involve strain, they can arise in two different materials 
and coupled via an interface, e.g. in a thin film heterostructure. A piezoelectric 
substrate, such as PMN-PT (see section 2.3.3), experiences a large amount of strain 
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in an electric field. This strain can be transferred onto a magnetic layer on top of the 
substrate, leading an inverse magnetostriction in the film, which, as discussed above, 
affects the magnetic anisotropy. Since the energy in strain coupling is quadratic in 
both electric and magnetic fields, it can not switch the sign of the magnetisation, 
but the magnetisation can still increase or decrease depending on the sign of the 
magnetostriction coefficient and strain. In eq. 2.9, the magnetostriction energy den-
sity depends on the product ,\a-, such that if both terms are of same sign the energy 
density decreases, leading to favourable alignment along the strain the strain direc-
tion and vice versa for different sign. Positive strain is defined as tensile in-plane 
strain. 

2.3 Properties of thin films and substrates 

2.3.1 SrCo03_0 

The magnetism in SrCoO3_ 8 (SCO) is quite complex, with the oxygen deficiency hav-
ing a strong influence on the interplay between ferromagnetic and anti-ferromagnetic 
order. 

SrCoO3 is a ferromagnetic metal with bulk Curie temperature of at least 305 K 
[37, 38] and saturation magnetisation of 2.5µB / Co [37]. Based on charge neutrality, 
the Co valency in SrCoO3 is 4+, with 5 electrons in the 3d shell. 

Generally, Co4+, could be in three different spin states in an octahedral environment: 
the low spin state (LS), with 3 up and 2 down spins in the t29 orbitals (S=½), the 
intermediate spin state (IS), with 3 up and 1 down spins in the t29 orbitals and 
1 up spin in the e9 orbitals (S= ~), and the high spin state (HS), with 3 up spins 
in the t29 and 2 up spins in the e9 orbitals (S=~)- In SrCoO3 (P-SCO), the Co-
3d - e9 orbitals hybridize with the oxygen 2p orbitals, leading to a negative charge 
transfer stabilizing the IS state [39] (fig. 2.8). Every oxygen atom contributes ½ of 
an electron-hole pair for each Co ion, resulting in an effective d6-HS state for the Co 
ion with an antiferromagnetic hole, leading to the d5-IS state. The hole has a mixed 
character of both e9 orbitals. Since oxygen hybridizes with both neighbouring Co 
ions, the Co e9 electron arrange parallel with each other (similarly to the double 
exchange mechanism) giving rise to the ferromagnetism. 

When SrCoO3 experiences strain, particularly compressive strain, is tends to form 
oxygen vacancies [11], which reduces the number of holes. The exchange between 
two Co4+ ions via an oxygen atom without a hole follows the antferrimagnetic su-
perexchange. This means that the ferromagnetism is drastically reduced, even for 
strain values of 1 % [40]. 

If there are enough vacancies, i.e. c5 close to 0.5, the ferromagnetism vanishes. 
At the same time, the oxygen vacancies order and alternating layers of octahedra 
and tetrahedra characteristic for the brownmillerite structure form. The resulting 
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0 i hole 

0 i charge 
transfer 
electron 

3d5 

charge 
transfer 
electron 

eg 

ligand 
hole 

Figure 2.8: Schematic of the charge transfer from the hybridization of the Co 
3d - e9 orbitals (green) with the oxygen 2p orbitals (purple) viewed along one of 
the octahedral axes on the top. The two oxygen atoms in out-of-plane direction 
are not shown. Each oxygen atom contributes i electron to the central Co ion, 
resulting in an electron-hole-pair. The t29 electrons are not shown, as they don't 
contribute to the er-bond. On the bottom the resulting er-bonding ligand group 
orbital resulting from the intermediate spin state of the Co-ion after hybridization 
is sketched. 
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2.3 Properties of thin Elms and substrates 

Octahedral site 
Fe3+ Fe2+ 
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Figure 2.9: Spin structure of the 3d orbital of Fe2+ (left). The conduction elec-
tron (green) is aligned opposite to the others, giving rise to a spin polarised cur-
rent. The octahedral and tetrahedal sublattices align antiparallel to form the ferri-
magnetic structure of Fe3O4 (right). 

magnetism for SrCoO2.5 (BM-SCO), is a G-type antiferromagntic structure with a 
Neel temperature of 570K [41]. The 6 electrons of the Co3+ ions are in the high spin 
state, with 3 up and 1 down spin in the t29 orbitals and 2 up spins in the e9 orbitals 
(8=2). Nearest neighbour Co ions are aligned antiparallel, due to superexchange. 

Since the perovskite and brownmillerite structure are chemically only different in 
the oxygen content and the oxygen mobility is high, they can be topotactically 
transformed into each other, e.g. via annealing [42]. 

As discussed before, Magnetite (Fe3O4 ) grows in the inverse spinel structure. The 
iron atoms occupying tetrahedral sites are of valency Fe3+ (d5), whereas the octa-
hedral sites are equally occupied by Fe3+ and Fe2+ ( d6 ) ions (Fef~ (Fe2+Fe3+ )actO4 ). 

Within the octahedral site, the Fe3+ and Fe2+ spins are arranged ferromagnetically 
due to a double exchange interaction. Similarly, the Fe3+ spins of the tetrahedral 
sites are coupled ferromagnetically. The two sublattices are anti-parallel with each 
other, forming a ferrimagnetic structure. Thus, the Fe3+ moments cancel out and the 
total magnetic moment of Fe3 O4 arises from the ferromagnetic alignent of the Fe2+ 
ions, which leads to a magnetisation of close to 4 µB/ f.u. and a Curie temperature 
of 858 K. 

The electric conduction is carrier based via hopping of the additional electron on 
Fe2+ onto Fe3+. Because of the Hubbard band splitting, the degeneracy of the 3d 
level is lifted. The Fermi level is in the minority-spin t 29 level which leads to a 
half-metallic character and a strong spin polarisation (fig. 2.9). 
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At Tv = 120 K, Fe30 4 undergoes a first-order Verwey transition, which causes a 
large increase in resistivity and a decrease in magnetisation [8, 12]. It is commonly 
assumed that above T v the valency of the octahedral Fe ions is randomly distributed 
and below the transition a long range order of Fe2+ and Fe3+ ions is established. This 
explains the drastic reduction in conductivity below this disorder-order transition: 
Above T v, the conduction electron can move freely, whereas below T v it is localised 
on Fe2+. 

It should be noted that there is some evidence to suggest that this classic Verwey 
model may not be entirely accurate and that there is in fact no charge ordering on 
the octahedral site [43]. However, as this is not subject of this thesis, we still assume 
the Verwey model. 

2.3.3 Relaxor ferroelectrics 

Relaxor ferroelectrics are one of the most often used materials for strain application 
by voltage [44]. For classical ferroelectrics like PbTi03, a cubic, and therefore non-
polar, lattice exists at high temperatures while at lower temperatures it undergoes 
a second order phase transition to tetragonal. Since the tetragonal phase is not 
centrosymmetric, a polarization by displacement of the central atom may appear, 
along a [100] axis. 

In contrast, relaxor ferroelectrics like Pb(Mg1; 3Nb2; 3)03 (PMN), maintain an overall 
close-to-cubic symmetry, but below a critical ("Burns") temperature, TB [45], polar 
nanoregions (PR) form. The dipolar moments within one PR are parallel and aligned 
at random along one of the possible polarisation directions [46]. The nanoregions 
form because of disorder in the occupation of the B site by atoms of different size 
and valency (e.g. Mg2+ and Nb5+). Normally, the energy would be minimized by 
establishing a compositional order, but the diffusion constant in PMN is too low, 
such that it always exists in a disordered state. There is not yet a clear understanding 
if the PR form in the whole sample with domain walls separating them (model 1), 
or in small domains within a cubic matrix (model 2) [46]. Both theories explain the 
absence of a second order phase transition, either by the presence of local random 
fields (model 1), or by a local variation of the Curie temperature due to fluctuations 
in the composition that smears out the phase transition (model 2). 

[Pb(Mg1; 3Nb2; 3)03h-x-[PbTi03]x (PMN-PT) is a solid solution of PbTi03 and 
Pb(Mg1; 3Nb2; 3)03. The polarization direction is in the (111) directions (fig. 2.10). 
By using different crystal cuts to achieve different surface orientations of PMN-PT, 
different strain states can be achieved. Fig. 2.11 shows a sketch of the polarization 
and strain for the application of an out-of-plane electric field ( dependent on the cut 
orientation of the crystal) of up to 4kV / cm [47]. 
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(001) (011) 

Figure 2.10: Structure and polarization directions (green arrow) for PMN-PT 
(top). The blue plane indicates the cut directions used in this thesis [001] and 
[011]. On the bottom, the resulting possible in-plane (blue arrows) and out-of-
plane (green arrows) polarization directions are shown. 

For a (001) cut, i.e. [001] direction out-of-plane, both in-plane directions, [100] 
and [010], are equivalent. As the polarisation is along the (111) directions, all 
polarisation axes have an equivalent in-plane and out-of-plane projection (fig. 2.10 
left), leading to vanishing strain without applied electric field ( fig. 2.11 b). Upon 
the application of voltage, the crystal experiences tensile (positive) strain as the 
polarisation vectors with an out-of-plane component anti-parallel to the field try to 
align with the field. As the electric field reaches the coercive field, the polarisation 
vectors switch to align with the field, which releases the tensile strain and creates a 
compressive (negative) strain that increases with increasing field. When the electric 
field is reduced, the strain relaxes. The switching process is often called a butterfly 
like strain loop ( fig. 2.11 b). 

For a (011) cut, the two in-plane directions, [100] and [OlI], are crystallographically 
distinct and therefore show drastically different behaviour in electric field. Two 
distinct polarisation orientations are present, 4 directions with in-plane component 
along [100] and out-of-plane component (green arrows in fig. 2.10 bottom right) 
and 4 directions with an in-plane component in both [100] and [01 I] (blue arrows in 
fig. 2.10 bottom right). As half of the polarisation directions don't have a component 
along [0lI], there is a remanent compressive strain present even without an applied 
electric field (fig. 2.11c,d (1)). When an electric field is applied, the behaviour along 
[100] is similar as for the (001) cut and resembles a butterfly shape (fig. 2.11 b). 
In [0lI] direction however, a large strain jump towards the tensile regime occurs 
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at the coercive field (Ee ~ 1.5kV / cm) (fig. 2.llc,d (3)), caused by the switching 
of polarisation vectors with an out-of-plane component oppisite to the electric field 
into the (011) plane. These polarisation vectors previously had no component along 
[0lI] and with the reorientation now contribute a large tensile strain. Once the field 
is increased slightly however, the strain jumps back, as the in-plane polarisation 
vectors realign with the field and lose their [OlI] component (fig. 2.llc,d (4)). 

Polarization b) Strain d) 
E a) Ee 

Electric 
(1) 

"" field 
(2) [~ i Electric tensile i:/ __ ~ i 

field (3) 
c) 

\ I (3) i~ i 
[011] strain I_ ._ __ _. _l 

jump 

(4) M (4) 
com-

(1) (2) 
pressive 

Figure 2.11: Schematic of polarization (a) and strain (b,c) for a PMN-PT(Oll) 
substrate poled in the [011] direction. Curve b) shows the strain in [100] direction, 
while curve c) shows strain in [0lI] direction. The dashed line indicates the coer-
cive field, Ee, at about 1.5 kV / cm. Polarisation and strain sketches are adapted 
from [47]. Images d)(l)-(4) depict the evolution of polarisation vectors along [0lI] 
with applied field. The bi-axial in-plane strain in PMN-PT(00l) is similar to b). 

2.3.4 Crystal growth modes 

low mobility surface atoms 

CJ_,> CTJ + CJ; 

Volmer-Weber Frank-van der Merwe Stranski-Krastanov 

high mobility 
surface atoms 

Step-flow 

Figure 2.12: Possible growth modes during deposition. For low surface mobility 
and low interfacial energy, the film will grow in islands (Volmer-Weber). For a 
high interfacial energy, layer-by-layer (Frank-van der Merwe) or layer-plus-island 
(Stranski-Karastanov) modes are possible. For a high surface mobility, a step-flow 
growth can take place. 

The successful growth of thin films by molecular beam epitaxy (MBE) (see chapter 
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3.1.1) is dependent on a large parameter space of thermodynamic and material prop-
erties, such as temperature, lattice mismatch of the materials, sticking coefficient, 
surface energies of the adsorbed atoms and of the substrate. 

Generally, four growth modes are distinguished (fig. 2.12) [48]. The first three modes 
consider low mobility of the adsorbed atoms, because of low growth temperature or 
high atomic flux. In this case, growth is governed by the surface energies of the 
substrate O" s, and film O" f · 

The Dupre equation can then be used to calculate the interfacial energy, O"i, 

(2.12) 

with the specific adhesion energy /3. 

Using it, one can calculate the height-to-length relation of a crystal growing on a 
foreign substrate, 

(2.13) 

Following from this equation, one can separate two cases: 
For O"s < O" f + O"i, it is not energetically favourable for the deposited material to 
wet the whole substrate evenly, but rather to form clusters to minimize the surface 
energy, resulting in island growth (Volmer-Weber). For 0"8 > O"J + O"i, the film cov-
ers the complete substrate evenly, indicating either a layer-by-layer (Frank-van der 
Merwe) or layer-plus-island (Stranski-Krastanov) growth. For low lattice misfit, a 
layer-by-layer growth is energetically favourable. If the mismatch is too high, the 
upper layers, not benefiting from the reduced surface energy at the interface, begin 
to form islands. 

For a high mobility of atoms on the surface, step-flow growth can occur. The 
miscut of the substrate leads to a step-like terrace structure of the surface. Adatoms 
nucleate at the step edge and from there additional incorporated atoms grow this 
step further, leading to continuation of the terrace structure. 

2.4 Scattering 

2.4.1 General scattering theory 

To investigate the physical properties of samples, scattering of different probes from 
the sample can be a very useful tool. In the following, the basics of scattering theory 
will be explained, based on [18,49,50], though not fully derived. For a full derivation, 
the reader is referred to the references. 

To discuss scattering, first the particle-wave duality has to be sketched. According 
to the de-Broglie relation, a particle beam can be described by wave properties. The 
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wavelength, >., of the particle-wave is inversely proportional to the momentum, p, 

,\ = !!_ 
' p 

(2.14) 

with Planck's constant, h. The wave vector, k, is then 

(2.15) 

In the following the wavelength of the particles will be assumed to be constant, so the 
incident beam is monochromatic and there is no energy change during scattering, 
i.e. only elastic scattering. Further, the distances between the sample and both 
the source and detector is assumed to be much larger than the size of the sample 
(Fraunhofer approximation, see fig. 2.13). 

Source Detector 

Sample 
·························· 

Figure 2.13: Fraunhofer approximation for scattering. A point source emits a 
wave, which appears as a plane wave front due to the large distance to the sample. 
The wave front interacts with the sample and is scattered under an angle of 20 
relative to the initial wave vector. The emitted wave at the detector position can 
again be considered a plane wave. Image adapted from [49]. 

As such, any isotropic wave front emitted from the source will be a plain wave at 
the sample and equivalently, the scattered wave from the sample will be plain at the 
detector. The waves can be described by their wave vectors, k for the incident wave 
and k' for the scattered wave. The magnitude of the wave vectors is then 

(2.16) 

The difference in outgoing and incoming wave is described by the scattering vector, 

(2.17) 
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Following eq. 2.14, the momentum transfer, nQ, is then, 

nQ = n( ft - k) = i' - ff, (2.18) 

with the momentum of the incidence wave, p, and scattered wave p'. The magnitude 
of the scattering vector is then dependent on the wavelength and the scattering angle 
with 

41r 
Q = IQI = T sin 0. (2.19) 

When we consider scattering of the wave from all points in a sample volume, Vs, 
the amplitude of the scattered wave is a superposition of the individually scattered 
waves, 

A(Q) = /;,2 . J V(r) eiQ•r d3r = J Ps(r) eiQ•r d3r, (2.20) 
Vs Vs 

with the amplitude of the initial wave, A0 , and the interaction potential, V ( r), 
at the position r. The interaction potential and the pre-factor can be written as 
the scattering density p8 (r) = 2~ 2 V(r). The interaction potential is hereby very 
different for different types of scattering probes, e.g. X-rays or neutrons. The term 
Q · r in the exponential function is the phase difference between waves scattered at 
two different positions in the sample. The amplitude is thus a Fourier transformation 
of the scattering density. The amplitude of the scattered wave, however, is not a 
measurable property in most cases. Rather, the intensity distribution, 

I(Q) ~ IA(Q)l2 (2.21) 

is measured. In the general case, the detector doesn't measure the whole intensity 
distribution, but rather the cross section visible to the detector. The number of 
particles, n', scattered from the sample from an incident beam with the flux j, into 
the detector solid angle dS1 in the energy range dE' is called the double differential 
scattering cross section 

d2 o- n 
dS1dE' jdS1dE'. (2.22) 

If the detector is not energy sensitive, it effectively integrates over the whole energy 
range resulting in the differential cross section, 

CX) 2 

do- (0) = J d CT I dE' ~ IA(Q)l2 = (__!!!__)2 l(k'IVlk)l2 
dS1 dS1dE' 0 21rn2 

(2.23) 
0 

By integrating over all angles, the total scattering cross section can be determined 

471' Jdo-
o- = dS1 dS1. (2.24) 

0 
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Using equation 2.20 and 2.21, we can rewrite the intensity as [49] 

(2.25) 

with the substitution R = ii - rand the static pair correlation function , 

(2.26) 

Depending on the experiment and probe, P(R) describes a number of different 
correlations in the sample, such as the spatially periodic arrangement of atoms for 
diffraction (Patterson function) or spins for polarised neutron scattering. 

2.4.2 Scattering with different probes 

As explained in eq. 2.20, the scattering amplitude varies with the interaction between 
scattering probe and sample. A short overview of scattering with all probes used 
in this thesis will be given in this section. In general, the wavelength of the probe 
has to be similar to the length scale that is to be investigated. Since the de-Broglie 
wavelength is dependent on the mass of the probe, the energy varies strongly for a 
wavelength in the A range, as shown in fig. 2.14. 
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Figure 2.14: Wavelength-energy diagram for the probes used in this thesis. The 
gray shaded area indicates the typical length scale for diffraction and reflectome-
try between 1 and 10 A. Energies for neutrons at the reflectometers MARIA and 
PBR (chapter 3.4) , electrons in LEED (chapter 3.2.2), and X-rays from a CuKa 
source used for reflectometry and diffraction ( chapter 3.3.2) are indicated. 
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2.4 Scattering 

Neutron scattering 

According to equation 2.20, the amplitude of the scattered wave is dependent on the 
interaction potential for the respective probe. In case of neutrons scattering from 
nuclei by the strong interaction, the Fermi-pseudo-potential can be used 

(2.27) 

which describes the nuclei as point like, with a corresponding scattering length, b, 
essentially half of the "radius" of the nuclear cross section CJ = 41r lbl 2 , with the 
neutron mass, mn- The scattering length is dependent on the nuclear structure and 
varies significantly between isotopes. 

For scattering from a number of atoms, N, that are arranged at the positions a, the 
potential can be summed up to 

with the scattering amplitude 

N 

An(Q) = L bi eiQa_ 

The differential scattering cross section can then be calculated as 

2 

~~(Q) = (b) 2 LeiQa +N((b-(b))2), 

(2.28) 

(2.29) 

(2.30) 

which contains contributions from the coherent scattering ( ( b) 2 I 2t e"l" I') and i nco-

herent scattering (N ((b - (b) )2 ) ). 

Since neutrons have a spin, they are also sensitive to the magnetic dipole moment 
of unpaired electrons, described by the potential 

(2.31) 

with the gyromagnetic factor of the neutron, rn = -1.913, and the nuclear magneton 
µN = 2en . The spin operator, er, is defined by the Pauli matrices defined by 

mp 

( 0 -i) 
i O . (2.32) 
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This leads to the differential cross section for magnetic scattering [51] 

(2.33) 

with the electron radius, re = 4 e2 
2 = 2.82 fm, the spin of the neutron before, 

7rEQffieC 

O'y, and after scattering, O'~, and, lYh, the magnetization perpendicular to Q (see 
fig. 2.15). The magnetization parallel to Q does not contribute, because its contribu-
tion averages to 0. In the following, the spin direction of the neutron will be defined 

Sample 

Figure 2.15: Definition of direction in scattering experiments. 

parallel the y-direction, parallel to the magnetic field, as 

up = I+) = ( ~) , down = I-) = ( ~) . 

The amplitude of the magnetic scattering is then 

considering the cases for all spin states, 

( ~) rnre A Q magnetic = - -2- · 
µB 

M}QIIY 

- M l_Qlly for the spin states 
M l_Qllx - iM l_Qllz 
M l_Qllx + iM l_Qllz 

(+I+) 
(-1-) 
(+I-) 
(-1+) 

(2.34) 

(2.36) 

the spin remains in the same direction for M II y and flips for M l_ y. Hence, 
measurements with M II y are called non spin-flip scattering and measurements 
with M l_ y spin-flip scattering. 
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2.4 Scattering 

X-ray scattering 

X-rays (and electromagnetic radiation in general) can be scattered by the electrons 
in an atom by the interaction of the electric field component of the X-rays, E (½), 
with the polarizability of the atom, x ( ½), which are both inversely dependent on 
the wavelength. The incident beam polarizes the atom according to 

P (±) = X (±) E (±), (2.37) 

which subsequently re-emits the outgoing beam [52]. For small wavelengths, this 
can be described by the differential Thomson cross section 

do- I 12 r2 
dn = fx(Q) ~(1 - cos2 (0)). 

tThomson 2 
(2.38) 

Here fx ( Q) is the atomic form factor for X-rays, the Fourier transformation of the 
electron density, Pe, 

(2.39) 

The form factor for x-rays can be compared to the magnetic form factor for neutrons, 
as both decay for higher Q, though the X-ray form factor drops off less quickly. 

Electron and ion scattering 

Scattering of a charged particle from another by the Coulomb interaction can be 
described with the potential [53] 

(2.40) 

with the permittivity of free space, Eo, the charge of the scattering particle, C1 , the 
charge of the particle generating the potential, C2 , and the distance between them, 
r. 

The resulting scattering cross section, called Rutherford cross section, is given by, 

(2.41) 

For free electrons scattering from the electrons of an atom with the nuclear charge, 
Z, this can be written as [54] 

(2.42) 

Since the interaction potential for charged particles is much stronger compared to 
that for neutral ones, the cross section is much larger compared to the neutron or 
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X-ray cross section. For electrons, the penetration depth (inelastic mean free path), 
de - , in nm can be estimated based on the empirical formula [55] 

(2.43) 

with the electron energy, Ee- , in eV and the thin film thickness, c, in nm. For low 
energy electrons in the 100 eV range, this means the penetration depth is in the 
order of only a few monolayers. 

For scattering of He-ions, the cross section can be written in the laboratory reference 
system to be 

da (ZHeZte2) 2 1 
dDR,He - l61rE0Eo sin4 (0/2) Jl - (mHe/mt) 2 sin2 0 

(2.44) 

with the He-ion mass and charge, mHe and ZHe, and the mass and charge of the 
target atom, mt and Zt [56]. 

2.4.3 Scattering from thin films 

In the following, the principle behind two different scattering regimes used in this 
thesis, reflectometry and diffraction, will be explained. Since all investigated samples 
are thin films, scattering can be divided based on the angle of incidence relative to 
the sample plane, as shown in fig. 2.16. In general, the sample is oriented in the 
xy plane, with the surface normal in the z direction. For low angles, reflectometry 
gives insight into sample properties such as thickness, roughness of interfaces and 
the magnetic depth profile. For higher angles of incidence, diffraction can be used 
to study the crystalline structure. The crossover between the two scattering regimes 
is not sharp and depends on the specific sample. 

Reflectometry 

For thin film samples, reflectometry is one of the most important tools to determine 
the sample properties. Reflectometry is scattering under grazing incidence, due to 
which the atomic structure is not resolved and the film appears as a homogeneous 
medium. This is similar to the treatment of light scattering in classical optics 
and the same geometric considerations apply (fig. 2.17). A beam incident at an 
interface under a certain angle 0 is partially reflected at the same angle and partially 
transmitted, under a different angle, depending on the indices of refraction. This 
process is repeated for all interfaces the beam encounters. The various reflected beam 
superimpose, creating an interference pattern. Here, reflectometry for neutrons will 
be explained based on [57, 58], but the results are similar for X-ray reflectometry. 

Since the film is treated as a homogeneous medium, we can re-write the scattering 
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Figure 2.16: Scattering from thin films for small angles (reflectometry) and large 
angles (diffraction). The example shown here is X-ray scattering from sample Ll 
SrCoO2_5/ LSAT(001). 

Incident 

Thin 
film 

z 

Film reflected 
beam 

Substrate 

reflected 
beam 

Substrate 

beam 

Figure 2.17: Scattering from a thin film sample for reflection condition. The 
beam reflected from the film and substrate acquire a phase difference, which re-
sults in Kiessig fringes due to constructive and destructive interference for varying 
incidence angle. Image adapted from [58]. 
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potential in eq. 2.27 for the scattering potential in the medium, ½ as 

V, _ 21rli2 
t - mn PsL,n with PSL - _1 - "' b-,n - volume L,..., i, (2.45) 

with the nuclear scattering length density PsL,n, as the sum of the individual scat-
tering lengths, bi times the number of atoms per unit volume. 

The Schrodinger equation of neutrons in a potential V, is given by 

(2.46) 

and we define the wave functions of the incidence ( i), reflected ( r), and transmitted 
(t) beams as 

ik r • h • w X = axe X ' wit X = i, r, t (2.47) 

then the following equations must hold for the continuity of W and at the interface 
and ai = 1: 

(1) 
(2) 

--+ --+ --+ 

ki = arkr + atkt 
(3) components II surface 
( 4) components l_ surface 

k cos 0 + ark cos 0 = at k cos 0 t 
(1 - ar)ksin0 = atntksin0t. 

with 1£1 = k. 

This means, Snell's law holds also for neutrons 

cos 0 kt -- = - =nt. 
cos 0t ki 

(2.48) 

(2.49) 

As the nuclear scattering length density for most materials is positive, the index of 
refraction is slightly smaller than 1, with 

(2.50) 

and the beam in the medium is refracted towards the surface. For angles smaller 
than a critical angle 0c, the refractive index will become purely imaginary and the 
beam will be reflected completely. The critical angle is then 

0 -1 \ {piZ: 
c = cos nt ~ /\ y ------;;- . (2.51) 

With the components perpendicular to the surface, kij_ and kr J_, the reflectivity, R, 
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and transmittance, T, can be calculated as 

R= larl 2 = ki J_ -ku 12 
ku +ku 

lal= 12 T= 2k J_ 

k; J_ ~ku 

(2.52) 

The reflectivity can then be written as a function of Q = I ol 
as R-1Q-~12 

- Q+JQ2-Q~ 
(2.53) 

After scattering, the waves reflected from the film and the substrate will interfere, 
based on the phase shift due to their path length difference. For angles larger than 
twice the critical angle, we can approximate 0t = 0 since the refraction can be 
neglected. The path length difference, p, is then 

p = 2dsin0, (2.54) 

for the film thickness, d. To get constructive interference, p has to be an integer 
multiple of the wavelength, such that 

27r n>-.. = 2dsin0, or Q = nd (2.55) 

This is the so called Bragg equation for constructive interference. This effect leads 
to an oscillatory behaviour of the intensity, called Kiessig fringes (fig. 2.18). From 
the distance between two maxima, ~Q, the thickness can be measured as 

d = 27r 
~QKiessig 

(2.56) 

If the interfaces (both vacuum-film and film-substrate) are not perfectly flat, the 
roughness, ax, for the layer x, can be treated as a height distribution and results in 
a decay of the reflectivity, 

R _ R e-4a;kxl_ kx+ H 
rough - flat · (2.57) 
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Figure 2.18: X-ray reflectometry from a SrCoO2.5 / LSAT(001) sample. The criti-
cal edge ( critical angle), intensity drop-off for angles higher than the critical angle 
and the Kiessig fringes can be seen. 

Polarized neutron reflectometry 

For polarised neutron reflectometry, the nuclear ( eq. 2.45) and magnetic ( eq. 2.31) 
potentials have to be considered. The combined potential can then be written as 

where PsL,m = ;:~ ,nµn?f · B is the magnetic scattering length density. With the 
discussion of polarized neutrons in chapter 2.4.2, we can separate four cases, based 
on the spin direction of the neutron before and after scattering. Continuing with 
the same definition, the neutron beam direction n is along x, the scattering vector 
Q is along z, and the neutron spin direction described by the polarization along the 
magnetic field direction parallel to z (see fig. 2.15), with 

and (2.59) 

with the number of neutrons in the up state, nt, and down state, n+. The orientations 
are then n II x 

ft II ff II 17 
Q II z 

(2.60) 

Since Q II z, any magnetization along z does not contribute, only the magnetization 
along x and y has to be considered. The individual contributions were discussed 
in eq. 2.36: For P II M, the spin direction remains the same, so there is no spin 
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flip (NSF), whereas for P l_ M, the spin flips (SF). The nuclear component of the 
scattering only contributes for no spin flip. The scattering contribution for the four 
spin states is then, 

Diffraction 

NSF (+I+): b + My 
(-1-): b- My 

SF (+I-): 
(-1+): (2.61) 

In eqs. 2.25 and 2.26, the scattering intensity can be viewed as the Fourier transfor-
mation of a pair correlation function. In the case of X-ray diffraction from a crystal, 
the correlation function takes the periodic form corresponding to the crystal struc-
ture [59]. Fundamentally, to construct a crystal, a basis is repeated on each point of 
a point lattice. Depending on the basis and lattice, the crystal can exhibit a large 
number of symmetries, which are discussed in detail in the textbooks, such as [18]. 

The point lattice can be defined by the lattice vectors a, b, and c, and the angles 
<rab = ,, <rbc = a, and <rm = /3 which describe the translation symmetry of 
the crystal. Any linear combination of the basis vectors, R = ua + vb+ wc ( with 
u, v, w E Z), from the origin, coincides again with a lattice point. The direction 
of the vector is then [uvw]. The length of the lattice vectors, e.g. a = lal, is the 
lattice constant. A set of parallel (translationally equivalent) lattice planes passing 
through three lattice points is defined by the Miller indices ( hkl): if the plane closest 
to the origin intercepts the lattice directions at a/h, b/k, and c/l, the lattice plane 
satisfies the equation 

hx ky lz -+-+- =n, a b c 
(2.62) 

with the integer n. The distance between the lattice planes, d( hkl), for an or-
thorhombic lattice ( a -::/ b -::/ c, a = /3 = 1 ) is given by, 

d(hkl) = (2.63) 

Along with the lattice, the basis defines the crystal structure. It is the set of atoms 
that repeats at every lattice point and build up, together with the lattice, the crystal 
lattice, as shown in fig. 2.19. 

Since a diffraction experiment is basically the measurement of the Fourier transform 
of a crystal lattice, it is useful to define a reciprocal lattice by the lattice vector, 

G = hg---;_ +kg-;+ lg3 for the real space vector R = ua +vb+ wc, (2.64) 
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Figure 2.19: Construction of a crystal by the repetition of a basis at every point 
of the lattice. 

with the definitions, 

9---;_. a= 21r 

9-;. b = 21r 
----> ----> 2 93. C = 7r 

---+ ---+ ---+ ---+ 0 92. a= 92. C = (2.65) 

93 · a = 93 · b = o 

If we now consider a basis of one atom, the scattering from the crystal can be 
described by the scattering amplitude according to eq. 2.20. Because of discrete 
scattering centres in the lattice, the integral can be transformed into a sum. For the 
one dimensional case of a number of N unit cells in c direction, the amplitude can 
then be written as 

(2.66) 
atoms 

with the scattering length, b. The intensity is then given by the square of the 
amplitude as, 

( __,) rv I ( __,)12 = I 12 sin2(½NQc) IQ A Q b . 2 (1 ) . sm 2Qc 
(2.67) 

The maximum intensity is then at ½Qc = j1r, for an integer j. This results in the 
Bragg equation, already shown for reflectometry (2.55): 

21r 
QBragg = j-. 

C 
(2.68) 

The intensity as a function of Q is shown in fig. 2.20 for different values of N. If 
we generalize the condition for constructive interference to three dimensions, we can 
write it in vector form as 

(2.69) 

From the definition of the reciprocal lattice in eq. 2.65, it is then immediately clear, 
that this is only fulfilled for the Laue condition, 

(2. 70) 
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Figure 2.20: Laue oscillations for diffraction from N layers in linear scale (left) 
and logarithmic scale divided by N 2 (right). 

This condition can be visualized by the Ewald construction, shown in fig.2.21. Fol-
lowing the crystallographic convention, the starting point of k is the sample, with 
its end being the origin of the reciprocal lattice. The Ewald sphere spans a sphere 
of radius I kl = 27r / >. around the starting point of k. The Laue condition is fulfilled 
if k' also lies on a reciprocal lattice point, so that Q = G = k' - k. 
Returning to the intensity shown in fig. 2.20, around the Bragg peaks, the intensity 
oscillates depending on the number of unit cells, N, with the distance between 
maxima given by, 

(2.71) 

This equation can be used to determine the thickness of the crystalline medium and, 
together with the film thickness determined by reflectometry ( eq. 2.56), can be used 
to determine the fraction of the sample that is crystalline or amorphous, 

dReflectometry _ 27T 
film -

~QKiessig 

dDiffraction _ 27T = NC. 
crystal - ;\ Q 

L...l Laue 

(2.72) 

(2.73) 

An example of an XRD measurement of a thin film on a substrate is given in fig. 2.22, 
which shows the sharp Bragg peaks for the substrate and broader Bragg peaks with 
Laue oscillations for the film. 

In summary, diffraction gives information about the crystalline structure, by deter-
mining the inter-planar spacing (parallel to Q) and the number of crystalline layers. 
For thin films on a substrate, the Bragg peak position is also a measure of strain, 
since the lattice constant of a bulk crystal is different from that of a strained film. 

35 



2 Theory 

Ewald sphere 

Q 

[001]11 z 

L,100,11, 

Q 

Figure 2.21: Ewald construction for diffraction from a thin film sample, in the 
case of the (002) reflex. 
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Figure 2.22: X-ray diffraction of sample 12 SrCoO2_5/ LSAT(001). The substrate 
peaks are marked with stars and the film peaks with arrows. 
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Figure 2.23: Ewald construction for diffraction from a quasi 2-dimensional sam-
ple, such as for low energy electrons, or electrons in reflection. 

The observations made above assume that the scattering probe can interact with 
the complete film, i.e. that the penetration depth of the probe is larger than the film 
thickness. For low energy electrons ( or electrons in grazing incidence ( e.g. RHEED, 
see chapter 3.2.1)) that condition is not met. Since the electrons only interact with 
the first one or two monolayers, the film appears 2-dimensional. In reciprocal space, 
this leads to an elongation of the lattice points in the direction perpendicular to the 
surface into lattice rods (fig. 2.23). The scattering condition is then fulfilled for all 
intersections of these reciprocal lattice rods with the Ewald sphere. 

In the case of high energy electrons scattering in reflection, the Ewald sphere is small 
(as it scales inversely with the wavelength) and the angle ofreflection is shallow. The 
reciprocal lattice rods are not I-dimensional due to imperfections in the film surface 
and the Ewald sphere is not infinitesimally thin due to an unavoidable wavelength 
uncertainty. As a result, the intersection of both is not spot-like, but rather extended 
along the out-of-plane direction [60]. This is especially true for the 0th order Laue 
zone as here the angle is the smallest and thus the intersection the biggest. 
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3 Methods and instrumentation 

3.1 Sample preparation 

3.1.1 Molecular beam epitaxy (MBE) 

The main deposition method used for this thesis is Molecular Beam Epitaxy (MBE). 
Two different systems were used, the MBE setup at MLZ (MBE-MLZ) in Garching 
and the OMBE at Forschungszentrum Jiilich. Both systems are DCA M600 setups 
and therefore very similar (fig. 3.1) [61]. 
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Figure 3.1: Schematic of the DCA M600 molecular beam epitaxy setup. 
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Left: Overview of the main chamber, with effusion cells, e-guns and plasma 
source for thin film growth, and RHEED for analysis of the crystallinity and 
growth mode during deposition. Right: Top view of the complete system of main 
chamber, buffer line and load lock. In the buffer line, a LEED and an AES setup 
is mounted. Taken from [62]. 

The MBE setup consists of 3 vacuum chambers: load-lock, buffer line, and main 
chamber. The chambers are connected via gate valves to transfer samples in vacuum. 
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The load-lock is a small vacuum chamber used to transfer samples into and out-of 
the system without needing to vent the buffer line and growth chamber. It can 
be heated to 200°C to minimize the amount of adsorbed water introduced into the 
system. A pressure of 5-10-s mbar is maintained with a Pfeiffer HiPace 80 turbo 
pump. Two sample trolleys, with space for twelve sample holders each, can be moved 
between the load lock and buffer line with a rail system and magnetically coupled 
rotators. 

The buffer line is used for storage of samples in ultra high vacuum (UHV) and houses 
a low-energy electron diffraction (LEED) system and an Auger electron spectroscopy 
(AES) instrument. It is pumped with a 240 1/ s Gamma Vacuum 300 Lion pump to 
a pressure of 5-10-10 mbar. Samples can be transferred to the main chamber with a 
transfer arm. 

In the main chamber, a Pfeiffer HiPace 700 turbo pump and a CTI Cryogenics 
cryo-pump sustain a base pressure of 1-10-10 mbar. Additionally, a liquid nitrogen 
cryo-shield further acts simultaneously as a getter pump and cooling system. Around 
the main chamber, six water-cooled effusion cells and two electron guns ( e-guns), 
each housing four crucibles, are used to evaporate material. Each source is equipped 
with a shutter, allowing for either simultaneous or sequential deposition. A plasma 
source is used to supply atomic oxygen for the growth of complex oxides. 

Nearly all elements used for this thesis were deposited using the effusion cells. The 
cells are heated until the material inside the crucible starts to evaporate. Using a 
quartz crystal micro balance ( QCM) at the sample position, the amount of evapo-
rated material can be determined, by measuring the change in resonance frequency 
of the quartz crystal, 

~f 
f 

~m 
p·F·d' 

(3.1) 

which depends on the deposited mass, ~m, the density of the quartz, p, the area, 
F, and the thickness of the deposited layer, d [63]. 

For co-deposition, the frequency change for individual elements are calibrated, such 
that the frequency change ratio corresponds to the desired stoichiometry. Then, 
once the evaporation rate is stable for the duration of the deposition ( 1-2 hours), 
the QCM is retracted and the substrate lowered from its waiting position above the 
main shutter to the deposition position. 

An in-situ reflection high-energy electron diffraction (RHEED) system is used to 
monitor the crystalline structure of the thin film during growth. Additionally, a 
residual gas analyser can be used to measure the composition inside the chamber. 

3.1.2 Pulsed laser deposition (PLO) 

For the deposition of Fe30 4 films, the Pulsed Laser Deposition (PLD) system of the 
neighbouring institute PGI-7 was used. The samples were deposited by M. Hussein 
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Hamed (PGI-6). 

A 50W KrF laser is used to ablate an Fe20 3 target. It operates with a wavelength 
of 248 nm and a pulse length of 25 ns. The used laser fluence is about 1.5 J / cm2 , 

with a frequency of 5 Hz. For the deposition of Fe30 4 , the chamber is flooded with 
oxygen, which raises the base pressure of 1-10-7 mbar to the deposition pressure of 
2-10-5 mbar. The material plume ejected from the target condenses on the substrate 
that is heated to 500°C. Due to the non-equilibrium conditions during PLD growth, 
the oxygen content in the film is not necessarily the same as in the target. In fact, 
to grow Fe20 3 films from the target used here, the oxygen pressure in the chamber 
need to be much higher than for the growth of Fe30 4 . 

Vacuum chamber Laser 

/' Substrate 
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,,,,,,,,,,/ " 

Plume 1 t 
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Figure 3.2: Sketch of a pulsed laser deposition setup. A laser locally heats the 
target, causing a material plume to be ejected towards the substrate. The mate-
rial adsorbs onto the substrate and forms a layer. 

3.2 In-situ methods of the MBE system 

3.2.1 Reflection high-energy electron diffraction (RHEED) 

To achieve high quality thin film samples, control of growth mode and stoichiometry 
is highly important. To observe the crystallinity of the layer during growth, Reflec-
tion High-Energy Electron Diffraction (RHEED) is used. An electron beam with 
an energy of 15 keV is directed towards the sample, where it scatters under shallow 
angle. The elastically scattered electrons are then observed on a fluorescent screen 
(fig. 3.3). 

As explained in chapter 2.4.3, the scattering condition is fulfilled if the Ewald sphere 
intersects a reciprocal lattice point. Because of the shallow incidence angle, the 
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Figure 3.3: Top: Schematic and Ewald construction for RHEED. Since the pen-
etration depth of the electrons is very low, the diffraction condition gets smeared 
out in the out-of-plane direction. Instead of reciprocal lattice spots, lattice rods 
are intersecting the Ewald sphere, giving rise to Laue rings on the fluorescent 
screen. Bottom: Origin of the individual diffraction spots for a cubic substrate 
with scattering along the [110] direction. 

penetration depth of the electrons is low and the depth information is lost making 
RHEED very surface sensitive. The scattering can be treated as from a 2 D structure 
and the reciprocal lattice points elongate into rods perpendicular the surface. The 
scattering condition is then met for intersections of the lattice rods with the Ewald 
sphere. The diffraction pattern for a single crystal thin film is then a set of rings 
originating from the lattice plane perpendicular to the beam direction. 

The diffraction pattern can be used to gather information on the present crystallo-
graphic phases or amorphous growth. 

Growth observation by RHEED 

RHEED can be used during thin film growth and hence the growth mode can be 
determined. 

Layer-by-layer growth can be confirmed by observing an oscillatory behaviour in 
the intensity of the specular reflected spot (fig. 3.4) [64]. For a complete layer, the 
intensity is at a maximum. As the next layer starts to form, the intensity drops 
due to the increasing surface roughness, reaching a minimum when the layer is half 
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formed. As the layer gets completed, and thus flat, the intensity once again reaches 
a maximum. For step flow growth, the amplitude stays constant, as there is no 
nucleation within one terrace, but only at the step edge and the roughness of the 
film doesn't change. If there is island growth, the electrons may transmit through 
the island with a resulting spot like pattern (fig. 3.4) [60]. 
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Figure 3.4: Left: Illustration of the RHEED intensity oscillations. After the 
start of the deposition (a), the intensity decreases drastically, since the rough-
ness increases. With the completion of the first monolayer (b), a local maximum 
is reached. As the next layer is deposited, the intensity decreases to a minimum 
until the layer is half deposited ( c). The intensity increases again until the second 
monolayer is complete (d). Right: RHEED in transmission through an island cre-
ating a spot pattern. 

3.2.2 Low-energy electron diffraction (LEED) 

Using Low-Energy Electron Diffraction (LEED), the cristallinity and in-plane lattice 
parameter of the sample can be determined in-situ. Electrons with energies, E, 
between 50 eV and 500 eV are hitting the sample perpendicular to the surface and 
get backscattered (fig. 3.5) [65]. The de-Broglie wavelength of the electrons, >., can 
be calculated with 

150.4 
E[eV]' 

(3.2) 

to be in the A range. Following the Bragg condition, the electrons scattering from 
crystalline structure of the sample produce a diffraction pattern. Because the pen-
etration depth of electrons for the used energies is only a few monolayers, LEED is 
very surface sensitive. 

The distance between the Bragg spots can be used to calculate the lattice con-
stant of the film, by relating the geometric scattering condition to the real space 
measurement setup, 

hR v!U 
a=---

J2mee d ' 
(3.3) 

with Planck's constant, h, the radius of the screen, R, mass of the electron, me, 
elemental charge, e, the voltage, U, and distance between neighbouring spots, d. 
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Figure 3.5: Schematic of the LEED setup. Left: Electrons impinge on the sam-
ple surface and are scattered back onto the screen. Right: By considering the 
scattering condition and the experimental setup, the in-plane lattice constant of 
the film can be determined using eq. 3.3. The screen radius for the used Specs Er-
LEED system is 66 mm. 

3.2.3 Auger electron spectroscopy (AES) 

To measure the surface chemical composition of a sample or substrate in-situ, Auger 
Electron Spectroscopy (AES) is used. Electrons are accelerated towards the sam-
ple, where they scatter inelastically, transferring enough energy to expel a core shell 
electron. To fill the vacancy, another electron transitions to the lower energy. The 
associated energy loss is transferred to a third (Auger) electron, which leaves the 
atom. By measuring the energy spectrum of the backscattered electrons, the charac-
teristic Auger line for each element can be recorded, allowing for the determination 
of the composition. 

3.3 In-house methods 

3.3.1 Atomic force microscopy (AFM) 

To image the surface of the sample, and get local information about the topography, 
Atomic Force Microscopy (AFM) is used. A sharp tip attached to a cantilever is 
moved across the sample surface (fig. 3.6). It interacts with the sample via a variety 
of forces, though mainly by the attractive van-der-Waals force and Pauli repulsion 
described by the Lennard-Jones potential (inset in fig. 3.6) [66]: 
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3.3 In-house methods 
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Figure 3.6: Sketch of the AFM setup. The tip of the cantilever scans over the 
surface of the sample, oscillating up-and-down. The deflection of the cantilever is 
measured by a laser that is reflected from the back of the cantilever onto a four 
quadrant detector. The dashed line shows the measured topography signal. Be-
cause the tip has a certain width, small holes (1) and sharp steps (2) are smeared 
out. The height of steps is still accurately measured, but for holes thinner than 
the tip width, the height is underestimated. The inset shows the Lennard-Jones 
potential describing the interaction of the tip with the sample. For short dis-
tances, the interaction is repulsive , for larger distances attractive. 

VLJ = E[(m)12 - 2(m)6], (3.4) 
r r 

with the distance, r, binding energy, E, and the equilibrium distance, rm· 

Other forces and associated properties can be probed by specialized AFM modes, 
such as MFM for imaging the magnetic stray field, and PFM for imaging piezoelectric 
domains. As the tip interacts with the sample, the cantilever gets deflected towards 
or away from the sample. That deflection can be measured by a laser, reflected 
from the back of the cantilever onto a four quadrant detector. The sample is then 
measured by scanning the tip line by line over the surface. 

Based on the distance between the tip and sample, three measurement regimes 
can be distinguished: For large distances, the tip is only weakly attracted by the 
sample and not in direct contact ( non contact mode). For very small distances, the 
tip is in the repulsive regime ( or at the attractive-repulsive crossover) in contact 
with the sample (contact mode). For in-between distances, the AFM can operate 
in tapping mode, where the cantilever oscillates close to its resonance frequency, 
sweeping between the repulsive and attractive regime. This minimizes the close 
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contact with the sample, reducing the damage to tip and sample, while still obtaining 
a high resolution image. In tapping mode, the phase change of the oscillation can 
also be measured and contains information about the stiffness of the sample. A 
change in phase in a certain region of the sample can indicate a different chemical 
makeup. From the topography signal, the root-mean-square roughness, O"RMS, can 
be calculated as 

(3.5) 

with the mean height, z0 , and the local height, zi at the position i. The error of the 
roughness is estimated by calculating the standard deviation of four subsections of 
a measurement. 

The instrument used in this thesis is an Keysight 5500 SPM. Typically the 
HQ:NSC15/ Al BS cantilevers from MikroMasch were used, which have a spring 
constant of 40 N / m, resonance frequency around 325 kHz and a conical tip that is 
15 µm high and has a tip radius of < 8 nm. The images were evaluated with the 
program Gwyddion [67]. 

Piezoresponse force microscopy (PFM) 

Another operating mode of AFM specific for ferro- or piezoelectric samples is Piezore-
sponse Force Microscopy (PFM). The sample is scanned in contact mode with an 
applied bias voltage to the sample or tip. This bias causes a piezoresponse in the 
sample which causing a deformation that can be measured by the deflection of the 
cantilever. In vertical PFM, the out-of-plane deformation caused by out-of-plane 
bias ( d33 coefficient of the piezoelectric tensor) is recorded. The amplitude signal 
is related to the strength of the deformation, while the phase is dependent on the 
polarisation direction. 

The instrument used for PFM was an Asylum Research Cypher SPM operated by 
PGI-6 with HQ:NSC18/ Pt cantilevers from MicroMash. 

3.3.2 X-ray reflectometry (XRR) and diffraction (XRD) 

Two X-ray reflectometers were used, the Bruker D8 Discover of the neutron optics 
group of the Heinz Maier-Leibnitz Zentrum, for X-Ray Reflectometry (XRR) and 
the Bruker D8 Advance of JCNS-2 for reflectometry and X-Ray Diffraction (XRD). 
In the D8 Advance ( sketch in fig. 3. 7), the sample is stationary in a horizontal 
position, with both the source and detector arm moving by an angle 0, for a 0 /20 
measurement. In the D8 Discover, the sample is mounted vertically, held by a 
suction stage. During the measurement, the source moves at an angle 20 for a 
sample angle of 0. Both setups use a Cu-Kai source but the D8 Advance is equipped 
with a channel cut monochromator. The monochromator is responsible for filtering 
out unwanted wavelengths, most importantly the Cu-Ka2 and Cu-K,13 lines, as well 
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as the Bremsstrahlung. The monochromator is is required for diffraction. Both 
instruments use two Gobel mirrors, one after the source and one before the final 
slit. These mirrors, together with the slits, are necessary to collimate the beam to 
the high degree necessary for high resolution reflectometry. The available angular 
range of the D8 Advance is 0°-110°. 

To fit the measurements, the GenX software is used [68]. 

Knife-Edge 
Collimator 

Figure 3.7: Sketch of the Bruker D8 Advance. Taken from [69]. 

3.3.3 Hard X-ray photoemission spectroscopy (HAXPES) 

A determination of the oxidation state of transition metals can be achieves using 
HArd X-ray PhotoEmission Spectroscopy (HAXPES). A synchrotron source emits 
high energy (hard) X-rays, which excite a core shell electron, ejecting it from the 
atom. The kinetic energy of the photoelectron is measured, and because it is char-
acteristic to the atoms oxidation state, it is possible to determine the valency of the 
atom. This is particularly useful if multiple oxidation states for a compound exist, 
such as iron oxides. Satellite peaks are present in the spectra if the outgoing electron 
excites a valence electron, thus losing some energy. The use of hard X-rays makes it 
possible to obtain information of large parts of the thin film ( ~25 nm), which is not 
possible for softer laboratory X-rays, as the mean free path of the electrons would 
be too low to leave the sample. 

The measurement in this thesis was taken and analysed by M. Hussein Hamed at 
the beamline P22, DESY, using an X-ray energy of 6 keV. 

3.3.4 Rutherford backscattering spectroscopy (RBS) 

To measure the stoichiometry of the deposited thin films, Rutherford Backscattering 
Spectroscopy (RBS) was performed by Jurgen Schubert and Willi Zander (PGI-9). 

A beam of He-ions with an energy of 1.4 MeV is accelerated towards the sample [70]. 
By measuring the energy of the scattered ions, EHe,f, the mass of the target atom 
it was scattered by, Mt, can be calculated by 
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(3.6) 

with the initial He ion energy EHe,i, the He ion mass, MHe, and the scattering angle 
0. For thin samples, the signal for each element is peak like. For thicker samples, 
such as substrates, the ions lose energy inside the sample, leading to an elongation 
of the signal towards zero energy, resulting in a step-like shape (fig. 3.8). 
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Figure 3.8: Simulation of a Sr1 Co1 0 2_5 film on a Sr1 Ti1 0 3 substrate. The black 
line shows the simulated total intensity, with the film contribution in green and 
substrate contribution in blue. Because the substrate thickness is effectively infi-
nite for RBS, the signal is elongated towards 0 energy. 

The differential scattering cross section is dependent on the square of the atomic 
number of the target atom, Zt: 

d(J' (z z e2 ) 2 4 - (MHe/Mt)2sin 20 + cos0) 2 

-(E (J') = He t 
dO ' 4E sin0Jl - (MHe/Mt) 2sin20 ' 

(3.7) 

so RBS is more sensitive to heavier atoms. 

To simulate the spectra, the RUMP software was used [71]. 
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3.3.5 Magnetic properties measurement system (MPMS) 

A Quantum Design Magnetic Properties Measurement System (MPMS) is used for 
magnetic characterisation [72]. It uses a Superconducting QUantum Interference 
Device (SQUID) and a superconducting magnet inside a liquid helium Dewar vessel 
to be able to measure in a temperature range from 1.9 K to 400 K with field of to 
7T. 

The sample is held inside a plastic straw and inserted into the MPMS chamber, 
which is filled with a helium exchange gas. The superconducting magnet generates 
a longitudinal field along the straw direction, i.e. in the sample plane parallel to the 
direction of travel. To measure the sample, it is moved through a set of pickup coils 
made of a superconducting wire, with the outer coils wound opposite to the inner 
coils, forming a second-order gradiometer (fig. 3.9) [73]. The magnetic moment of 
the sample induces a current in the coils, which is inductively coupled into the rf 
SQUID circuit. Because of the design of the coils, the uniform magnetic field is not 
detected. The SQUID circuit itself is a superconducting loop with a set of Josephson 
junctions [74]. Because the Cooper pairs in the superconductor are following a single 
particle wavefunction, the phase difference along the loop is quantized to integer 
multiples of 27r and the flux to integer multiples of the magnetic flux quantum 
<J:> 0 = 2.07 · 10-15 Vs. Any external flux, such as the one caused by the sample 
magnetization, leads to an induced phase change that needs to be compensated by 
a Josephson current [75]. This current can be measured to calculate the external 
magnetic flux. Because of this, the SQUID is extremely sensitive to small magnetic 
fields, with a sensitivity of about 5-10-12 Am2 [76]. 

---~SQUI_D_~ 
I Amplifier I j 0 

Pickup coils 
3.0cm 

Magnetic 
field 

Figure 3.9: Schematic of the MPMS setup. The sample inside the straw is 
moved through the SQUID pickup coils. The magnetic moment of the sample gen-
erates a current in the pickup coils, which is coupled through the SQUID to an 
amplifier. Drawing adapted from [76]. 

A magneto-electric setup is available to apply a voltage to the sample, based on 
the design of Borisov et al. [77], which was implemented by 0. Petracic and L.-
M. Wang (JCNS-2). The sample is contacted via two copper wires, which are glued 
to the sample via silver paste. The wires are connected to a feedthrough at the 
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end of the sample rod, leading to a voltage source outside the system. In previous 
PhD theses [78, 79] a Vespel rod was used to mount the sample, which lead to a 
significant background signal. In this thesis, the sample was mounted, similarly to 
regular measurements, inside a straw (fig. 3.10). This procedure was developed by 
T. Bhatnagar-Schi:iffmann. 

For the movement of the sample, two different sample stages are used, a standard 
transport (DC) and a reciprocating sample option (RSO) [76]. The DC option uses 
a stepper motor to move the sample gradually through the pickup coils, whereas the 
RSO uses a servo to rapidly oscillate it. Because of the higher sensitivity of the RSO 
option (5-10-12 Am2), it is used for most measurements. However for measurements 
with an applied voltage, the DC option has to be used, as the electrical connection 
is not possible for the RSO option. 

Sample 

Figure 3.10: Picture of a sample mounted in the MPMS magneto-electric option. 

3.3.6 Physical properties measurement system (PPMS) 

n 
Figure 3.11: Measurement of the sheet resistance. A current is driven between 
the outer 2 contacts and the voltage is measured between the inner contacts. 

To measure the film resistivity, a Quantum Design Physical Properties Measurement 
System (PPMS) was used. It is composed of a cryostat, which enables measurements 
in a temperature range from 1.9 K to 400 K. A superconducting magnet can be used 
to apply fields of up to 9 T. The sheet resistance is measured in a 4 point probe 
mode, shown in fig. 3.11, with 

(3.8) 

50 



3.3 In-house methods 

3.3. 7 Transmission electron microscopy (TEM) 
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Figure 3.12: Sketch of the basic principle of STEM imaging. A parallel electron 
beam is transmitted through the sample, either directly, or diffracted. The objec-
tive lens focusses both beams onto the detector plane, where the direct beam is 
imaged in the bright field detector and the diffracted beam in the annular dark 
field detector. 

Transmission Electron Microscopy (TEM) is used to investigate the crystallinity and 
structure of the sample cross section and, in combination with Energy-Dispersive 
X-ray spectroscopy (EDX), to study the composition. It is performed in scanning 
mode (STEM) by Juri Barthel (ER-C-2) with a FEI Tecnai G2 F20 [80], operated 
at 200 keV. It uses a Fischione Model 3000 high angle annular dark field detector for 
scanning mode, which offers a resolution of 1.9 A. 

To prepare a sample for TEM measurements, a thin lamella ( ~50 nm) is cut out of 
the sample using a Focussed Ion Beam (FIB) in a FEI Helios NanoLab 460Fl [81] 
and thinned down further by ion milling ( ~20 nm) in a Fischione Nanomill Model 
1040. The resulting cross section of the sample is thin enough for the transmission 
of electrons for the used energy range. 

In the STEM, a narrowly collimated, parallel electron beam is transmitted through 
the lamella while scanning over the selected area. Part of the beam is transmitted 
directly through the sample, while a smaller part is diffracted (fig. 3.12). An objec-
tive lens focusses the beams onto the plane of the detectors. The direct beam is 
observed in the bright field, while the diffracted beam is integrated over the whole 
angular range in the Annular Dark Field (ADF) and for higher angles in the High 
Angle Annular Dark Field (HAADF). The dark fields are more sensitive to heavier 
elements, while the bright field is more sensitive to lighter elements. 
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Besides obtaining the structural information, elemental analysis can be performed 
by EDX. Inelastically scattered electrons eject a core shell electron. That vacancy 
gets filled by a higher shell electron, emitting a photon (x-ray) with a characteristic 
energy. The photon hits a semiconductor detector, where its energy can be deter-
mined. By mapping the energy spectrum of the generated x-rays, the elemental 
composition and stoichiometry can be determined. 

3.3.8 Tube furnace 

Figure 3.13: Photo of the alumina crucible in the quartz glass tube in the tube 
furnace on Garching. 

To anneal samples under oxygen flow, two furnaces were used. A GSL-1500X from 
MTI Corporation, located in Jiilich, with a high purity alumina tube that can 
be heated to 1400°C under an oxygen flow of up to 50 ml/ min. In Garching, a 
Nabertherm RT 50-250/ 13, tube furnace with a custom build quartz glass tube for 
gas flow of up to 200 ml/ min is used (fig. 3.13). Both furnaces are programmed simi-
larly, with heat up and down time of 90 min without active cooling and an annealing 
time between 3-9 h. During annealing, the sample was kept in an alumina crucible. 

3.4 Polarised neutron reflectometry (PN R) 

To measure the magnetic depth profile of thin films, Polarised Neutron Reflectom-
etry (PNR) is performed, with the two reflectometers, MARIA at the Heinz-Meier 
Leibnitz Zentrum (MLZ) in Garching, Germany and the PBR at the NIST Center 
for Neutron Research (NCNR) in Gaithersburg, USA. Both instruments operate at a 
reactor source with a power of 20 MW, and are capable of full polarisation analysis, 
however their design is quite different. 
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3.4.1 Magnetic reflectometer with high incident angle 
(MARIA) 
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Figure 3.14: Sketch of the neutron reflectometer MARIA at the MLZ. It uses a 
velocity selector to monochromatise the neutron beam and a double reflection po-
lariser to select one spin state. After scattering, the outgoing spin state is selected 
by a 3He analyser. Finally, the neutrons are detected with a 3He area detector. 

The MAgnetic Reflectometer with high Incident Angle (MARIA), is a neutron re-
flectometer designed to measure thin, 3- 300 A, samples [82]. A velocity selector us 
used to monochromatize the beam to a wavelength between 4.5 A and 10 A ( up to 
40 A for unpolarised neutrons) with a resolution of 6-.A. / .A.=10 %, which can be fur-
ther improved to 1 %, by the use of a Fermi chopper. To polarise the neutron beam, 
a double reflection polariser is used, which reflects one polarisation direction and 
transmits the other, based on a difference in scattering length density for the two 
spin directions. A radio frequency (RF) flipper can invert the polarisation before the 
sample position. A hexapod sample stage is used to translate and rotate the sam-
ple mounted on a cold-finger cryostat, with a minimum temperature of 5 K, while 
keeping the sample in the centre of rotation. To apply a magnetic field, a Bruker 
electromagnet is used, which can reach a field of up to 1.3 T. After scattering, a 
3He analyser selects the observed polarisation. A 3He area detector, with 1024x1024 
pixels, is used to detect the specular and off-specular scattering. 

The polarised neutron flux at the sample position is 5-107 ncm-2 s-1 with an acces-
sible Q2 range of 0.002 A -l - 3.2 A - 1. 

3.4.2 Polarized beam reflectometer (PBR) 

In the Polarized Beam Reflectometer (PBR) a monochromatic neutron beam of 
.A.=4. 75 A is achieved with a pyrolytic graphite monochromator and a Be filter to 
filter out >-. / 2 neutrons (fig. 3.15). The wavelength uncertainty, ~.-\ is 3%. A Fe/ Si 
supermirror is used to polarise the beam, which along with a Mezei spin flipper 
enables the selection of the initial spin state (up or down). After scattering, another 
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Figure 3.15: Sketch of the neutron reflectometer PBR at the NCNR after [83]. A 
pyrolythic graphite monochromator with a Be filter is used to select a wavelength 
of 4. 75 A. The polarisation and analysis is achieved with a set of Fe/ Si supermir-
rors and Mezei flippers, before and after the sample. A few cm wide 3He pencil 
detector is used to detect the neutrons. 

flipper and supermirror select the analysed spin state, enabling fully polarised mea-
surements. A magnetic field of up to 3 T can be applied at the sample position with 
a superconducting magnet. A cold-finger cryostat is used to mount the sample. The 
detector is a 3He pencil detector which observes the reflected beam. Simultaneous 
observation of off-specular scattering is not possible. The sample holder used for 
the experiment at PBR is shown in fig. 3.16. 

Figure 3.16: Photo of the sample holder used for PBR experiments with 4 con-
tacts on the film to apply an electric field. 
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The aim of this project was to study the influence of controllable strain on the 
topotactic transition in SrCoO3_ 6 (SCO) between SrCoO2_5 (BM-SCO) and SrCoO3 

(P-SCO). The starting point is the successful growth of SrCoO2_5 using molecular 
beam epitaxy (MBE). While SrCoO3 films can be natively grown using PLD, the 
oxygen pressure during the growth in the MBE chamber is not high enough to grow 
SrCoO3 directly. Thus it is necessary to grow SrCoO2_5 films and fill the oxygen 
vacancies afterwards. Both STO and LSAT substrates were used for the growth 
and annealing study. While initial experiments with STO already provided good 
film quality, later growth on LSAT resulted in an even better crystalline quality. 
In the following samples on STO are labelled with "S" and on LSAT with "L", 
with a letter or number suffix for the sample part or for simultaneously grown 
sample, where applicable (see supplementary information S.3). The second step 
was the successful transition of SrCoO2_5 to SrCoO3 by annealing in an oxygen rich 
environment and investigation of the phase stability and magnetic properties by 
laboratory methods and neutron reflectometry. Next, the PMN-PT substrates for 
the strain study were characterized and samples of SrCoO2_5 on PMN-PT with an 
LSMO buffer- and electrode layer were prepared. This sample was then investigated 
in detail by neutron reflectometry and TEM. 

4.1 Growth and stoichiometric control of SrCoxO2.5 

The growth procedure for the SrCoO2_5 films in the MBE in Garching followed the 
procedure outlined below. Films produced in Jiilich followed a slightly different 
procedure, which will be discussed further in chapter 4.1.2. An overview of the 
specific deposition conditions for each sample is given in the appendix S.3. 

The effusion cells were heated in UHV with about 3-4°C/ min to the temperature 
required to sustain a stable molecular beam, which was between 500-620°C for Sr 
and 1320-1550°C for Co, depending on the filling of the crucibles. To reach the 
required Co cell temperature and let it stabilize about a day was needed. After the 
cells reached the temperatures, the deposition rate was calibrated via the frequency 
change of the quartz crystal micro balance (QCM) at the substrate position. The 
temperature was slowly adjusted so that the frequency change matched the desired 
value. As a starting point, the frequency changes determined in [84], listed in 
table 4.1, were taken. After the frequency changes matched the desired value, their 
stability was observed for at least 30 min to ensure that there was no deviation 
which would lead to incorrect stoichiometry. After the stability was verified the 
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QCM was retracted and the chamber flooded with oxygen at a flow of 0.12 seem 
which raised the pressure to 4-7·10-6 mbar. Once the pressure was stable, the oxygen 
plasma was started and stabilised at 300 W forward and OW reflected power. Before 
the deposition, the substrate was annealed at l000°C for STO and LSAT for 2 
hours to remove organic contaminants and ensure a smooth surface. For deposition, 
the substrate was brought to the deposition temperature (which will be discussed 
in the next section) with a heating rate of 50°C/ min. During growth, the film 
was monitored by RHEED. The deposition time varied depending on the desired 
thickness between 1-2 hours. After the deposition was finished, the sample was 
cooled down to room temperature with 50°C/ min while keeping the oxygen plasma 
and flow active. 

Table 4.1: Growth parameter for Sr1Co1O2_5 films from [84] 

Substrate tem-
perature 
600°C 

Co frequency 
change in UHV 
-0.061 Hz/s 

4.1.1 Growth temperature 

Sr frequency 
change in UHV 
-0.061Hz/s to -
0.185 Hz/s 

frequency change 
ratio (R) 
0.33 to 0.37 

The stoichiometric samples in my Master's thesis [84], which only focussed on sample 
growth, were grown at a temperature of 600°C, but the dependence of the surface 
morphology on the growth temperature was not studied. Higher substrate tem-
peratures during the growth of perovskite or brownmillerite thin films often leads 
to higher quality surface structure, with temperature as high as l000°C for some 
films [85]. For SrCoO2_5 the growth temperatures in literature range from 710°C to 
900°C [40, 86, 87]. To determine which temperature leads to the best sample quality 
a sample series at three different growth temperatures, 850°C, 750°C, and 600°C was 
prepared ( fig. 4.1). 

For growth at 850°C, the sample surface is comprised of terraces of 20A height with 
550 A deep holes in between, leading to a very high roughness of 186 A. For 750°C, 
the sample is much smoother, with smaller holes of 200 A and terraces of ~ 12 A 
height. The smoothest surface was achieved for a growth temperature of 600°C. 
The surface has a terrace structure without holes, similar to the pure substrate, 
characteristic for a high quality sample grown in the layer-by-layer mode. The step 
height is between 8-10 A. Intensity oscillations of the specular spot in RHEED 
of a sample prepared at 600°C also indicate layer-by-layer growth (fig. 4.2 left). 
Initially, the oscillations are irregular, with a peak period of 2.6 min, 3.6 min, and 
5.2 min. After that the oscillations have a constant period of 2.6 min. Comparing 
the oscillation period and growth time with the total thickness determined by XRR 
(inset in fig. 4.2 left) indicates a layer height of ~9.5 A per 2.6 min oscillation. This, 
coupled with a similar step height in AFM indicates that, after an initial period, half 
a unit cell ( c/ 2 = 7.87 A) of SrCoO2_5 grows at a time. In the initial stage of growth, 
up to 11. 7 min, the increasing time for each oscillation indicates that for very thin 
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Table 4.2: Roughness for samples grown at different t emperatures for fig. 4.1 
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Sample Growth temperature [0 C] Roughness [A] Step height [A] 
Sl 850 186 ~ 20 
S2 750 34 ~ 12 
S3 600 4 8 
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Figure 4.1: AFM images and height profiles for SrCoO2_5/ STO samples grown at 
different t emperatures. All data was levelled by subtracting a plane background. 
The inset for 600°C shows a magnification of the measurement levelled by a single 
terrace. 
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films below 2. 75 monolayer = 35.4 A, the film forms a transition layer before settling 
into the constant half-monolayer growth. This could be caused by strain relaxation 
to an in-plane multi-domain state, as the a and b lattice constants of SrCoO2.5 are 
not the same. Indeed, a TEM measurement of a different sample shows a very thin 
intermediate layer that continues the STO symmetry before the layer relaxes and 
a Moire pattern becomes visible in the bulk of the film, indicating a multi-domain 
structure. A similar behaviour was found by Jo et al. in SrFeO2_5 films on STO, 
with a thickness of the intermediate layer of a few nm [88]. 
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Figure 4.2: Left: RHEED intensity oscillations for sample S4 SrCoO2_5/ STO. 
The peak marked with '*' is due to an adjustment of the intensity, so as to not 
saturate the measurement. Initially, the oscillations are irregular (red area), with 
a period between 2.6 min and 5.2 min. After that the oscillations in the green 
region show a constant period of 2.6 min ( example marked in yellow). The in-
set shows the corresponding XRR measurement and fit. Right: TEM image of 
sample S5 SrCoO2_5 / STO measured by J. Barthel. The first few monolayers (red) 
show a perovskite type structure similar to the substrate (black), with the bulk of 
the film (green) exhibiting a Moire pattern indicating a multi-domain state. This 
matches the observations of the RHEED oscillations. 

4.1.2 Stoichiometric issues 

During the growth study it became apparent that the frequency change ratio, R = 
6.f ca/ 6.f Sr, with the individual frequency changes, 6.f ca and 6.fsn for the Co 
and Sr cells, determined for stoichiometric samples was not stable. Initial samples 
prepared at R=0.36 or even lower R (Sr richer) showed a large Co excess and rough 
surface with a large amount of particles (fig. 4.3). 

A series of samples were grown to find the correct R again, but even after achiev-
ing stoichiometric samples again for an adjusted ratio of R=0.26, follow-up samples 
again showed a different stoichiometry. Once the correct R was found, the sto-
ichiometry remained stable only until the MBE was opened to refill material or 
maintenance. After opening, the correct R had to be found again from scratch. In 
fig. 4.4 the stoichiometry and R is shown for the samples from my Master's thesis [84] 
and this thesis, indicating the large range of frequency change ratios that lead to 
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Figure 4.3: RBS and AFM measurements of sample S6 SrCoO2_5 / STO for 
R=0.32, showing a stoichiometry of Co/ Sr=l.78 and a large amount of particles 
at the surface. 

stoichiometric samples (green area). 
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Figure 4.4: Co/ Sr ratio measured by RBS for a given frequency change ratio 
from my Master's thesis [84] (red) and this thesis (black). The green region in-
dicates the frequency change ratio for which 1:1 stoichiometric sample were grown. 
The theoretical frequency change, based on the mass ratio ~11°0 = mco = 0.67 

Sr msr 
for stoichiometric films is indicated by the black line. The inset show a magnified 
view of the 1:1 stoichiometry region. 

The reason for the drastic change is probably oxidation of the Sr source material in 
the oxygen atmosphere during growth. Since the frequency changes are calibrated in 
UHV, the assumption is that the frequency change measured by the QCM is based 
on the mass of the pure elements, Sr and Co. While this assumption is valid for 
Co, which is hard to oxidise (hence the need for a plasma source), Sr oxidises at 
pressures as low as 10-7 mbar [89]. During the deposition the pressure reaches up 
to ~8· 10-5 mbar. If the Sr source material oxidises partially or completely during 
deposition, subsequent samples with the same nominal growth rate would be Sr 
deficient as the calibrated frequency change would be based on SrO, not Sr. It 

59 



4 Strontium cobaltite 

Table 4.3: Mean free path for SrO and Co at a pressure of 2-10-5 mbar 

Molecule 
Co 

SrO 

Temperature 
1400°C 
550°C 

Molecular radius 
240pm 

284(Sr) pm + 152(0) pm 

mean free path 
113m 
17m 

was observed that the measured Sr frequency change is strongly dependent on the 
pressure, in the pressure range of deposition. Fig. 4.5 shows the Sr frequency change 
over a large pressure range and at deposition pressures. Initially a jump in the 
frequency change from -0.033 Hz/ s to -0.039 Hz/ s is observed, which is caused by 
the oxidation of Sr to SrO and related mass change on the QCM, 

msro 
f::).fsrO = --1:).j Sr = 1.18 · f::).j Sr 

msr 
(4.1) 

As the pressure increases above 10-5 mbar the frequency change drops below the 
initial value. In the bottom part of fig. 4.5, the pressure was increased step wise 
and a clear decrease in frequency change for each pressure step is evident. A similar 
effect was reported by Kim et al. [90] and is attributed to source oxidation. 

To show that the decrease of the frequency change is not caused by a reduction on 
the mean free path due to the elevated pressure, this issue will be discussed further. 
The mean free path of atoms and molecules can be calculated by, 

l = kBT 
v'27r(2r) 2p' 

(4.2) 

with Boltzmann constant, kB, the molecular radius, r, and the pressure, p [91]. 
Estimating the mean free path for Co and SrO, by taking the molecular radii as 
an approximation, reveals a value by one order of magnitude smaller value for SrO 
than for Co (see table 4.3). However, the mean free path for SrO is still far too large 
to explain the reduction in the SrO rate as seen in fig. 4.5. 

Since this effect is strongly pressure dependent, calibrating the rates in UHV creates 
an additional uncertainty, as there can be small differences in pressure between 
depositions even if the same oxygen flow is used. For this reason, for the growth 
of later samples in Jiilich, the rates were calibrated in oxygen atmosphere and with 
active plasma. This lead to a higher reproducibility in stoichiometry. 
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Figure 4.5: Sr/ SrO frequency change for different pressure ranges. On the top, 
non-oxidised Sr (green area) is evaporated at initially low pressure. As soon as the 
pressure reaches ~ 10-7 mbar, the jump in the frequency change indicates oxida-
tion to SrO. In the bottom, the pressure dependence in frequency change for SrO 
is clear. 
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4.1.3 Co/Sr evaluation by laboratory methods 

Because of the unpredictable oxidation state of the Sr source material, the growth 
parameters for the films had to be constantly adjusted which is extremely time 
consuming, as only one sample can be grown per day, and the Co effusion cell 
needs one day to come up to the necessary temperature. Additionally, for RBS 
measurements, a sample series had to be sent to Jiilich to be analysed. This meant 
that using RBS to determine the stoichiometry was not viable for quickly changing 
conditions. Therefore, a way to determine the stoichiometry with easily available 
methods had to be found. A series of samples was grown and characterized by a 
combination of RHEED, AFM, XRD, and XRR to determine the best method for 
evaluating the stoichiometry and quality. Large parts of the findings of this and 
the next section were published in [92] and are partially taken verbatim from the 
publication. The main contributor to publication [92] is the author of this thesis. 
The contributions include sample growth and all measurements shown here apart 
from RSM (not published), TEM, and RBS. 
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Figure 4.6: XRD 0 - 20 patterns of SrCo02_5 films grown on SrTi03 (001) for 
various stoichiometries; top S7: Co/ Sr=l.57 representative of Co excess, middle 
S3 Co/ Sr=l.00 representative of ideal stoichiometry (XRR of the same sample in 
fig. 4.8), and bottom S8 Co/ Sr= 0.83 representative of Co deficiency. The peak 
marked with* is due to a monochromator issue and not related to the sample. 
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A rough estimation of the stoichiometry can be made from the observed crystalline 
structure peaks in XRD measurements. Fig. 4.6 shows a sample with Co excess, a 
stoichiometric one, and a sample with Co deficiency. Stoichiometric samples reveal 
only peaks of the brownmillerite phase in c-axis orientation and are single phase. 
Assuming a constant unit cell volume equal to the bulk value, the calculated in-plane 
lattice constant of the film matches the substrate, indicating epitaxial growth. Re-
ciprocal space maps confirm a coherently strained film (fig. 4. 7). The in-plane lattice 
constants of the film are a=5.53~8:8i A and b= 5.51~8:8i A, which matches the STO 
lattice constant multiplied by -/2, as the the films grows in a [ll0]fiim 11 [lO0]substrate 
orientation. The thickness of the crystalline layer, derived from the Laue oscilla-
tions, is 254±3 A, which is slightly lower than the total film thickness of 292 A 
as determined by XRR from Kiessig fringes (fig. 4.8). For high Co excess of 57 % 
the brownmillerite structure peaks remain visible (fig. 4.6 top). A change in peak 
position towards lower angles indicates an in-plane compressive strain of 0.4 %. Ad-
ditionally, CoO peaks exist in the diffraction pattern. The logical conclusion would 
be that the surplus Co is precipitated into CoO crystallites. Bulk stoichiometric 
SrCoO3_ 6 is known to segregate easily into crystalline Sr6Co5O15 and Co3O4 [93]. 
This is a strong indication that for Co excess, CoOx is easily formed. The thickness 
of the crystalline layer is 312±16 A compared to 391±6 A film thickness. In contrast, 
the Co deficient SCO film of 17% less Co does not reveal any crystalline structure 
at all (fig. 4.6 bottom). 
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Figure 4. 7: Reciprocal space map around the (0 2 14) and (2 0 14) Bragg re-
flexes of sample S9 SCO / STO. The film peaks have the same in-plane lattice con-
stant as the substrate multiplied by v'2 (indicated by the orange lines), showing a 
coherently strained film. Measurements taken by G. M ussler and A. Shkurmanov 
(PGI-9). 

Thus, from the XRD measurements, samples with large Co excess or deficiency 
can be identified. However, small amounts of Co excess, below 10%, will not be 
identifiable as the CoO peak is not distinguishable from the background. 

The existence of the CoO excess phase for a low level excess should still be observable 
by other techniques though. The MBE system is equipped with an in-situ RHEED 
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Table 4.4: Fit of the XRD and XRR measurements of sample S3 with 
Co/ Sr=l.00 sample in figs. 4.8 and 4.6 

layer thickness (XRD)[A] 
Top layer 
SrCoO2.5 

STO substrate 
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Figure 4.8: XRR measurement and scattering length density profile of sample 
S3 SCO/ STO with Co/ Sr =1.00. A small top layer with reduced SLD had to be 
assumed. (XRD of the same sample in fig. 4.6 middle). 

setup, which can be used to study the film crystallinity during and after growth. 

The RHEED pattern of the STO substrate is characterized by sharp Bragg reflexes, 
Laue rings, and Kikuchi lines, which confirm excellent crystallinity and low surface 
roughness (Fig. 4.9a). For stoichiometric samples, well defined Bragg spots and a 
Laue ring are visible, as well as faint indications of Kikuchi lines (Fig. 4.9b). The 
intensity of the specular spot shows oscillations during growth which is characteristic 
of layer-by-layer growth (Fig. 4.9b). 

For large Co excess of 30%, two additional sets of spots emerge in the diffraction 
pattern indicating two distinct 3d structures. First, small and sharp speckles indi-
cating a 3d structure with good crystallinity (Fig. 4.9c: A and in Fig. 4.lla) and 
second big, broad spots corresponding to small crystalline size (Fig. 4.9c: B). In 
contrast, for Co deficiency, here 22% (Fig. 4.9d), the RHEED pattern reveals only 
very faint Bragg spots and a washy Laue ring, indicating diminishing crystallinity. 

To correlate the observed differences in RHEED patterns with the surface morphol-
ogy, AFM was performed. The topography of the prepared SrTiO3 (001) substrate 
is given in fig. 4.9a and reveals a terrace structure with step width of about 0.4 µm 
and 4 A height, corresponding to the height of one unit cell of STO. The rms rough-
ness is 4 A. The stoichiometric sample exhibits terraces with a length of about 0.2 
µm, height of 9 A, which is close to half of a unit cell of SCO, and a rms roughness 
of 4.5 A, fig. 4.9b. The topography is similar to PLD grown SrCoO3_ 1 thin films 
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Figure 4.9: RHEED and AFM measurements of a) STO substrate, b) sample 
S3 with Co/ Sr =1 , showing a similar terrace structure to the substrate in AFM 
and well defined Laue ring ad Bragg spots in RHEED. The Co excess in sample 
SlO (Co/ Sr= 1.3) inc) has two distinct precipitates in the AFM (big 'A' and 
small 'B') which correspond to the speckles and spots in RHEED. For Co defi-
ciency (sample Sl1: Co/ Sr=0.78) in d) the layer is amorphous. 
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reported by Hu et al. [94]. 

Increasing the Co excess destroys the terrace structure, fig. 4.9c. Instead, a combined 
layer and island growth is visible, with additional small horizontal and vertical 
structures of an average length of 500 A, and diagonal structures of an average 
length of 0.163 µm and width of 600 A. These 3d structures cover about 15% of 
the surface area. Evidently, the diagonal structures in the AFM image are related 
to the emergence of the small speckles in the RHEED image (Fig. 4.9(c): A) while 
the small horizontal structures detected by AFM correlate to the broad spots in 
RHEED. As the films are much less uniform, therms roughness is increased to 14 A. 
Neglecting these additional structures, the rms roughness of the underlying film is 
8 A which is still higher than for the stoichiometric sample. We may conclude that 
these diagonal structures in the AFM topograph are CoO islands, as confirmed by 
TEM-EDX below. Conversely, for SCO thin films with Co deficit neither terraces 
nor layered island structures are observed, fig. 4.9c. The surface is diffuse, with 
worm-like structures of 430 A width and high rms roughness of 15 A. 

For a comprehensive picture of the island structures detected by AFM, a SCO thin 
film with about 15% Co excess was studied by TEM and EDX. Fig. 4.10 shows a 
cross-sectional lamella of the SCO film in the STO[llO] direction (this is the diagonal 
direction in the AFM images). The lamella was taken from an area that exhibited 
a large number of the diagonal structures observed in AFM and was identified by 
EDX as CoO. Growth of CoO precipitates is observed on the substrate as well as 
within the film. The TEM images further confirm an epitaxial film on the substrate, 
with a mismatch of the in-pane lattice constants of only 0.1 %. The c-axis is out-of-
plane, as previously measured by XRD. As discussed in sections 4.1.1, the film has 
a possible in-plane multi-domain state, due to strain relaxation, as there is a visible 
Moire pattern in the TEM image. 

4.1.4 Stoichiometric control by RHEED 

On approaching the 1:1 stoichiometry of Co and Sr from Co excess the CoO(002) 
peak of the thin film vanishes in the XRD pattern before the perfect stoichiometry 
is reached. Fig. 4.llc gives a comparison of XRD patterns for 12% Co excess and 
perfect stoichiometry. For both stoichiometries no CoO peak is visible within the 
detection limit of the XRD instrument. In contrast, comparing the RHEED patterns 
of the perfect sample (fig. 4.9b) to the ones with 12% Co excess (fig. 4.lla) and 30% 
Co excess (fig. 4.9c), there are clear differences: In the RHEED pattern of the sample 
with Co/ Sr=l.3 there are two types ofreflexes present that don't originate from the 
brownmillerite SrCoO2_5 structure: small and sharp speckles, labelled 'A'; and broad 
spots 'B'. The broad spots are completely absent for Co/ Sr=l.12 (Fig. 4.lla). The 
existence of the broad spots is correlated with large Co excess (Co/ Sr 2: 1.3). If these 
spots are missing and only the sharp, small speckles are present, the stoichiometry is 
closer to 1. But even for small Co excess, here Co/ Sr=l.12, the speckles are clearly 
visible. Only for the perfectly stoichiometric samples the speckles have disappeared 
(fig. 4.9b). Hence, the RHEED pattern is still correlated with the stoichiometry 
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Figure 4.10: TEM images of sample S5 with Co excess of about 15%, showing 
a) crystalline part of the film and b) a CoO particle within the film, and c) EDX 
spectra showing the stoichiometry of a point in the sample and one on a particle. 
Images a) and b) adapted from [92]. Measurements performed by J. Barthel (ER-
C-2). 
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Figure 4.11: Measurements of sample S12 SrCoO2_5 with Co/ Sr=l.12, a) 
RHEED at 15 keV and with < 110 > azimuth and b) AFM topography. c) com-
parison of XRD measurements for thin films with stoichiometries Co/ Sr=l.12, 
and Co/ Sr=l.00 revealing an absence of the CoO(002) peak for both samples. 
The data for Co/ Sr=l.12 were multiplied with a factor of 100 for clarity. Figure 
adapted from [92]. 

while XRD becomes insensitive. 

Obviously, the speckles for the film with Co/ Sr=l.12 are related to the elongated 
CoO islands in the AFM topography and TEM images (fig. 4.llb and 4.10b). On 
the other hand the RHEED pattern of the Co deficient film (fig. 4.9d) exhibits worse 
crystallinity than for the other stoichometries, which is also mirrored in the disap-
pearance of the SCO film peaks in the XRD (fig. 4.6c) and no observable island or 
terrace structures on the AFM image (fig. 4.9c). 

Analysing the evolution of the RHEED patterns with varying Co/ Sr stoichiometry, it 
turns out that this method is superior to XRD to determine the crystallinity and the 
associated stoichiometry. In the following, this way of using RHEED to determine 
the exact frequency change ratio for stoichiometric films was used to determine that 
the films were grown in the correct stoichiometry and to adjust the growth rates 
upon deviation. 
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4.2 Changing the oxygen content by annealing 

To find the correct method for the topotactic transition of the SrCoO2_5 film to 
SrCoO3 , two different methods were investigated, in-situ oxygen plasma annealing 
and annealing in a tube furnace with oxygen flow. 

In-situ plasma annealing 
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Figure 4.12: XRD (left) and AFM (right) of a sample S13 SrCoO2_5/ STO, an-
nealed in oxygen plasma at 600°C for 11 h. The purple line indicates the film peak 
after annealing, the red line the SrCoO2_5 (008) peak of the virgin sample, and 
the red line, the SrCoO3 (002) peak position. To verify that this peak is actually 
caused by the film, the two grey lines in the XRD mark the STO(002) peak orig-
inating from the Cu-Ka1 radiation and the absence of a Cu-Ka2 peak. The AFM 
shows a large amount of diagonal structures and a high surface roughness. The in-
set shows a magnified view of the measurement. 

As a first try to transform the sample into the perovskite structure, a sample grown 
on STO was kept at the deposition temperature of 600°C in oxygen plasma for 11 h 
directly after growth in the MBE system. Fig. 4.12 shows the XRD measurement 
after annealing: The brownmillerite peak is only faintly visible and a peak just to the 
right of the substrate indicates a partial transformation to SrCoO3 . The possibility 
of this peak being caused by a monochromator misalignment can be excluded, as it 
is not at the Cu-K°'2 STO(002) Bragg peak position. Since the film peak is closer 
to the brownmillerite than the perovskite position, the transformation was not very 
successful. The film peak is at lower angle than the SrCoO2.75 (002) peak, indicating 
that the sample would not be ferromagnetic. The transformation could possibly be 
progressed further by increasing the annealing time or temperature, but the AFM 
measurement in fig. 4.12 reveals a very rough surface with RRMs=65.4 A and long 
diagonal structures, indicating that the surface gets severely deteriorated by the long 
exposure to the plasma and high temperature. Since the plasma treatment could 
not successfully transform the film to SrCoO3 and increased the surface roughness 
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significantly, it is not considered a suitable way to oxidise the films. 

Annealing in a tube furnace 

To find a way of transforming the films to SrCoO3 in a non-destructive manner, 
samples on STO and LSAT were annealed in a tube furnace with 50 ml/ min oxygen 
flow at different temperatures. The samples were heated to, and cooled from, the an-
nealing temperature over 90 min. Once the samples were back at room temperature, 
the crystalline structure was measured by XRD (fig. 4.13). 
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Figure 4.13: XRD measurements of SrCoO2_5_3/STO (top) and 
SrCoO2_5_ 3/ LSAT (bottom) samples after annealing at different temperatures 
in a tube furnace with 50 ml/ min 0 2 flow. The dashed lines indicates the observed 
(blue), bulk (green) and fully epitaxial strained (red) SrCoO3 (002) peak positions. 
The sample number is given in the plot label. 

For films on STO, the perovskite phase was observable for annealing temperatures 
between 525°C and 560°C and heating time of 6-9 h. The SrCoO3 (002) peak is close 
to the fully relaxed position and relatively broad, indicating a nearly relaxed layer. 
The full range XRD measurement shows no indications of brownmillerite peaks in 
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the annealed sample (fig. 4.14) 
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Figure 4.14: X-ray diffraction measurement of sample S15 SrCoO2.5/ STO be-
fore (red), directly after (blue) annealing at 550°C for 6h, showing the transition 
from brownmillerite to perovskite structure. The dashed lines indicate the Bragg 
peak positions for SrCoO2_5 (00i) (red, i=4,6,8) and SrCoO3 (ooj) (blue, j=l,2). 
The STO(00l) and STO(002) peaks are marked with a star. 

Samples on LSAT, using the same temperature as for STO led to an amorphous 
film (fig. 4.13). Since the brownmillerite peak is also absent, a suitable annealing 
temperature for LSAT has to be lower than for STO. Indeed, only for films annealed 
at 440°C for 6 h, a clear perovskite peak with Laue oscillations is observable. For even 
a small temperature deviation of l0°C the perovskite structure quality is strongly 
reduced. 

To systematically investigate the changes due to the annealing and the stability of 
the perovskite phase, sample 11 was studied in detail. X-ray and electron diffraction 
measurements were taken before the annealing. The sample was then annealed at 
440°C for 6 h and broken into 3 pieces. The pieces were analysed simultaneously 
by XRD, SQUID and PPMS without delay, so that one may assume that the oxy-
gen content is the same for all measurements. Before growth, the sample showed 
excellent crystallinity in XRD, LEED and RHEED (fig. 4.15) and is perfectly sto-
ichiometric, according to the evaluation of the RHEED measurement outlined in 
section 4.1.4. 

The XRR measurements before and after (tab. 4.5 and fig. 4.16) show the same 
thickness within the uncertainty, as well as a thin top layer with reduced SLD. 
The thickness of the crystalline layer, derived from Laue oscillations around the 
SrCoO2_5 (002) and (008) Bragg peaks, before annealing is only 8A lower than the 
total layer thickness, signifying an excellent crystallinity of 96 %. After the an-
nealing, the brownmillerite structure is gone and the SrCoO 3 (002) Bragg peak is 

71 



4 Strontium cobaltite 

0.0 

107 

::::::i 
n:, 
~10 5 
>, .., 
l/) 

103 .., 
C 

101 

0 

0.5 

10 

1.0 1.5 2.0 2.5 3.0 3.5 

20 30 40 50 
28 [ 0 ] 

Figure 4.15: Full range 0 - 20 X-ray scan, LEED at 150eV and RHEED of sam-
ple 11 SrCo02_5/ LSAT showing an excellent bulk and surface crystallinity and a 
Co/ Sr=l stoichiometry. The dashed line indicates where the XRR and XRD mea-
surements were joined. 

prominent, with clear Laue oscillations. The total layer thickness stays the same 
within the uncertainty, with a rougher top layer. The calculated crystalline thick-
ness even exceeds the total thickness. This is obviously not possible, so the XRD 
measurement might overestimate the thickness of the crystalline layer. Neverthe-
less, this means that the perovskite structure is completely formed with excellent 
crystalline quality. 

To test the stability of the perovskite structure, the sample was kept in a vacuum 
chamber, installed at the X-ray reflectometer, pumped down to 7-10-5 mbar. XRD 
0 - 20 scans around the SrCo03 (002) Bragg peak were then measured between 
44 ° and 50°. To get good statistics, one measurement was taken within 100 min. 
Fig. 4.17-top shows that there was no change in peak position, intensity, or Laue 
oscillations within 43 h, indicating that the perovskite structure is stable in vacuum. 
After the measurement, the sample was exposed to ambient air (fig. 4.17 bottom). 
The same 100 min 0 - 20 loops were taken in air, but unfortunately, after 2 loops 
the instrument got misalignment, corrupting the measurement. Nevertheless, the 
XRD after 45 h shows a complete re-transformation to the brownmillerite structure. 
This re-transformation will be investigated in the next sections in more detail. 
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Table 4.5: Fit of the XRD and XRR measurements of 11 SrCoO2_5; 3 / 1SAT 
(fig. 4.16). * The thickness determined by XRD after annealing is likely overesti-
mated, as it exceeds the total layer thickness measured with XRR. 
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Figure 4.16: XRR and XRD measurements and fits of sample 11 
SrCoO2_5; 3 / 1SAT, before and after annealing. The comparison shows a perfect 
transition from brownmillerite to perovskite structure. The XRD measurement af-
ter annealing is a sum of the individual measurements in fig. 4.17 top. 
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Figure 4.17: XRD measurements of 11 SrCoO3 / LSAT. Top: In vacuum taken 
in loops of 100 min showing no change in crystallinity. Every fifth loop is shown. 
Bottom: Before annealing and after 2700 min in air ( after exposure to vacuum 
for 2600 min). 
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4.3 Magnetic and conductive properties of 
annealed samples 

Xie et al. showed that in polycrystalline SrCoO3_ 6 samples a magnetic phase sep-
aration can occur for 5 =/- 0 [95]. They identify a transition temperature of 280 K 
with the SrCoO3 phase, 220 K with SrCoO2_88 , and 160 K with SrCoO2.75 and found 
all three phases in samples with 5> 0.12. 

Field-cooled SQUID measurements in the MPMS of SrCoO3_ 6/ STO samples show 
ferromagnetic behaviour with three transition temperatures around 170 K, 219 K, 
and 296 K (fig. 4.18 left). The bulk Curie temperature of SrCoO3 without oxygen 
deficiencies is 280 K- 302 K [96], therefore the measurements were started at 350 K. 
Beforehand, the sample was annealed in oxygen. The different transition tempera-
tures indicate a partial de-oxidization of the film creating regions of different oxygen 
stoichiometry, either during the cooling process in the SQUID, or between annealing 
and measurement. Since the transitions observed by Xie et al. are present here as 
well, it stands to reason that a similar separation occurs in our sample. 

The saturation magnetisation of the sample is very low, about 0.04 µB/ Co at 75 K 
(fig. 4.18 right). Gu et al. report a variable saturation magnetisation depending on 
epitaxial strain, with 0.86 µB/ Co for thin films on STO and 2.1 µB / Co for LSAT [40], 
which is both lower than the bulk value of 2.5 µB / Co. They correlate a saturation 
magnetisation of 0.86 µB / Co with an oxygen content of SrCoO2_835 . 

The SCO thin film on LSAT exhibits a similar separation of magnetic phases, with 
clear maxima in the zero-field-cooled (ZFC) measurement at 172 K, 220 K, and 274 K 
(fig. 4.19 top-left). Since the sample is oxygen deficient, there could be a part of the 
sample in the brownmillerite structure and thus have an antiferromagnetic contri-
bution which could induce an exchange bias in the ferromagnetic part of the film. 
To test this, the sample was field-cooled at 3 T and hysteresis loops were measured 
(fig. 4.19 top-right). At 10 Kan exchange bias field of 0.05 Twas observed and 0.03 T 
at 100 K. This confirms that a sizeable part of the sample has an oxygen deficiency 
of 5> 0.25, turning it antiferromagnetic which also explains the reduced magnetic 
signal of the SCO films compared to literature values. 

The resistivity, p, of the film shows an insulating behaviour, which can be fit below 
200 K with a modified Arrhenius law 

(4.3) 

with an activation energy, Ea, of 1.87±0.03 eV and b=0.25, but still has a relatively 
low resistivity. The exponential factor b is used to describe variable range hopping 
transport for very low temperatures, which is not the case here, but a fit with the 
typical Arrhenius law (b=l) did not result in a good agreement. Such deviations 
are not uncommon in disordered systems such as in the case of oxygen vacancies 
here [97]. The behaviour is similar to polychrstalline SrCoO2.7 and SrCoO2.8 samples 
in [38]. 
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Figure 4.18: Top: Field-cooled magnetisation measurements of sample S14 
SrCoO3_ 6/ STO, after annealing. Three regions with different slopes can be iden-
tified, probably corresponding to three magnetic phases in the sample. There 
was an experimental problem below 50 K, which lead to unreliable data below 
50 K, hence the data are not shown. Bottom: Hysteresis loop of sample S14 
SrCoO3_ 6/ STO, after annealing, measured at 75 K (indicated by the dashed black 
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Figure 4.19: Top: Zero-field-cooled magnetisation measurements after anneal-
ing. There are three magnetic phases present, as indicated by the peaks in the 
measurement. Middle: Hysteresis loops after field cooling in 3 T. The inset 
shows the exchange bias effect. The green lines indicate the coercive fields and 
the orange line the exchange bias field. Bottom: Resistivity measurement of 
sample Ll SrCoO2_5/ LSAT after annealing. All measurements are of sample Ll 
SrCoO3_ 6 / LSAT. 

77 



4 Strontium cobaltite 

,......, . 
:J 
ro ........ 

. 
Ol 
0 

44 

Oz [A- 1 J 
3.10 3.15 3.20 3.25 

-+- Before annealing 
-+- After annealing 
-+- After SQUID 

45 46 47 
28 [ 0

] 

3.30 3.35 

48 49 

Figure 4.20: Comparison of XRD measurements for the part of sample 11 
SrCoO3_ 6/ LSAT measured in SQUID to the pure brownmillerite and perovskite 
phase. 

Both, magnetisation and resistivity, indicate a quick oxygen loss of the sample after 
annealing, as oxygen deficient phases are present in both measurements. An XRD 
measurement taken shortly after the SQUID measurement confirms that the sample 
consists of a mixture of brownmillerite and perovskite phase (fig. 4.20). This means 
that the sample is not stable in the He atmosphere of the SQUID. This is surprising 
given that the oxygen content in the SQUID is very low. If there were an oxygen con-
tamination present in the SQUID, the antiferromagnetic to paramagnetic transition 
of oxygen would be visible at ~43 K, which is not the case in the measurement [98]. 
Another difference between the conditions in SQUID and vacuum XRD is that in 
SQUID the sample was measured up to a temperature of 350 K, whereas in XRD it 
as kept at ~300 K. In literature, a perovskite to brownmillerite transition was shown 
to occur in vacuum between 398 Kand 533 K depending on the substrate [94]. If the 
sample lost oxygen during the short time it was heated to 350 K, this would explain 
the partial transition to the brownmillerite phase. 

For a deeper understanding of the process of oxygen loss, another sample was an-
nealed in 0 2 and 0 - 20 loops were measured in air. The intensity map was con-
structed from the XRD loops (fig. 4.21). In the initial ~10 hit shows the shift of the 
SrCoO3 (002) peak from the right of the substrate peak towards lower angles. After 
only ~3 h, the peak has been shifted to the bulk theoretical position for SrCoO2.75 , 

which is the lowest oxidation state with ferromagnetic character. Between 10 h 
and 30 h, the perovskite peak gradually loses intensity and vanishes. At 10 h, the 
SrCoO2_5 (008) peak emerges at slightly higher angle than in the as-grown sample 
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and shifts slowly to the same position as before annealing. 

Calculating the out-of-plane lattice constant of the perovskite phase from the 
SrCoO3 (002) peak at 47.4° reveals that, initially, the film is completely relaxed, with 
c=3.83 A, though as the film peak is merging with the substrate peak, determining 
the exact peak position is difficult. The peak shifts by about -0. T which means the 
c-axis elongates to c=3.89 A. The SrCoO2.5 (008) peak appears at 45.67° and shifts 
only slightly to 45.65°, meaning the out-of-plane lattice constant is c/ 4=3.968A-
3.970A. 

To summarize, the perovskite phase is very unstable, with oxygen loss nearly im-
mediately after exposing the film to air. The film is completely transformed back 
to the brownmillerite phase after about 30 h, with the film retaining a very good 
crystallinity. The oxygen vacancies seem to be disordered, since the SQUID mea-
surement show three distinct magnetic phases with different oxygen content and the 
resistivity shows a modified Arrhenius behaviour. 

The stability of the film in vacuum and instability on air is surprising, as the opposite 
behaviour would be expected. A difference between the perovskite phase obtained 
here (and in ref. [95]) and those commonly shown in literature (e.g. refs. [40,99]), is 
the separation of magnetic phases. Reports on single phase samples don't mention 
any instability or transition to brownmillerite. The only sample age dependent 
transition in single phase perovskite SCO is reported in SrCoO3_ 8/ DyScO3 (c5 < 0.2), 
however, it is not attributed to a transition to brownmillerite and rather a strain 
dependent structural phase transition without oxygen loss [96]. Furthermore, ionic 
liquid gating was shown to be able to switch the oxygen content ( and even intercalate 
hydrogen [99]) in single phase SrCoO3_ 8 films [10]. Taking these two findings, the 
instability in air of the perovskite phase film prepared in this thesis could be due 
to moisture in air acting as a catalyst for the transition to brownmillerite. The 
disorder of magnetic phases could indicate that parts of the sample lose oxygen 
more easily, which could explain the transition at lower temperatures as compared 
to literature. This hypothesis could be tested by building a chamber in the XRD 
that can be filled with a dry oxygen atmosphere and repeating the time dependent 
XRD measurements to determining if the perovskite phase remains as stable as in 
vacuum. 
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Figure 4.21: XRD measurements of 12 SrCo03 / LSAT after annealing in air. 
Measurements were taken continuously, with one scan from 20=45°-50° within 
100 min. On the bottom, every third measurement used to construct the inten-
sity map are shown. The grey dashed lines are a guide to the eye for the peak 
shifts. The blue and purple lines indicate the angle for the SrCo03 (002) and 
SrCo02_75 (002) Bragg peaks for a relaxed film, and the red line indicate the ob-
served strained SrCo02_5 (008) peak. 
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4.4 Investigation of magnetization in depth 
resolution 

To determine if there is a depth dependence the re-transformation from the per-
ovskite to brownmillerite structure, an annealed SrCoO3 / STO sample was measured 
with half-polarised neutron reflectometry at MARIA. The annealing conditions were 
550°C for 6 h in 50 ml/ min in the tube furnace in Garching. Before annealing, the 
sample was 287 !~ thick, including a top layer with slightly reduced scattering length 
density (SLD), and about 13 A rough (tab. 4.6 and fig. 4.22). 

The XRD measurement subsequent to the annealing shows a perovskite peak close 
to the expected peak position and a vanishing brownmillerite peak (fig. 4.23). A 
complete transformation can not be confirmed, since the only available instrument 
on site is a non-monochromatised D2 Phaser powder diffractometer. A potential 
brownmillerite peak might be hidden in the background. However, given that the 
observed perovskite peak is very close to the expected position, the sample is at 
least mostly converted to the perovskite phase. 

The PNR measurement was then conducted with a cold finger cryostat and magnet 
set-up after field-cooling at 1 T to 10 K (fig. 4.24). The measurement was fitted by 
assuming the same thickness as measured in XRR (tab. 4.7). The SLD of the film 
was fitted by defining the oxygen content as a free parameter and allowing it to 
vary between 2.5 and 3. The resulting stoichiometry is SrCoO2_75 :+:g g~. The asym-
metry between the up and down channels is only about 5% at the point of highest 
splitting, which corresponds to a magnetisation of (0.05 !8:8~) µB/Co· As the oxygen 
stoichiometry is at the lower limit for ferromagnetism, this very small moment is 
feasible and matches the saturation magnetisation of SQUID measurement discussed 
earlier (fig. 4.18). The sample shows uniform magnetisation throughout the layer. 
Trying to fit the data with a more granular layer structure to attempt to localise the 
oxygen deficiencies didn't result in a better fit, indicating that they are distributed 
randomly throughout the thickness of the film. As the time between annealing and 
mounting the sample in MARIA was ~ 1 hour and the measured stoichiometry is 
SrCoO2_75 , the oxygen loss was a slightly quicker than for the LSAT sample investi-
gated in fig. 4.21, but given the different substrate and possibly different atmospheric 
conditions, still comparable. 

Because of the quick oxygen loss a measurement of the fully oxidised film was not 
possible. However the results obtained here are still interesting, as they point to 
a random distribution of the oxygen vacancies, since no difference in the oxygen 
content near the air-film or film-substrate interface was found. This matches to the 
fast oxygen dynamics reported in literature [94]. 
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Table 4.6: Fit of the XRR measurement of S9 SrCoO2_5/ STO before annealing 
(fig. 4.22) 
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Figure 4.22: XRR measurement and scattering length density profile of sam-
ple S9 SrCoO2_5/ STO before annealing. The inset shows the RHEED image after 
growth. 
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Figure 4.23: XRD measurement of sample S9 SrCoO3 / STO after annealing 
taken with the D2 Phaser. A measurement of a SrCoO2_5/ STO sample is shown as 
a baseline reference. The red and blue lines show the SrCoO2_5 and SrCoO3 peak 
positions from fig. 4.14. 
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Table 4.7: Fit of the PNR measurement of S9 SrCoO3_ 5/ STO after annealing in 
0 2 flow (fig. 4.24) 
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Figure 4.24: PNR measurement, asymmetry and scattering length density after 
annealing of sample S9 SrCoO3_ 5/ STO in the tube furnace in Garching. The up 
channel and fit have been multiplied by 10 for visual clarity. 

83 



4 Strontium cobaltite 

4.5 Conclusion 

A detailed growth study of SrCoO2_5 on various substrates was completed and the 
deposition conditions for thin films of excellent quality determined. A method of 
evaluating the stoichiometry in-situ via RHEED was developed, which proved ex-
tremely useful for transferring the deposition parameters to a second MBE system 
with different conditions. The transition from SrCoO2_5 to SrCoO3 was success-
fully completed by annealing in oxygen flow and the stability and re-transformation 
studied. XRD results confirm a stable SrCoO3 phase in vacuum for at least 24 h 
without deterioration. SQUID and PNR measurements indicate a random distribu-
tion of SrCoO3_ 6 (0<6< 0.5) phases for oxygen deficient samples. The investigation 
of SrCoO2_5 will be continued in chapter 6 with a focus on the coupling to a ferro-
electric substrate, but first, the substrate characterisation will be discussed in the 
next chapter. 
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5 Properties and characterisation 
of PM N-PT substrates 

For experiments with thin films and strain or magnetoelectric coupling 
[Pb(Mg1; 3Nb2; 3 )O3]0.7-[PbTiO3]0.3 (PMN-PT) substrates are used. An overview of 
the properties will be given here. SrCoO2_5 films, were grown on PMM-PT(00l), 
while for Fe3O4 films (chapter 7) both, PMN-PT(00l) & PMN-PT(0ll) were used. 

5.1 PMN-PT in (001) & (011) orientation 

In chapter 2.3.3, a theoretical overview of relaxor ferroelectrics was already given, 
but some important aspects will be mentioned again here. In PMN-PT, below the 
ferroelectric Curie temperature (Tc ~ 130°C [101]), the electric polarisation vectors 
within one polar nanoregion (NR) are aligned parallel and oriented along a (111) 
direction. Upon application of an electric field in out-of-plane direction ([001] or 
[011] depending on substrate cut), the polarisation follows a hysteretic behaviour 
(fig. 5.1 left). The strain evolution, however, is different, depending on the cut. 

For PMN-PT(00l) the in-plane strain is biaxial, i.e. the same along [100] and [011] 
(fig. 5.1 top right) and follows a butterfly shape. Upon the application of a small 
electric field below the coercive field, Ee ~ 1.5 keV, a tensile strain develops as the 
polarisation starts to align with the electric field. For E > Ec, the field is strong 
enough to switch the polarisation, which releases the tensile strain. Further increase 
of the field then leads to a compressive regime. As the electric field is reversed, the 
compressive strain is reduced, until it vanishes for zero field. For a negative field, 
the loop is symmetric. 

For PMN-PT(0ll), the strain behaviour along [100] is similar to the above discussed 
case. Along [011] a large jump in strain occurs at the coercive field, caused by the 
switching of polarisation vectors with a component opposite to the electric field 
towards an in-plane (011) orientation (fig. 5.1 bottom right). For a slightly larger 
field, the strain jumps back towards the compressive regime as the polarisation 
finally switches out-of-plane towards the field direction. When the field is reduced, 
the strain relaxes linearly. For a negative field, the loop is symmetrical, again with 
a large jump in strain at the coercive field. 
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Figure 5.1: Top-Left: Polarisation of PMN0_72-PT0_28 (OO1) [100]. Reprinted 
from A. Herklotz et al. Journal of Applied Physics, 108, 094101 (2010), with 

] 

the permission of AIP Publishing. Top-Right: Strain of PMN0_72-PT0_28 (OO1), 
adapted from [100]. Bottom: Polarisation (left) and strain (right) of PMN0_68-
PT0_32(O11) [47]. The directions are: x=[lO0] and y=[0lI]. Reprinted from T. Wu 
et al. Journal of Applied Physics, 109, 124101 (2011), with the permission of AIP 
Publishing. 
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5.2 Characterisation of PMN-PT(00l) & (011) 

84 
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Figure 5.2: PFM measurement of a PMN-PT(0Ol) substrate, showing a) topog-
raphy, b) amplitude, and c) phase. 

To obtain local information and confirm the domain state of the substrate, piezore-
sponse force microscopy (PFM) was performed on a PMN-PT(0Ol) substrate (fig. 5.2). 
The domain pattern is similar to those found in literature [102]. There is a clear 
distinction between domains of opposite out-of-plane polarisation directions, in the 
contrast of both amplitude and phase. The substrate roughness is 8 A. 

X-ray rocking and diffraction measurements around the PMN-PT(002) reflex were 
performed on PMN-PT(00l) at the Walther-Meissner-Institut (WMI) with S. Geprags, 
to determine changes of the bulk crystallinity of the substrate with voltage. Fig. 5.3 
top shows the rocking curve and diffraction measurement around the PMN-PT(002) 
Bragg peak. The unpoled substrate has a very broad and low intensity rocking 
curve. After a slow ( ~0.02 kV / cm-s) voltage cycle between ±4 kV / cm the rocking 
curve gets much narrower. At the same time there is an observable shift in the 
position of the Bragg reflex of 0.03°, which corresponds to a change in out-of-plane 
lattice constant from 4.043 A to 4.046 A. This correlates to an in-plane contraction 
of 0.06%, which is comparable to literature [103]. For higher voltages, the rocking 
curve begins to show multiple peaks and the Bragg peak shows a clear tail towards 
higher angles, indicating faceting of the substrate. Reflectometry measurements on 
a substrate with a deposited La0.67Sr0.33MnO3 layer reveal a substrate roughness of 
12:+:i A, which is higher than for standard substrates like STO and LSAT (:::;6A) 
(fig. 5.3 bottom, and supplementary S.4 for a comparison of fit results). Kiessig 
fringes are still clearly observable however, so the increased roughness does not pose 
a problem. 

For PMN-PT(0ll), the reflectivity along the two in-plane directions for an unpoled 
sample is quite different (fig. 5.4). For a Fe3O4/ PMN-PT(Oll) sample, the [OlI] 
direction has a broad, irregular rocking curve and the reflectivity measurement a 
very broad plateau of total reflection. This is likely caused by facets on the sample 
which create different scattering planes. The superposition of the scattering from 
the different planes then creates the long plateau. This also explains the initial 
low intensity for rocking and XRR measurements and subsequent increase as the 
electric field is ramped. After one voltage cycle, the scattering plane, and thus 
the plateau of total reflection, is well defined. In the [100] direction the rocking 
curve has a clear peak and the XRR measurement shows a sharp plateau. Upon 
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Figure 5.3: Top: X-ray measurements of sample LPl SCO / LSMO / PMN-
PT(00l) / Au sample with amorphous SCO layer (LSMO layer deposited by 
A. Sarkar). Rocking curves (left) and diffraction measurements around the PMN-
PT(002) peak (right). Bottom: XRR measurement of sample 0587 LSMO/ PMN-
PT(0Ol) (fit parameter are listed in supplementary S.4). Sample prepared by 
A. Sarkar. 

application of an electric field, the surface structure of the sample changes. To ensure 
all measurements are comparable, the rocking curves and XRR were measured in 
both directions before proceeding to the next field step, by rotating the sample 
stage 90°. The field was increased by ~0.02V / cm·s and measurements for every 
0.4 kV / cm taken (fig. 5.4). Above 1.8 kV / cm, the rocking curve along [01 I] becomes 
more uniform, although still very broad and the rocking curve along [100] broadens 
into a similar shape. The reflectivity curve along [01 I] becomes clearer and matches 
that of the [100] direction, which, apart from a reduced intensity, doesn't change. 
The change in rocking curves and reflectometry does not revert once the voltage is 
switched off. Neither direction shows clear Kiessig fringes, which may be explained 
by a high substrate roughness. The reason for this is unclear, as the (001) oriented 
substrate was reasonable smooth. 
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Figure 5.4: Rocking curves ( top row) and XRR measurements (bottom row) 
in [100] (left column) and [011] direction (right column) with voltage on sam-
ple FMl Fe30 4 / PMN-PT(Oll) / Au (MBE grown). 
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6 Strontium coba ltite - Influence 
of strain 

In chapter 4, the growth parameters for SrCoO2_5 (BM-SCO) and conditions for 
the transformation to SrCoO3 (P-SCO) have been established. As the change of 
oxidation state by annealing was successful, the possibility of changing the oxygen 
content by varying the strain were investigated. Petrie et al. reported on the oxygen 
content of SrCoO3_ 6 (SCO) films grown on substrates with varying lattice constant, 
resulting in different strain states in the film and found that for higher tensile strain 
the oxygen content decreases [11]. Until now however, there has not been an inves-
tigation to find out whether variable strain can be used to tune the oxygen content 
in SCO and thus the physical properties. For that purpose, BM-SCO films were 
grown on the ferro- and piezoelectric substrate, [Pb(Mg1; 3Nb2; 3 )O3]0 _7-[PbTiO3]0_3 

(PMN-PT). PMN-PT in (001) orientation was chosen, which has uniform strain in 
both in-plane directions. The substrates were bought from Crystal GmbH. Samples 
with the SrCoO2_5 layer directly on PMN-PT have the suffix "P". Later samples 
with an La0 _67Sr0_33MnO3 (LSMO) buffer layer "LP" were used. 

6.1 SrCo02_5/PMN-PT 

After the substrate was characterised, the SrCoO2_5 thin films were grown on PMN-
PT(00l). The planned sample structure is shown in fig. 6.1 a. The SCO film is 
deposited directly on the PMN-PT with Au films on the top and bottom acting as 
electrodes to apply the electric field. 

@D [ill 

LSMO 
V 

PMN-PT{OOl) PMN-PT{OOl) 
Bottom electrode Bottom electrode 

Figure 6.1: Sample structure for a) SrCoO2_5 layer directly deposited on the 
PMN-PT substrate, and b) with LSMO buffer layer (see next section). 

V 
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6 Strontium cobaltite - Influence of strain 

To clean the surface before deposition, the substrate was heated to 730°C, since 
at higher temperatures Pb loss might occur. Before each deposition on PMN-PT, 
a sample on STO or LSAT was prepared a day before to confirm the deposition 
conditions. Then the same conditions were used to grow on PMN-PT. 

Fig. 6.2 a shows the RHEED image of the substrate along the [110] direction before 
deposition. During growth, the intensity of the specular RHEED spot decreases 
rapidly for the first ~ 10 min and continues to decay slowly for the remaining 50 min 
(fig. 6.2 c). Images taken during the deposition show initial small island growth, 
indicated by broad spots, which coalesce into bigger island structure after ~ 13 min. 
There is no indication of intensity oscillations. The AFM measurement of the com-
pleted layer confirms a surface completely covered by islands and a roughness of 25 A 
( fig. 6.2 b). In the XRD, there is no indication of SrCoO2_5 Bragg peaks ( fig. 6.2 d). 
The thickness of the film based on the calibrated growth rate is 23 nm. 

A similarly bad growth was observed for multiple samples. The substrate imparts 
a 3 % tensile strain onto the SrCoO2_5 layer which might be too high to grow suc-
cessfully. To circumvent this strain problem, a buffer layer was grown, which will 
be discussed in the next section. The aim of the buffer layer is to provide a better 
match of lattice constants for the SrCoO2_5 film compared to the substrate. The 
buffer layer should be able to grow on the lattice mismatched PMN-PT substrate 
and relax the epitaxial strain via defect formation. 

6.2 SrCoO2.5/LSMO/PMN-PT 

As a buffer layer, La0_67Sr0_33MnO3 (LSMO) was chosen. From the PhD project 
of T. Bhatnagar-Schoffmann it is known that LSMO grows in good crystallinity 
and partially relaxed on PMN-PT(00l). To facilitate the use of LSMO, samples 
of LSMO/ PMN-PT were prepared by T. Bhatnagar-Schoffmann and A. Sarkar in 
Jiilich and transported to Garching, were the SrCoO2_5 layer was deposited. The 
deposition conditions for LSMO are taken from [85], with a reduced growth tem-
perature. As the PMN-PT substrate tends to lose Pb at temperatures higher than 
750°C-800°C [104], the substrate annealing and LSMO growth temperature was set 
at 730°C. Since the LSMO layer can also act as the top electrode, the top Au 
layer is not needed, but the SCO layer must not cover the complete LSMO layer. 
Thus, using a sample holder with a mask, the SCO layer was deposited in a rect-
angle of 7x10 mm2 on the lOxlO mm2 LSMO layer as shown in fig. 6.1 b. Both SCO 
and LSMO films were intended to be 20 nm thick. Fig. 6.3 shows the LEED and 
RHEED pictures of an LSMO/ PMN-PT sample after growth, which reveals good 
crystallinity. The SCO layer was grown after annealing at 600°C for 1 h to remove 
surface contamination. From the RHEED image, Co excess is clearly visible, but 
the SCO film has good crystallinity in LEED and RHEED. AFM measurements 
were taken for the substrate and both layers (fig. 6.4). The unannealed substrate 
(fig. 6.4a) has some contaminant particles and a roughness of 10.0±0.5 A. To im-
age the substrate after annealing, the edge of the substrate which was hidden by 
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Figure 6.2: a) RHEED image along [110] of the PMN-PT(00l) substrate be-
fore deposition. c) RHEED intensity oscillations during the growth of sample 

50 

Pl SrCoO2_5/ PMN-PT with images at different stages as insets. b) AFM and d) 
XRD measurements after growth. The dashed lines in the XRD indicate SrCoO2_5 

Bragg peak angles. 
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LSMO/ 
PMN-PT 

SCO/ 
LSMO/ 

PMN-PT 

Figure 6.3: LEED at lO0eV and RHEED of sample LP2 LSMO/ PMN-PT (a 
and b) and SCO/ LSMO/ PMN-PT (c and d). The SrCoO2_5 layer exhibits Co ex-
cess but also good crystallinity. 

PMN-PT annealed 
5.6 
nm 

0 

Figure 6.4: AFM images of sample LP2 SCO/ LSMO/ PMN-PT: a) untreated 
substrate, b) substrate edge after deposition of LSMO, c) LSMO film, and d) 
SrCoO2_5 layer. 

6.1 
nm 
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the sample holder during deposition was measured after LSMO growth (fig. 6.4b). 
The surface contaminant particles were removed by annealing, and the roughness 
increased slightly to ll.4±0.8A. The LSMO layer (fig. 6.4c) grows well on the sub-
strate, keeping the domain pattern intact. The roughness again increased slightly 
to 12.4±0.8 A. The SCO film grew in the same way SCO films with Co excess grew 
on STO and LSAT substrates, with ~8 A steps building up plateaus. The Co ex-
cess forms vertical and horizontal CoO structures, which increase the roughness to 
40±4 A. Neglecting the islands, the roughness of the SCO film is 18.9±0. 7 A, which 
is higher than previous SCO films on STO and LSAT, but still smooth enough for 
scattering experiments. 

XRD measurements of an SCO/ LSMO/ PMN-PT sample, show a clear LSMO peak 
and a split SrCoO2_5 peak (fig. 6.5). The two side peaks of the SrCoO2_5 (008) peak 
are 0.3° apart, which corresponds to a 0.1 A difference in the c-axis parameter. The 
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Figure 6.5: XRD measurements of sample LP2 SrCoO2_5 / LSMO/ PMN-PT(001) 
before and after the MARIA beamtime, during which + 8 kV/ cm were applied 
rapidly. 

origin of the side peaks is still unclear. If the peaks originate from a SrCoO2_5 

phase of different crystalline orientation the only peak close to SrCoO2_5 (008) with 
sufficient intensity to be detected is the SrCoO2_5 (220) peak at 46.58°, but this peak 
alone can't explain the origin of the twin side peaks. A difference in strain state 
for different parts of the sample leading to different angles for the same Bragg peak 
seems unlikely, given the close match of SrCoO2_5 and LSMO lattice constants. The 
LSMO layer is nearly relaxed with only 0.2 % tensile strain, and the SCO layer 
(taking the centre peak) is only 0.1 % strained. 

X-ray reflectometry was measured on the part of the sample with deposited SCO 
layer (fig. 6.6). The measured surface roughness agrees very well with the roughness 
measured by AFM for substrate and LSMO layer (table 6.1). The SCO layer rough-
ness measured by XRR is between the AFM roughness with and without islands. A 
top layer of reduced density was used to account for these particles. 

To gain more insight into the sample structure and to study interdiffusion between 
the different layers, transmission electron microscopy was performed by J. Barthel 
(ER-C). The measurements were taken after neutron experiments which will be 
discussed in the next section. In fig. 6. 7a and 6.8a, two regions of the same sample 
are shown. The SCO layer grows epitaxial on the LSMO buffer layer which is 
relaxed compared to the substrate, as can be seen from the Fourier transformation 
of the layer structure in fig. 6. 7b. CoO particles, identified by EDX in fig. 6.8b, 
are present in the SCO layer as expected from the RHEED images. In the STEM-
EDX measurement, no inter-diffusion between the layers or the substrate is detected 
( fig. 6.8b). The La signal in the substrate does not indicate interdiffusion, as the 
La-L edge overlaps with the Ti-K edge. The fact that no Pb signal is detected in 
the LSMO layer proves that there was no interdiffusion during growth. During the 
measurement, the SCO layer started to deteriorate due to beam damage (fig. 6.9). 
The single crystalline structure breaks down from the top of the SCO and forms small 
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6 Strontium cobaltite - Influence of strain 

Table 6.1: Fit of the XRR measurement of LP2 SrCoO2_5+o / LSMO/ PMN-
PT(001) in fig. 6.6 and roughness determined by AFM (fig. 6.4) 

layer thickness [A] XRR roughness [A] AFM roughness [A] 
Top 14:!:~ 12.1:!:8:t 
SrCoO2.5 195:!:f 29:!:~ 
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Figure 6.6: XRR measurements of sample LP2 SrCoO2_5/ LSMO/ PMN-PT(001) 
before applied voltage. 

clusters of a few nanometers. Only the SCO is affected, once the particles reach the 
LSMO, the damage doesn't propagate further. The breakdown of the SCO layer 
takes place within a minute. The energy and dose rate during the measurement are 
200kV and 1500electrons/ A2s, which is a relatively low dose rate [105]. For this 
reason, high magnification STEM imaging of atoms in this sample is not possible, 
as the layer would be destroyed too quickly. 
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6.2 SrCoO2_5/ LSMO/ PMN-PT 

Figure 6.7: TEM images of sample LP2 SrCoO2_5 / LSMO/ PMN-PT(001) showing 
a large CoO particle embedded in the SCO layer (a). Based on the Fourier trans-
formations (b) the LSMO layer is relaxed on the substrate, while the SCO layer 
matches the LSMO lattice. Measurement performed by J. Barthel (ER-C). 
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6 Strontium cobaltite - Influence of strain 

Figure 6.8: TEM images of sample LP2 SrCoO2_5 / LSMO/ PMN-PT(001). During 
the measurement, the SCO layer started to deteriorate due to beam damage from 
the top downwards and formed small particles, the exact composition of which is 
currently unknown (a). STEM-EDX of image b shows no signs of inter-diffusion 
(b). The La signal in the substrate is due to the La-Ledge overlapping with the 
Ti-K edge. Measurement performed by J. Barthel (ER-C). 
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6.2 SrCoO2_5/ LSMO/ PMN-PT 

Figure 6.9: TEM images of sample LP2 SrCoO2_5 / LSMO/ PMN-PT(001) showing 
the quick deterioration during the measurement. The images were taken within 
one minute. Measurement performed by J. Barthel (ER-C). 
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6 Strontium cobaltite - Influence of strain 

6.3 Changes in magnetic depth profile with voltage 

SrCoO2_5/LSMO/PMN-PT 

[ 300K 0V ]~ 300~ w'.th Ill [ l00K OV ] • 100K with 
electric field .,.. ~. --- .,.. electric field ------

\~ _______ ox_y_ge_n ______ ~) 

Figure 6.10: Experimental plan for sample LP2. 

To investigate the changes in oxygen content and magnetic properties experienced 
by SrCoO3_ 8 with strain, a set of polarised neutron reflectometry (PNR) experi-
ments was planned for both initial oxidation states, i.e. SrCoO 2_5 and SrCoO3 using 
MARIA at the MLZ (fig. 6.10). First, a SrCoO2_5/ LSMO/ PMN-PT sample is in-
vestigated in oxygen atmosphere, to probe how the oxidation state changes with 
variable strain. The sample was measured first with and without electric field along 
[001] direction, at 300 and then 100 K, i.e. above and below the Curie tempera-
ture of the phases observed in the SQUID measurements in chapter 4.3. Since the 
sample had to be cooled below the Curie temperature of SrCoO3 in oxygen, and a 
magnetic field had to be applied, a cryomagnet was used to satisfy all requirements. 
A second set of measurements with the same temperatures, voltages and magnetic 
field was supposed to be measured on SrCoO3/ LSMO/ PMN-PT in vacuum, to see 
the decrease in oxygen content with strain. 

Fig. 6.11 shows a simulation of the first measurement to be carried out on sample LP2 
SrCoO2_5/ LSMO/ PMN-PT for O kV / cm based on the thicknesses and roughnesses 
determined by XRR (table 6.1). The magnetisation of the LSMO layer was based 
on those measured in the thesis [85]. A clear splitting of the up and down channels 
and a resulting magnetic scattering length was expected due to the magnetisation 
of the LSMO layer, with only nuclear scattering in the SCO layer. Based on the 
TEM and XRR measurements in the previous section, the interfaces are expected 
to be sharp. 

The measurement was then performed at 300 K and 700 mT in 1100 mbar oxygen 
(fig. 6.12). Trying to fit the measurement based on the parameter obtained by XRR 
did not result in a reasonable agreement between fit and measurement. To improve 
the fit, two interdiffusion layers were introduced to smoothen the transition between 
the scattering length densities (SLD's) of the layers. The SLD's also had to be 
decreased to match the data. With these assumptions, the fit matches the measure-
ment well, but the model does not agree with the findings of TEM and XRR, which 
show sharp interfaces and no reduction in the SLD's. 

Two factors contribute to the measurement problems. First, there were problems 
caused by the cryomagnet. The detector image in fig. 6.13a shows a signal between 
the direct and specular beam that doesn't originate from the sample. These con-
tributions seem to originate from scattering by the sample holder or cryomagnet. 
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Figure 6.11: Simulation of the PNR measurement of sample LP2 
SrCoO2_5/ LSMO/ PMN-PT based on the sample parameters determined by XRR 
(table 6.1). 

Also , the sample was not stable within the cryomagnet when the incidence angle 
was scanned. During the alignment of the sample in the beam, a rotation of the 
sample by a different angle than the cryomagnet was sometimes observed. This 
means that the incident angle was not always clearly defined. This effect was only 
mildly present for the O kV/ cm measurement and the specular beam stayed in the 
integration area typically used to calculate reflected intensity. Since this experiment 
was the first ever in which the cryomagent was used at MARIA, this problem was 
unknown and unexpected. 

Secondly, the discrepancy could be partly due to the sample geometry, as the SCO 
layer does not cover the whole sample area, but only 70%. The sample was ori-
ented in the way shown in the insert in fig. 6.12, which should not cause any angle 
dependent difference in the signal due to SCO coverage. The problem could arise 
from a superposition of the signal from the neutrons scattering from the completely 
covered sample part, (SCO/ LSMO/ PMN-PT) and that from the non-covered part 
(LSMO/ PMN-PT). To try and avoid this issue, the data was fit in a two-step model. 
First, the two parts (with and without SCO) were simulated keeping the same LSMO 
and PMN-PT parameters. Then, the two fits were added in the 0.7:0.3 ratio given 
by the sample geometry. This also didn't result in a reasonable fit , as seen in the 
supplementary figure Sl. 

After the O kV/ cm measurement, the sample was measured with voltage. U nfortu-
nately, the analysis of the substarte properties with applied voltage was not complete 
at the time of the measurement. As a result, 8kV / cm were applied to the sample, 
which is high enough to create facets , as discussed in chapter 5. The heavily de-
teriorated sample surface can be seen in the detector images and a i-a f maps in 
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6 Strontium cobaltite - Influence of strain 

Table 6.2: Fit of the PNR measurement of LP2 SrCo03_8/ STO (fig. 6.12) 

layer thickness [A] roughness [A] scattering magnetic mo-
length density ment [µ8 /u.c.] 

SrCo02.5 

interdiffusion 2 
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interdiffusion 1 
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ro 10-1 
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Vl 
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· -0.05 
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3 27 +0.07 

· -0.07 
3 24 +0.08 

· -0.08 
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Figure 6.12: PNR measurement of sample LP2 SrCo02_5 / LSMO/ PMN-PT. In 
the scattering length density profile, the simulated profile of fig. 6.11 is shown for 
companson. The measurement was performed at 300 K and 700 mT in 1100 mbar 
oxygen. 

fig. 6.13. The specular beam fig. 6.13d is extremely broad and multiple reflexes are 
seen fig. 6.13b, along with a tail towards the right. This means multiple scattering 
planes are present on the sample, which all contribute a signal. Also, the angle at 
which the specular beam is observed in the detector changed significantly relative 
to the sample angle and deviated from the 0 - 20 relation. This is likely the result 
of the problems with the cryomagnet discussed above. 

As a result, the reflectometry curve is extremely smeared out, with even the plateau 
of total reflection no longer clearly defined (fig. 6.14). Since the measured data is 
intrinsically unreliable, due the superimposed signals that can not be segregated, 
any attempt to fit is doomed to fail. 

The experiment performed here was the first ever use of the cryomagnet at MARIA 
and the difficulties involved with its operation were not yet known. For future 
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6.3 Changes in magnetic depth pronle with voltage 
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Figure 6.13: a) Detector images before voltage and with 8kV / cm. The line pro-
file on the bottom depicts the integrated intensity along the vertical. Different 
beams contribute to the detector image: (1) the direct beam, (2) stray beam, 
and (3) the specular beam. b) a i-a f map before the application of voltage and 
with 8 kV/ cm. With voltage, there are more reflexes in the det ector image and the 
specular reflex gets extremely broadened. 
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Figure 6.14: PNR measurement of sample LP2 SrCoO2_5/ LSMO/ PMN-PT at 
8 kV/ cm compared to O kV/ cm. The O kV/ cm data has been multiplied by 10 for 
visibility. 
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6 Strontium cobaltite - Influence of strain 

experiments the stability of the sample in the cryomagnet has to be improved 
and the source of the unknown scattering events identified. Due to the difficul-
ties in measuring with the cryomagnet even for O kV/ cm, further measurements for 
SrCoO2_5/ LSMO/ PMN-PT were not performed. For measurements of 
SrCoO3 / LSMO/ PMN-PT, the correct annealing conditions to transform the SrCoO 2_5 

layer to SrCoO3 would have to be found. As the correct temperature for the tran-
sition is strongly substrate dependent, the temperatures known for STO and LSAT 
will likely not be suitable. To continue this work successfully, it would require a min-
imum of 5 samples with good crystallinity to determine suitable conditions for the 
transition to SrCoO3 on PMN-PT. However, since the samples are partially grown 
in Jiilich (LSMO layer) and Garching (SCO layer), this is very time consuming. For 
these reasons, the project was not pursued further. 

6.4 Conclusion 

SrCoO2_5 films were grown on PMN-PT substrates. Due to growth problems di-
rectly on PMN-PT, an LSMO buffer layer was introduced, which facilitated a good 
structural quality in SrCoO 2_5 / LSMO/ PMN-PT samples. This sample was then 
investigated by PNR in oxygen atmosphere. Due to problems caused by sample ge-
ometry and instrumentation, a successful evaluation of the reflectometry experiment 
was not possible. 

The results obtained are still encouraging though. Since SrCoO 3 is stable in vacuum, 
the cryomagnet responsible for a lot of the problems during the SrCoO 2_5 / LSMO / PMN-
PT PNR measurements is not needed for SrCoO3 • Thus, using a normal cold-finger 
cryostat, the influence of the strain and possible transition to SrCoO 2_5 could be ob-
served. From the growth study shown here, it is only a question of time to grow the 
necessary samples, since the deposition conditions are known and can be adjusted 
easily. The annealing temperature would have to be found, but since the transition 
was successful on both LSAT and STO, the successful annealing on LSMO/ PMN-PT 
should be possible as well. 
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7 Magnetoelectric coupling in 
Fe30 4/PM N-PT 
heterostructures 

In the quest for novel data storage devices and multifunctional components, the 
direct control of magnetism by an electric field is a promising approach. Magneto-
electricity can be realised directly, in a material possessing both ferroelectricity and 
ferro- or ferrimagnetism. However, materials with these properties are rare, as they 
have to simultaneously break inversion and time-reversal symmetry. Another way is 
to couple a ferroelectric material with a ferro- or ferrimagnetic one via a shared in-
terface. Taking for instance a ferroelectric substrate and growing a magnetic film on 
top may result in a magnetoelectric heterostructure. The coupling between the two 
systems can be mediated by either strain or polarisation. Strain can influence the 
magnetisation via magnetostriction and change the magnetic anisotropy, whereas 
the polarisation of the ferroelectric substrate can influence the magnetisation via a 
change in charge at the interface and thus an electron accumulation or depletion. 
This effect is sometimes called polarisation or charge coupling in literature. How 
these two effects contribute to the total coupling is still investigated, as determining 
the interplay is not straight forward and is also material specific. 

In the following, the investigation of magnetoelectric coupling in Magnetite (Fe 3O4 ) 

on two orientations of [Pb(Mg1; 3Nb2; 3 )O3]0_7-[PbTiO3]0_3 (PMN-PT) is reported. 
This project was initially started by A. Sarkar who left the institute and handed the 
project over. The orientations chosen for PMN-PT are (001), i.e. the same as for 
the SCO project, and PMN-PT(Oll). 

Liu et at. [14] investigated the resistance and magnetisation of Fe3O4/ PMN-PT(Oll) 
under an applied field of 10 kV/ cm. They found an increase of the resistance under 
compressive strain and a spike in resistance at the Verwey transition. The Verwey 
transition temperature decreases by 8 K in both resistance and magnetisation mea-
surements for 10 kV/ cm. As the sign of the resistance change didn't depend on the 
electric field polarity, they concluded that strain coupling is dominant over polarisa-
tion coupling. To truly understand the effects of strain and polarisation on the mag-
netisation though, a deeper investigation of the intermediate states, between zero 
and maximum applied electric field is needed. Identifying the individual contribu-
tions is complicated for Fe3O4 films on PMN-PT(0ll), as the strain is non-isotropic 
along the two in-plane directions [100] and [011]. Comparing Fe3O4/ PMN-PT(Oll) 
to Fe3O4/ PMN-PT(001), which has isotropic in-plane strain (along [100] and [010]) 
helps to distinguish different contributions to magnetoelectric coupling. 
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7 Magnetoelectric coupling in Fe3 O4/ PMN-PT heterostructures 

In the beginning of the project, magnetite films were grown by MBE on (011) 
oriented PMN-PT by A. Sarkar. Their structural properties for applied electric field 
studies was already discussed in chapter 5.2. Later, PLD samples were prepared 
by M. Hussein Hamed (PGI-6) on PMN-PT(00l) and PMN-PT(0ll) and used for 
structural and magnetic characterisation, including polarised neutron reflectometry. 

Since multiple substrate orientations and resulting in-plane orientations are inves-
tigated, the following colour convention is adopted for clarity: For a scattering 
direction in XRR and XRD or magnetic field in SQUID along the [100] direction, 
the data is shown in orange and magenta, while for measurements along [01 I], the 
data is shown in red and blue. 

7 .1 Magnetite thin films grown by M BE 
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Figure 7.1: XRR measurements in [100] and [OlI] direction of the MBE grown 
sample FMl Fe30 4 / PMN-PT(0ll) in the unpoled state. 

Magnetite thin films were grown on PMN-PT(Oll) by A. Sarkar by MBE in Jiilich. 
X-ray reflectometry measurements of the Fe30 4 / PMN-PT(0ll) sample, showed al-
most no thickness oscillations and a smeared out plateau of total reflection for un-
poled samples (fig. 7.1). The bad reflectivity signal was present in all MBE grown 
samples. The cause is most likely a badly defined interface between substrate and 
film either due to a large substrate roughness or interdiffusion between film and 
substrate. As the thickness is then no longer well defined over the whole sample, 
the thickness oscillations dampen and diminish. Using these samples for charac-
terisation would be problematic in two ways: The physical properties of a system 
without clearly defined interface are expected to differ drastically from those of with 
a sharp interface, particularly as the magnetoelectric coupling investigated here is 
mediated via the strain transferred onto the film. Secondly, as the samples will be 
investigated by neutron reflectometry, a smearing out of the thickness oscillations to 
the extend observed here would make it extremely difficult to measure any change 
in the system. For these reasons , the MBE grown Fe30 4 samples are not further 
considered for investigation. 
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7.2 Samples grown by PLD 

7.2 Samples grown by PLO 

7 .2.1 Structural and magnetic characterisation 
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Figure 7.2: XRD measurements of sample Fl Fe30 4 / PMN-PT(001) (top) and 
F2 Fe30 4 / PMN-PT(0ll) (bottom). 

Magnetite films were grown by M. Hussein Hamed (PGI-6) using pulsed laser depo-
sition (PLD). Out of the four studied Fe30 4 samples, Fl is on PMN-PT(0Ol) and 
F2-F5 on PMN-PT(0ll). 

XRD measurements of Fe30 4 / PMN-PT(001) and Fe30 4 / PMN-PT(Oll) (fig. 7.2) 
show only Fe30 4 and substrate peaks without excess phases, however no Laue os-
cillations are visible. This indicates the samples are polycrystalline or have a lot of 
defects, as Laue oscillations are correlated with the thickness of the single crystalline 
volume. 

Figures 7.3 and 7.4 show X-ray reflectometry measurements for both substrate ori-
entations and tables 7.1 and 7.2 list the corresponding XRR fit parameters. The 
PLD grown samples exhibit higher interfacial quality for both crystal orientations 
compared to the MBE grown samples (figs. 5.4 and 7.1), although the rocking curves 
are still very broad, particularly for PMN-PT(00l) and for PMN-PT(0ll) while scat-
tering along the [01 I] direction. The broadening of the rocking curve implies that 
the sample surface is not macroscopically flat, so the sample is either bent or faceted 
before any electric field is applied. 

For PMN-PT(00l), the full width at half maximum (FWHM) of the rocking curve 

107 



7 Magnetoelectric coupling in Fe3 O4/ PMN-PT heterostructures 

Table 7.1: Fit of the XRR measurement of Fl Fe3O4 PMN-PT(00l) in fig. 7.3 
Layer thickness [A] roughness [A] FWHM [0

] 
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Figure 7 .3: Rocking curves ( top left), XRR measurements (bottom left) and 
SLD profile (right) of sample Fl Fe3O4/ PMN-PT(001). 

Table 7.2: Fit of the XRR measurement of F3 Fe3O4 PMN-PT(0ll) in fig. 7.4 
Layer thickness [A] roughness [A] Direction FWHM [0
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Figure 7.4: Rocking curves ( top left) , XRR measurements (bottom left) and 
SLD profile (right) of sample F3 Fe3O4/ PMN-PT(0ll). 
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7.2 Samples grown by PLD 

is 0.39°, but thickness oscillations are clearly visible in the reflectivity (see fig. 7.3). 
For PMN-PT(0ll), as a result of the broad rocking curve, with FWHM of 0.27° 
along [011], the plateau of total reflection is elongated. In [100] direction, however, 
the rocking curve is much slimmer with a FWHM of 0.06° (see fig. 7.4). A top 
layer of reduced density had to be assumed for both substrate orientations to fit the 
reflectometry data. The (011)-oriented substrate is relatively rough, with 18:+:~ A, 
however this does not deteriorate the reflectivity significantly, in contrast to the 
MBE grown samples. For all XRR measurements only the specular reflectivity was 
measured without correction for diffuse scattering. In the future, it should be verified 
if the diffuse scattering can be neglected or if there is a significant contribution due 
to the faceting. 
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Figure 7.5: Field-cooled warming magnetisation measurement of sample Fl 
Fe30 4 / PMN-PT(001) and F2 Fe30 4 / PMN-PT(0ll) showing a clear Verwey tran-
sition at 126 K and 106 K, respectively (top). Resistivity measurement of sample 
F2 Fe30 4 / PMN-PT(0ll) (bottom). 

Temperature dependent magnetisation measurements, with the magnetic field along 
the [100] direction, reveal a clear Verwey transition at 126 K for PMN-PT(0ll) 
confirming the oxidation state of the sample to be Fe30 4 (fig. 7.5). The transition is 
not visible in the resistivity measurement (fig. 7.5), which is not surprising, as it is 
smeared out for films below 50 nm [ 106]. The magnitude of the resistivity matches 
well to literature [107]. For the sample on PMN-PT(00l), the Verwey transition is 
lowered by 20 K in the magnetisation measurement, indicating worse crystallinity 
compared to Fe30 4 / PMN-PT(0ll). However, the transition is still clearly visible. 
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Figure 7.6: Magnetic hysteresis loops at 300 K of sample F2 Fe30 4 / PMN-
PT(0ll) along both in-plane (ip) and the out-of-plane direction (oop). The mag-
netic easy axis is along the [01 I] substrate direction. The oop data has not been 
corrected for demagnetisation, as the demagnetisation contribution is very small. 
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Figure 7.7: Magnetic hysteresis loops at 300K of samples Fl Fe30 4 / PMN-
PT(001) and F2 Fe30 4 / PMN-PT(0ll). The green line indicates 50mT, the field 
at which the magnetoelectric measurements (chapter7.2.2) were performed. The 
magnetic field was chosen such that the film is not fully saturated along [01 I]. 
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7.2 Samples grown by PLD 

Hysteresis measurements reveal the magnetic easy axis of the Fe30 4 film on PMN-
PT(Oll) to be along the [011] substrate direction (fig. 7.6). Curiously, the saturation 
magnetisation of 3.2 µB for PMN-PT(Oll) and 1.9 µB for PMN-PT(OOl) (fig. 7.7) is 
much lower than the reported value of 4.0 µB. This could be caused by parts of the 
sample not being crystalline. As no Laue oscillations were observed in the XRD mea-
surements, a determination of the crystalline volume is not possible. Additionally, 
crystalline defects can cause a reduced saturation magnetisation [108]. 

High resolution TEM (HRTEM) images taken by J. Barthel (fig. 7.8) reveal a high 
defect density, as can be seen from the contrast variation throughout the film (fig. 7.8 
c), which can explain the reduced saturation magnetisation. Furthermore, the dis-
crete spots in the Fourier transformation of the film show that the sample is single 
crystalline. The interface between film and substrate is not flat, which was expected 
from the interface roughness determined by XRR (fig. 7.8 b). The images were taken 
after a neutron beamtime discussed later, during which the sample experienced 1.5 
electrical field cycles between ±4 kV/ cm, which could be responsible for some, but 
certainly not all of the structural defects. As the sample was only exposed to 1.5 
electric field cycles and only a small deterioration of the rocking curve was measured 
during the neutron experiments ( discussed in section 7.2.3), the sample quality ob-
served in the TEM images is likely not much different from the the as-grown state. 

An oxidation to 1-Fe20 3 , which has a saturation magnetisation of 2.5 µB / f.u., would 
destroy the Verwey transition, even for small stoichiometric fluctuations of 0=0.012 
in Fe3(i-o)04 [111,112]. To unambiguously confirm that the oxidation state is Fe30 4 , 

hard X-ray photoemission spectroscopy (HAXPES) was performed and analysed by 
M. Hamed at P22, DESY (fig. 7.9). The HAXPES data show a contribution of Fe3+ 
and Fe2+ to the Fe 2p3; 2 peak and a merging of the satellite peaks, confirming that 
the sample is indeed Fe30 4 • 

Overall, since the PLD grown samples show good reflectivity and a clear Verwey 
transition we have proven the films to be Fe30 4 , and the samples are suitable for 
further investigation by magnetoelectric SQUID and polarised neutron reflectometry. 
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7 Magnetoelectric coupling in Fe3 O4/ PMN-PT heterostructures 

Figure 7.8: HRTEM images of sample F3 Fe3O4/ PMN-PT(0ll). Imaged) shows 
the Fourier transformation of the Fe3O4 layer. The images were taken after the 
PNR measurements discussed in the next section, i.e. after applied electric field. 
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Figure 7.9: HAXPES measurement of sample F4 Fe30 4 / PMN-PT(0ll). The 
measurement was performed and analysed by M. Hamed at P22, DESY. Theim-
age shows the Fe 2p1; 2 and 2p3; 2 peaks as well as reference spectra from literature 
(Fe20 3 and Fe30 4 from [109] and FeO from [110]). Reprinted FeO spectrum with 
permission from S. Gota, E. Guiot, M. Henriot, and M. Gautier-Sayer, PHYSI-
CAL REVIEW B, 60 20, 14387-14395 (1999) Copyright 1999 by the American 
Physical Society. Reprinted Fe20 3 and Fe30 4 spectra with permission from T. Fu-
jii, F. M. F. de Groot, G. A. Sawatzky, F. C. Voogt, T. Hibma, and K. Okada, 
PHYSICAL REVIEW B, 59 4, 3195-3202 (1999) Copyright 1999 by the American 
Physical Society. The contribution to the 2p3; 2 peak from Fe3+ and Fe2+ are indi-
cated by dashed lines. 
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7 Magnetoelectric coupling in Fe3 O4/ PMN-PT heterostructures 

7.2.2 Magnetoelectric coupling 

To study the effect of substrate strain and electric polarisation on the magnetisa-
tion of the magnetite layer, magnetoelectric coupling measurements were performed 
with SQUID. Since an electric field can't be applied with the RSO option, the DC 
transport head was used for all measurements requiring voltage. Since the DC 
head has lower sensitivity, the error for those measurements is larger. To apply the 
electric field, the sample was contacted with Ag-paint covering the bottom of the 
substrate and point contacts on the top of the film. The electric field is then applied 
along the out-of-plane direction, i.e. [001] for films on PMN-PT(00l) or [011] for 
PMN-PT(011). To study several samples with identical properties, the samples were 
broken into smaller parts which were investigated by different methods. Samples 
with the same number and a (letter or letter and number) suffix are pieces from 
the same sample. This is especially relevant for samples on PMN-PT(011), as the 
substrate has two different in-plane orientations that are investigated. 

To regain the magnetic state after measurement, the common method is to anneal 
the sample at T > Tc. As the Curie temperature of Fe30 4 (Tc=858K) is quite high, 
and heating the samples above the Curie temperature could change the oxidation 
state, the samples used for magnetoelectric coupling have not been subjected to a 
saturation field. 
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Figure 7.10: Magnetoelectric coupling measurement for sample FlC 
Fe30 4 / PMN-PT(001) at 300K with ±50mT applied along the [100] direction and 
electric field between ±4 kV/ cm. The -50 mT loops are taken directly after the 
+ 50 mT loops. 
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7.2 Samples grown by PLD 

Fig. 7.10 shows the change in magnetisation of Fe30 4 / PMN-PT(001) caused by 
±4 kV/ cm electric field loops in a static magnetic field of ±50 mT applied along 
the [100] direction at 300K. The first two loops were measured in + 50mT (orange), 
after which the magnetic field was reversed to -50 mT. At an electric field value 
between ±1.3-1.6 kV / cm the magnetisation increases strongly. The total change for 
the first complete loop in +50mT is 0.11 µB / f.u. This increase can be repeated 
with quickly diminishing amplitude for subsequent loops (fig. 7.11). The electric 
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Figure 7.11: Magnetoelectric measurement of sample FlB Fe30 4 / PMN-PT(001) 
showing multiple loops for +50 mT at 300 K. The top image shows a magnification 
of the upper part from the dashed line onwards. The electric field is applied along 
[001] and the magnetic field along [100]. 

field at which the jump occurs roughly coincides with the coercive field of electrical 
polarisation and maximum tensile strain of the PMN-PT substrate (see fig. 5.1 in 
chapter 5). For all loops after the second, the magnetisation crosses itself and shows 
a butterfly like curve. There is still a small remanent change, although the change 
per loop is less than 0.01 µB / f.u. The butterfly shape of the later loops resembles 
the butterfly loop of the strain, with the tensile strain regime exhibiting lower mag-
netisation and the compressive strain regime exhibiting higher magnetisation. As 
the remanent increase decreases with each loop and the butterfly shape remains, for 
later loops the magnetisation should eventually only follow reproducible butterfly 
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7 Magnetoelectric coupling in Fe3 O4/ PMN-PT heterostructures 

loops. Upon switching the magnetic field direction, the behaviour is reset and the 
first two loops for negative field direction again show a large jump in magnetisation. 
The first loop for -50mT exhibits a much larger change of -0.5 µB / f.u. than the 
first loops for positive field. This is likely because the initial magnetisation state for 
-50 mT is much less ordered than for + 50 mT and thus the magnetoelectric coupling 
can influence the magnetisation more. 
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Figure 7.12: Magnetoelectric coupling measurement for sample F2 Fe30 4 / PMN-
PT(0ll) at 300K with ±50mT applied along the [011] (top, sample F2D) [100] 
direction (bottom, sample F2B) and electric field between ±4 kV/ cm. The 50 mT 
loops for both orientations are measured using different sample pieces and the -
50 mT loops are taken directly after the +50 mT loop. 

Fig. 7.12 shows, analogous to the previous measurements, magnetoelectric loops for 
Fe30 4 / PMN-PT(0ll) with the magnetic field along [011] (top) and [100] (bottom). 
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7.2 Samples grown by PLD 

For the magnetic field along [01 I], the behaviour is similar to the first loop for 
PMN-PT(00l), with a jump in magnetisation at approximately ±l.3kV / cm, but 
for multiple loops there is no crossing (fig. 7.13 top). The jump in magnetisation 
occurs at roughly the same electric field for all samples in [01 I] direction, with the 
exact value varying slightly between samples. Between the jumps, the magnetisation 
increases linearly, as indicated by the blue dashed lines, with the slope decreasing 
with increasing number of loops. Conversely, if the magnetic field is along the 
[100] direction, the butterfly shape is immediately present in the magnetoelectric 
coupling measurement, although a slight remanent change is still visible (fig. 7.12 
bottom and 7.13 middle). The crossover point varies for different samples between 
0 kV/ cm and -1 kV/ cm. The shape of the butterfly loop is also sample dependent, 
varying between nearly symmetric and with pronounced minima in fig. 7.12 bottom 
and very asymmetric in fig. 7.13. 

While there is a clear magnetoelectric coupling for 300 K, there is only negligible 
change in magnetisation along [100] with electric field at 50K (fig.7.14). In the [011] 
direction however, there is still an effect. The magnetisation follows the electric field 
linearly, with higher magnetisation for a negative electric field and a total change 
of 0.004 µ B / f. u. between ±4 kV/ cm. This effect can't be attributed to the intrinsic 
ferroelectricity in Fe30 4 since this effect only exists below 38 K [13]. 

Field cooled measurements in ±50 mT, taken before the application of voltage and 
after two voltage cycles, also show an increase in magnetisation for + 50 mT and 
reduction for -50m T, confirming that the change in magnetisation is remanent and 
does not revert to its original state when the electric field is removed, even for low 
temperatures (fig. 7.15). 

In literature, a reduction in the Verwey transition temperature with electric field 
was observed after application of 10 kV / cm [14]. In the field-cooled magnetisation 
measurement along the [011] direction in fig. 7.16, such a shift is not visible and 
the Vervey transition is stable, likely because the maximum applied electric field of 
4 kV/ cm is less than the electric field in literature. 

However, an effect on the magnetic hysteresis at room temperature is observable 
(fig. 7.17). The coercive field reduces by 15% (i.e. from 0.148±0.003 T to 
0.126±0.004 T), while the saturation magnetisation and remanence approximately 
remain constant, from 3.11±0.01 µB / f.u. to 3.08±0.01 µB / f.u. and from 
2.85±0.01 µB / f.u. to 2.80±0.01 µB / f.u., respectively. 

At 126 K, i.e. at the Verwey transition, no change of the hysteresis is found 
(Hc=0.127±0.003 T). The electric coercive field of PMN-PT is at about 8 kV / cm, so 
a switching of the polarisation is not achieved within the electric field range applied 
here [113]. If in the future an electric field higher than the coercive field of PMN-PT 
can be applied in the SQUID setup, this could answer the question how the Verwey 
transition can be influenced by strain and electric field. 
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Figure 7.13: Magnetoelectric measurement for sample F3C Fe30 4 / PMN-PT(Oll) 
showing multiple loops for + 50mT applied along [011] (top) and [100] (middle) 
at 300 K. The dashed blue lines in the top image indicate the change in magneti-
sation in the linear regime for each loop. On the bottom, the measurement along 
[100] in the non-remanent regime is shown for sample F5A Fe30 4 / PMN-PT(0ll). 
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Figure 7.14: Magnetoelectric coupling measurement for sample F2 Fe30 4 / PMN-
PT(0ll) at 50K with ±50mT applied along the [011] (top, sample F2D) [100] 
direction (bottom, sample F2B) and electric field between ±4 kV/ cm. The 50 mT 
loops for both orientations are measured using different sample pieces and the -
50 mT loops are taken directly after the +50 mT loop. 
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7.2 Samples grown by PLD 

7 .2.3 Magnetoelectric coupling with PN R 

Investigating the change of the magnetization with depth resolution may shed new 
insight into the switching behavior of magnetite films under strain by distinguishing 
switching due to interfacial strain and due to strain propagation throughout the 
layer. If the strain influence is mainly concentrated in the interface region, a large 
change of the magnetisation should be observed with little change in the rest of 
the film. Polarised neutron reflectometry (PNR) is the method of choice for such a 
problem, since it provides information about the magnitude and orientation of the 
magnetization with depth resolution. 
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Figure 7.18: Sketch of the sample geometry for polarised neutron reflectometry. 

PNR was performed with the polarized beam reflectometer (PBR) at the NIST 
Center for Neutron Research (NCNR). All measurements were performed at room 
temperature and in applied magnetic field of 50 mT along the [01 I] direction of 
the PMN-PT(Oll) substrate and thus a scattering direction along [100] (fig. 7.18). 
Similar to the SQUID measurements, the electric field is applied along the [011] 
out-of-plane direction. 
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7 Magnetoelectric coupling in Fe3 O4/ PMN-PT heterostructures 

As the PNR asymmetry, ( uu + dd) / ( uu - dd), is a measure of magnetisation, the 
neutron results can be compared with the magnetoelectric SQUID measurements. 
The intensity of both non spin-flip channels was measured at Q=0.02 A for 0.5 kV/ cm 
steps while ramping the voltage. The Q-value was chosen, because the intensity is 
very high, and a clear difference between the up and down channels is visible. The 
asymmetry shows similar behaviour as the magnetisation in SQUID when sweeping 
the electric field between ±4kV / cm (fig. 7.19), which confirms that the macroscopic 
magnetisation behaves similarly for both measurements. 
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Figure 7.20: Rocking curves for 
the first and last PNR measure-
ment: 0 kV/ cm and + 4 kV/ cm 
of sample F3 Fe30 4 / PMN-
PT(Oll). 

In contrast to the voltage XRR measurements, the rocking curve in PNR shows only 
slight broadening (fig. 7.20), the reason for this is still unclear. 

At the indicated electric fields, 0 kV/ cm, 2 kV/ cm, 4 kV/ cm, -4 kV/ cm, and 4 kV/ cm 
again, PNR curves for all four channels were measured. For a direct comparison to 
SQUID measurement, the sample was exposed only to a single continuous electric 
field loop. This means that after the initial measurement, the field was ramped to 
2 kV / cm and kept there during the PNR measurement, after which, the electric field 
was ramped from 2 kV/ cm to 4 kV/ cm and the next PNR measurement taken. The 
measured reflectometry curves are reduced with Reductus, which includes correcting 
for diffuse scattering. Fits performed with RefllD [114] (fig. 7.21). All five data sets 
were fit together, to maintain a consistent model of the sample. 
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7.2 Samples grown by PLD 

Table 7.3: Fit of the PNR measurements of F3 Fe3O4/ PMN-PT(0ll). The mag-
netisation angle is the angle between the magnetisation of the layer and the ap-
plied magnetic field (and thus the neutron polarisation). The thickness of the 
Fe3O4 layer remained independent for the first measurement and fixed for the 
later 4. 

Electric Layer Thickness roughness Nuclear Magnetic Magnetisation 
field [A] [A] SLD SLD angle[°] 
[kV /cm] [10-6 A -2] [10-6 A -2] 

0 Top 19.O:1:8:i 5 94+0.06 · -0.05 4 69+0.04 · -0.04 0 49+0.01 · -0.01 61+3 -2 
0 Fe304 434.2:1:6:8 10.5:1:8:i 6 30+0.01 · -0.01 0 34+0.01 · -0.01 32+2 -4 
0 Substrate 23.6:1:gj 4 14+0.04 · -0.02 
+2 Top 18.2:1:8:i 8 o+o.1 · -0.1 4 69+0.04 · -0.04 0 49+0.01 · -0.01 67+1 -1 
+2 Fe304 447.o:1:t~ 14.9:1:8:i 6 30+0.01 · -0.01 0 41 +0.01 · -0.01 21+1 -1 
+2 Substrate 22.6:1:8:i 4 14+0.04 · -0.02 
+4 Top 11.3:1:8:i 8 9+0.1 · -0.1 4 69+0.04 · -0.04 0 20+0.01 · -0.01 -88:1:~ 

+4 Fe304 441.0:+:U 8 3+0.1 · -0.1 6 30+0-01 · -0.01 0 45+0.01 · -0.01 28+1 -1 
+4 Substrate 23.5:1:8:~ 4 14+0.04 · -0.02 
-4 Top 8 8+0.1 · -0.1 8 2+0.1 · -0.1 4 69+0.04 · -0.04 0 49+0.01 · -0.02 126+1 -2 
-4 Fe304 441.0:+:U 13.3:1:8:i 6 30+0.01 · -0.01 0 47+0.02 · -0.01 21+1 -2 
-4 Substrate 22. 1:+:gj 4 14+0.04 · -0.02 
+4 Top 10.1:1:8:i 6 1 +0.1 · -0.1 4 69+0.04 · -0.04 0 47+0.02 · -0.01 -28:1:5 

+4 Fe304 447.o:1:t~ 11.6:1:8:i 6 30+0-01 · -0.01 0 48+0.0l · -0.01 25+2 -1 
+4 Substrate 21.0:+:8:i 4 14+0.04 · -0.02 

123 



7 Magnetoelectric coupling in Fe3 O4/ PMN-PT heterostructures 

'-: 10-1 
::J 
cu - - - -

0 kV/cm 
-

~~ '= "" ' c F 

"' ~10-3 

l/l 
C 
QJ 

,\ / 

c 10-s 

0.01 

'-: 10-1 
::J 
cu 
~10- 3 

_,._ --
~ II, 

0 .02 

--~ F 

) I' ' X 
/ ~ ', I\ I/ I h I 

I/ 

' r-

0 .03 0 .04 0 .05 0.06 
Q [A-1 l 

+2 kV/cm 
-

...... ::t: ± ..L - - -'- I - Rt:: .. 

l/l 
C 

Vl lJc~~~ '\ 
i-- .'i ll v .... .,, 

2 10-s 
C 

0.01 0.02 

'-: 10-1 
::J 
cu !;I. - - -F • 

-

>. 10-3 
.µ 

vv ~I l.~ f J- ~ 
l/l 
C 
2 10-5 
C 

0.01 0.02 

'-: 10-1 
::J 
cu ._. 
>. 10-3 
.µ 

l/l 
C 
2 10-5 
C 

--- --- - - -µ-i i~ 

0.01 0.02 

::J ro 10-2 ,)I_ - _,.___,. -

I\ !;:, 

>. 
.µ 
'vi 10-4 
C 

or r~i r~~ 

QJ 
.µ -= 10-6 

0.01 0.02 

)I 

', I\ .--' 

r-- .... - I \ '"_/ V \ i 

0.03 0.04 0.05 0.06 
Q [A-1 l 

( +4 kV/cm 
· :re....._ I....._ - - r" ~ ~ ' 

" 
~1 ~v '\ / 

H V .--' 

\ .... J-- ... .... ' i--, \I/ ", r- ..... ", 

0.03 0.04 0.05 0.06 
Q [A-1 l 

-4 kV/cm] 
- -

r, ;::: ~ i.: C 

,.... .. 
/ r, .... , / \ ,I '\ V .... ~\ I \ \ I rs ..-

'i-- .... r-,t-,. 
r- , ... i-.,,_ 

0.03 0.04 0.05 0.06 
Q [A-1 l 

+4kV/cm 
- -

F J.. -"- ..,_ - ...... r "' L' F ' F ° F ' -, ._ 
' ~,v I' '/ ,_, .,, 1/ ' I\ ' r-- t:: I , ........ I": , 

t--., _ _..i.... 't--
'r-.. f-

0.03 0.04 0.05 0.06 
Q [A-1 l 

-+- LIU -+- dd 
-+- ud -+- du 

F F 

--.,pc 

0 .07 

-+- LIU -+- dd -+- ud 
-+- du 

- .. ,., 
V / h 

H 

0.07 

-+- LIU 

-+- dd -+- ud -+- du 

I/ 
I\ 

0.07 

-+- LIU 

-+- dd -+- ud -+- du 

~ :;:~ 

I/ '\ 

t-,. 

0.07 

-+- LIU 

-+- dd -+- ud -+- du 

'.I I/ V 
/ ..-

' 

0.07 

Figure 7.21: PNR measurements with fit of sample F3 Fe3 O4 / PMN-PT(0ll) 
with the application of voltage. 
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Figure 7.22: Asymmetry of the uu and dd channels of corresponding to the PNR 
curves in fig. 7.21 (top) and scattering length density profiles (bottom). The 
magnetic SLD is multiplied by a factor of 3 for better visibility. 

The nuclear scattering length density (SLD) of all layers were fixed to the same value 
for all 5 measurements, while the thickness of the Fe30 4 layer remained independent 
for the first measurement and fixed for the later 4. The reason was to account for 
possible structural changes in the sample upon the first application of voltage. The 
magnetic SLD, the magnetisation angle of the Fe30 4 layer and the top layer param-
eters were allowed to vary independently. Fixing the top layer magnetisation angle 
to the same value as for the Fe30 4 layer resulted in a worse fit (see supplementary 
information S.2). The fit parameters are listed in table 7.3. Overall, the simulation 
agrees very well with the measurements for all electric fields. 

The fits reveal a steady increase of the Fe30 4 magnetic scattering length density 
(MSLD) with electric field ( although the change between the last three measure-
ments is relatively small), as was expected from the increase in the asymmetry, 
while the top layer magnetisation remains nearly constant (fig. 7.22). This means 
that the interface between substrate and film behaves like the Fe30 4 layer and the 
strain is transferred to the whole layer. With increasing electric field, the angle 
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Figure 7.23: Change of magnetic SLD and magnetisation angle of the Fe3O4 

layer with electric field. 

of the Fe3O4 magnetisation to the magnetic field decreases , i.e. the magnetisation 
rotates towards the [01 I] easy axis. There is no correlation between the change in 
MSLD and the angle of magnetisation with electric field (fig. 7.23). 

The total change in magnetic SLD of 41 % between the first and last measurement 
is significantly higher than the magnetisation change of 8% for the corresponding 
SQUID measurement. This could be due to the preceding exposure of the sample 
to voltage and magnetic field during the PNR measurement. 

The listed errors are the calculated 90% confidence intervals of the parameter, as 
given by the RefllD program. It has t o be noted that the error for the magnetisation 
angle is probably underestimated, especially for the top layer, as the spin-flip signal 
reaches background levels at around 0.035 A - 1 . Since the magnetisation angle is 
determined by fitting the intensities of the spin-flip and non spin-flip channels, the 
diminished intensity of the spin-flip channel at higher Q introduces an uncertainty 
into the angle determination. Given that the roughness of the top layer is nearly 
as large as its thickness, a meaningful interpretation of the magnetisation angle is 
likely impossible. 

The relation of the PNR measurement to the previous SQUID measurement will be 
discussed in the next section. 
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7.3 Interpretation of magnetoelectric coupling effects 

7. 3 Interpretation of magnetoelectric coupling 
effects 

To understand the effects involved in the magnetoelectric coupling discussed in the 
previous section, first the results for Fe30 4 / PMN-PT(001) will be analysed. From 
the SQUID magnetisation measurements with varying electric field in figs. 7.10 and 
7.11, it was found that the change in magnetisation for the first few electric field 
loops is different from later loops. Initially, there is a strong remanent increase in 
the magnetisation, with a pronounced jump around the electrical coercive field of 
the substrate (figs. 7.10 and 7.11 bottom). 

In the remanent regime, the increase in magnetisation is likely caused by a realign-
ment of the magnetisation along the [100] direction due to the effects of magne-
tostriction on the easy axis of the magnetite film. A sketch of the geometry is given 
in fig. 7.24. As the magnetostriction constant of magnetite along [100] is negative 
(>.100 ~-2-10-5 [115]), the magnetisation should increase for increasing compressive 
strain. For PMN-PT(0Ol), the in-plane strain between zero electric field and the 
coercive field is tensile, while for fields above ~2 kV/ cm it becomes compressive 
(see fig. 5.1 top-right). As the applied magnetic field is constant, a change in strain 
towards the compressive regime shifts the magnetic easy axis towards [100], explain-
ing the jump in magnetisation at the coercive electrical field. The reorientation 
also explains the much larger increase in magnetisation for the first loop at -50 mT 
compared to +50 mT in fig. 7.10, as the initial magnetisation state at -50 mT is less 
ordered. 

~H 11 [01!] 
(±50 mT) t1/ 

;ffe 
Fe 30 4 '------,>---PMN -PT(Oll) 

Compressive 
strain 11 [100] 

and [010] [ 300 K] 

[001] 

[100] 

[010] 

Figure 7 .24: Sketch of the magnetisation reorientation in the remanent regime 
for Fe30 4 / PMN-PT(001). 

After 4-5 loops, there is little increase of the magnetisation per loop. Instead the 
magnetisation follows a butterfly shape (fig. 7.11 top) similar to the strain of PMN-
PT(00l). Hence this behaviour is called butterfly regime. 

127 



7 Magnetoelectric coupling in Fe3 O4/ PMN-PT heterostructures 

Because of magnetite's negative .\100 magnetostriction constant, the magnetisation 
should decrease for increasing tensile strain, i.e. between 0 kV/ cm and ~ ±2 kV/ cm. 
This matches exactly to the observed magnetisation behaviour (fig. 7.11 top). The 
magnetisation exhibits a butterfly loop with the lowest magnetisation for maximum 
tensile strain, i.e. at the coercive electric field of PMN-PT(00l) ( ~ ±1 kV / cm), 
and increasing magnetisation for higher compressive strain. A similar effect was 
observed in La2; 3Sr1; 3MnO3/PMN-PT(001) heterostructures [100]. However pure 
strain mediation would result in a symmetric butterfly loop, which is not the case 
in the experiment for Fe3O4/ PMN-PT(001), as the crossover point is shifted toward 
negative electric field. To understand this asymmetry, strain and polarisation ex-
perienced by Fe3O4 through the substrate under applied electric field are plotted 
qualitatively in fig. 7.25 top. This model is only qualitative, as the shape of the 
strain and polarisation curves are recreated based on the literature figures [4 7] and 
normalised to 1. The coercive field is taken to be 1.6 kV/ cm, as in literature. If 

0.5 
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ro 

- - 100% strain coupling 
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Elecric field [kV/cm] 

Figure 7 .25: Strain and polarisation contributions to the magnetoelectric cou-
pling for PMN-PT(00l). 

the magnetisation is influenced by the substrate polarisation, it should follow the 
shape of the polarisation hysteresis. Combining the inverted butterfly shape for 
strain coupling and a hysteretic behaviour for the polarisation coupling, results in 
an asymmetric butterfly loop, with the crossover point at negative electric field 
(fig. 7.25). The relative contribution of strain and polarisation to the magnetoelec-
tric coupling is estimated in the following, by varying the magnitude of the coupling 
to match the measured magnetisation. As the model is based purely on the shape 
of the coupling given in literature and the electrical coercive field, it is only meant 
as a approximation. A quantitative model would require measurement of strain and 
polarisation for the specific substrates used, as even small deviations in the PMN 
to PT composition can have a large influence on the properties of the substrate, 
especially close to the PMN0.7-PT0.3 stoichiometry [116]. 
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Figure 7.26: Polarisation and related charge accumulation or depletion. 

The polarisation coupling could be due to charge accumulation and depletion of 
the Fe30 4 layer (fig. 7.26) [117]. In the neutral state, Fe30 4 has 16 electrons, 5 on 
each of the Fe3+ ions, with the spins on one ion aligned antiparallel to the spins 
on the other Fe3+ ions, and 6 electrons on the Fe2+ ion (see chapter 2.3.2). As the 
3d orbitals are more than half filled for Fe2+, 5 electrons are aligned parallel and 
the last one antiparallel. Due to Hubbard splitting, the antiparallel electron has 
the highest energy and is the easiest to remove when a positive voltage is applied 
to the sample. A removal of the antiparallel electron increases the magnetisation. 
This fits to the observed behaviour, as a positive voltage increases the magnetisation 
and a negative voltage decreases it. This explanation can be supported by future 
studies of other transition metal oxide systems with a transition metal like Mn, which 
has a less than half filled 3d orbital. In that case, the voltage dependence of the 
linear component should be reversed, i.e. a decrease in magnetisation for increasing 
voltage. Combining strain and polarisation coupling, the asymmetric butterfly loop 
observed in the measurement can be recreated very well. The ratio of strain and 
polarisation contribution was varied to reproduce the overall shape of the measured 
butterfly loop, as well as the crossover point. 

Comparing this model to the magnetisation loops of fig. 7.11 top, only the electri-
cal coercive field of PMN-PT has to be reduced. Then the model fits very well to 
the measured data (fig. 7.27). The reduction in coercive field is likely due to struc-
tural effects, as for the first electric field loop, Ee was close to the literature value. 
Thus the narrower butterfly loop is not attributed to magnetoelectric coupling, but 
sample deterioration. The main contribution to the magnetoelectric coupling is the 
strain with 80% of the total coupling and polarisation coupling accounting for the 
remaining 20%. 

For Fe30 4 / PMN-PT(011), the behaviour along the two in-plane directions is sub-
stantially different from each other (fig. 7.12). Along [100], the response of the mag-
netisation with electric field is similar to the case described above for PMN-PT(00l), 
as the strain along [100] for both substrate orientations describes a butterfly loop 
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Figure 7.27: Qualitative model of the magnetoeelctric coupling in sample Fl 
Fe30 4 / PMN-PT(001). 

(fig. 7.12 bottom). For Fe30 4 / PMN-PT(0ll) there is almost no remanent increase 
per electric field loop, as the easy axis is along [011]. Hence the remanent regime 
doesn't exist. Thus the behaviour along [100] is mainly an inverse magnetostriction 
and polarisation effect, without magnetisation reorientation. The butterfly shape 
has one important difference however, as there is an observable negative jump at the 
coercive field. There is a definite sample dependence for the measurements along 
[100], with some showing a symmetric loop (fig. 7.14 bottom) and others very asym-
metric (fig. 7.13 bottom). Both loops can be modelled, however, by increasing the 
polarisation contribution for increasing asymmetry and introducing a contribution 
of the strain along [011] to account for the strain jump (fig. 7.28). The sharp decrease 
at the strain jump is likely due to the sudden anisotropy change favouring an align-
ment of the magnetisation along [011], as the strain jump towards the tensile regime 
coupled with the positive magnetostriction coefficient along that direction. This in 
turn reduces the magnetisation along [100]. As the strain along [011] quickly re-
verts to the remanent compressive regime, the magnetisation increases again. Both 
magnetisation loops mentioned above (fig. 7.14 bottom and 7.13 bottom), can be 
modelled well with the inclusion of the strain along [011] (fig. 7.29 and 7.30). The 
contribution to the magnetoelectric coupling from the strain along [100] is roughly 
twice as large as that along [011]. The polarisation coupling accounts for 20% in 
fig. 7.29 and is absent in fig. 7.30. 

Along [011], the magnetisation behaviour at 300 K is entirely remanent (fig. 7.13). 
The magnetostriction constant along [011] for magnetite is ,\011 ,....__, l-10-4 (.\111 ~8· 10-5 ) 

and, as seen in fig. 7.6 the magnetic easy axis lies along [011]. As ,\011 is positive, 
tensile strain increases the magnetisation. At 0 kV/ cm, the strain along [011] is 
strongly compressive (negative) which, coupled with the positive magnetostriction 
coefficient suppresses the alignment of the magnetisation along [011]. When the 
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Figure 7.28: Strain and polarisation contributions to the magnetoelectric cou-
pling for PMN-PT(0ll). For the blue dashed line the contributions are 70% strain 
along [100] and 30% polarisation coupling. For the orange line the contributions 
are 41 % strain along [100], 41 % along [011], and 18% polarisation coupling. 
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Figure 7.29: Strain and polarisation contributions to the magnetoelectric cou-
pling for F5 Fe30 4 / PMN-PT(Oll). 

electric field is ramped up and reaches the coercive electric field of PMN-PT, the 
strain suddenly jumps from strongly compressive towards the tensile regime. This 
creates an anisotropy jump which favours the alignment of the magnetisation along 
[011]. Additionally, as the strain along [100] also reaches its maximum tensile (pos-
itive) value at the coercive electric field and ,\100 is negative, this effect is further 
enhanced. Since [011] is already the magnetic easy axis, the reorientation is rema-
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Figure 7 .30: Strain and polarisation contributions to the magnetoelectric cou-
pling for F2 Fe3O4 / PMN-PT(0ll). 
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Figure 7.31: Sketch of the magnetisation reorientation in the remanent regime 
for Fe30 4 / PMN-PT(0ll). 

nent, explaining the plateaus in the SQUID measurements. The increase while the 
field is ramped from negative to positive tends to be larger than in the opposite 
direction, mirroring the asymmetry of the butterfly loops caused by polarisation 
coupling (fig. 7.32). This indicates that polarisation coupling also plays a role here. 

PNR measurements were performed to determine if the remanent change is localised 
at the substrate-film interface region. However, there is no difference between the 
behaviour at the interface and in the film (fig. 7.22). This is somewhat surprising, 
given that the polarisation coupling should be locallised at the interface, but the 
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Figure 7.32: Relative change in magnetisation in the linear regime at 300 K 
(fig. 7.13 top) (red points, red dashed line shows a linear fit) and linear change at 
50K (fig. 7.14 top). The half-integer loop numbers denote a change of the electric 
field from positive to negative, while integer numbers relate to a sweep from nega-
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inclusion of an interlayer did not result in a better fit of the data. The top layer 
magnetisation is mostly unaffected by the electric field however. This could be either 
due to a decoupled (relaxed) strain state that is not affected by the piezostrain from 
the substrate, or a change in magnetisation is masked by the roughness, which in 
the fit is nearly as high as the toplayer thickness. In the film, the magnetic SLD 
increases for every measurement, in agreement with the SQUID data. 

In the 50 K SQUID measurements, the strain coupling is severely reduced, as the po-
lar nanoregions in PMN-PT get clamped and can no longer rotate [118]. An almost 
identical behaviour to the one measured along [011] for Fe3O4/ PMN-PT(0ll) was 
very recently described in La2; 3Sr1; 3MnO3 / PMN-PT(001) heterostructures [119]. 
The switching mechanism is attributed to a linear strain change, as the electrical 
coercive field of PMN-PT is higher than the applied field. Interestingly, the effect 
is not visible along [100], even though the strain in the linear regime is higher along 
[100] than [011]. 

7 .4 Canel usion 

Fe3O4 / PMN-PT(001) and Fe3O4 / PMN-PT(0ll) samples were successfully prepared 
by PLD. The samples are crystalline, however have a high defect concentration, as 
seen in HRTEM measurements. XRR measurements show broad rocking curves on 
the plateau of total reflection, indicating a diffuse surface of the film. The Fe3O4 

phase was confirmed by HAXPES, which showed a combination of Fe2+ and Fe3+ 
contribution to the Fe-2p3; 2 peak, as expected for the mixed valency of Fe in Fe3O4 . 

Magnetometry measurements confirm the Verwey transition at 126 K for films on 
PMN-PT(0ll) and 106K on PMN-PT(00l). The saturation magnetisation is re-
duced compared to bulk because of structural defects. The Fe3O4/ PMN-PT(0ll) 
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samples have an in-plane anisotropy with the easy axis of magnetisation along [01 I]. 

Magnetoelectric coupling measurements at 300 K were performed for Fe30 4 / PMN-
PT(001) in non-saturating magnetic field along [100] with the electric field along 
[011] cycled between ±4 kV / cm. The change in magnetisation can be separated 
into two regimes: For the first few electric field loops, a remanent increase occurs, 
with large jumps at the coercive electric field of PMN-PT. This is attributed to 
a magnetisation reorientation due to a shift of the magnetic easy axis towards the 
magnetic field direction. After the initial remanent change, the magnetisation follows 
a butterfly shape, similar to the strain transferred to the film by the substrate. An 
additional contribution from the PMN-PT polarisation accounting for 20% of the 
coupling has to be considered, to describe the asymmetry of the butterfly loop. 

For Fe30 4 / PMN-PT(011), the magnetoelectric coupling along [100] is similar to 
the butterfly regime above, but there is no preceding remanent increase. For all 
measured samples, the polarisation coupling accounts for 20% or less of the overall 
coupling, and is absent for one sample. The strain contribution along [100] is twice 
as large as that along [OlI]. A cross-coupling of the strain along [011] has to be taken 
into consideration to accurately model the magnetoelectric loops. Along [01 I], the 
change is completely remanent, with strain jumps at the electrical coercive field. 
Polarised neutron reflectometry reveals that the behaviour of the interface region 
between substrate and film does not differ from the film, indicating that the strain 
is coherently transferred to the film. 
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8 Summary and Conclusion 

In this thesis, the switching of magnetic properties of ferro- or ferrimagnetic thin 
films by a ferrelectric substrate was investigated. Two different sample structures 
were prepared, both on the ferroelectric PMN-PT substrate, with the aim of con-
trolling the magnetisation of the layer via the strain imparted by the substrate upon 
the application of an electric field. 

The first project focussed on SrCoO3_ 6 , which possesses different magnetic proper-
ties depending on the oxidation state. Due to the low oxygen pressure in the MBE 
chamber used to prepare the samples, the oxygen deficient brownmillerite SrCoO 2_5 

phase forms during growth. The conditions for high quality growth of SrCoO 2_5 were 
determined, with a special focus on the Co to Sr stoichiometry. RHEED was used to 
provide a quick and precise way to evaluate the stoichiometry in-situ and adjust the 
growth parameter during a sample series. To transform the SrCoO 2_5 films into the 
ferromagnetic perovskite SrCoO3 phase, samples were annealed in a tube furnace 
with oxygen flow. XRD measurements after annealing show that the films retain 
their excellent crystallinity. SQUID measurements reveal the presence of three dis-
tinct magnetic phases in the film, corresponding to different oxygen content. The 
oxygen vacancies are distributed randomly throughout the thickness of the layer, 
as determined by PNR. The presence of oxygen vacancies can be explained by the 
instability of SrCoO3 • The perovskite phase is fully stable in vacuum, however in 
air it transforms back to SrCoO2_5 within 10 h. 

SrCoO2_5 was grown on PMN-PT(00l) substrate, however, due to the large mismatch 
in lattice constants, SrCoO2_5 does not grow well on PMN-PT. To mediate this prob-
lem an LSMO buffer layer was used as LSMO readily grows on PMN-PT in good 
quality and matches the SrCoO 2_5 lattice constant well. A SrCoO2_5 / LSMO / PMN-
PT sample was measured with PNR in oxygen atmosphere to determine if the strain 
influences the magnetic properties, however several problems during the measure-
ment made the fitting of the data impossible. Hence, this question can not yet be 
answered. 

In the second project, the magnetoelectric coupling of PLD grown Fe3O4 films on 
PMN-PT(00l) and PMN-PT(0ll) substrates was studied. The substrate strain 
and polarisation has a profound effect on the films, with different contributions 
depending on the cut of the substrate and the orientation of film in a non-saturating 
external magnetic field. For Fe3O4/ PMN-PT(001) with the magnetic field in-plane 
along [100], the coupling can be divided into two regimes: a remanent increase and 
a butterfly shape. For the first few electric field cycles, always between ±4 kV/ cm, 
the magnetisation increases at the electrical coercive field of PMN-PT, with the 
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increase remaining at zero electric field, i.e. a remanent increase. For further cycles, 
the magnetisation increase per cycle decreases, until the magnetisation follows a 
reproducible butterfly shape. As the magnetostriction coefficient of Fe3O4 along 
[100] is negative, the magnetisation is reduced for compressive strain and increased 
for tensile strain. The strain in PMN-PT(00l) follows a butterfly-like curve, with 
tensile strain for low electric fields and compressive strain for high fields. As a 
result, the magnetisation in Fe3O4 follows a butterfly shape that is inverted with 
respect to the strain butterfly curve in PMN-PT(00l). The polarisation of the 
substrate also contributes to the coupling, however much less than the strain. For 
Fe3O4/ PMN-PT(0ll), the behaviour along the two in-plane directions follows only 
one of the two behaviours discussed above. For a magnetic field applied along 
[011] the magnetisation increases remanently, whereas for the field along [100], the 
magnetisation follows the butterfly loop. The strain along [01 I] is compressive, 
but it exhibits a large jump towards tensile strain at the electric coercive field, 
which contributes to the strain coupling for the magnetic field along [100], causing 
a decrease in magnetisation at the electrical coercive field of PMN-PT. 

As a conclusion of this thesis, two results are important. First, the SrCoO2_5_ 3 

project yielded important parameter for the growth of SrCoO2_5 and the transfor-
mation to SrCoO3 . Using RHEED, the stoichiometry of SrCoO2_5 can be evaluated 
in-situ, which enables easy reproducibility of high quality samples. The stability 
of SrCoO3 in air needs to be improved to study the impact of magnetoelectric 
coupling in these films (see chapter 9). Second, the magnetoelectric coupling in 
Fe3O4/ PMN-PT(001) and Fe3O4/ PMN-PT(0ll) is found to be strongly dependent 
on the orientation of the sample in the magnetic field, as well as the substrate cut. 
The different contributions to the magnetoelectric coupling arising from these pa-
rameters and the influence of strain and polarisation of the substrate have been 
explained qualitatively. 
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9 Outlook 

Reviewing the results for both investigated thin films, SrCo0 2_5_ 3 and Fe30 4 , some 
opportunities for future studies become clear. As the magnetoelectric coupling in 
Fe30 4 was successful, in laboratory and PNR experiments, more experiments could 
help to differentiate the coupling mechanisms. Growing Fe30 4 on insulating sub-
strates will allow the study of the pure charge coupling. Furthermore, growing 
different systems with less than half-filled 3d orbitals for comparison of the mag-
netisation increase or reduction for different electric field polarity could confirm or 
falsify the charge contribution. Also, strain and polarisation measurements on the 
substrates used here would allow for a quantitative model of the magnetoelectric 
coupling. 

At the end of the SrCo02_5_ 3 investigation some open questions remain, but the 
present investigation provides a strong foundation for a continuation of this study. 
As SrCo02_5/ LSMO/ PMN-PT heterostructures were grown successfully, finding the 
correct annealing conditions for these films to switch to the perovskite structure 
is certainly possible and, as SrCo02_5/ STO and SrCo02_5/ LSAT films annealed to 
SrCo03 were proven to be stable in vacuum, the SrCo03 / LSMO/ PMN-PT het-
erostructures should be stable as well. Once SrCo03 / LSMO/ PMN-PT samples are 
produced, the influence of strain on the structure could be studied by XRD in the 
existing vacuum chamber used for the stability study. PNR experiments would be 
possible with moderate oxygen loss using the same cold-finger cryostat as for the 
experiment on SrCo02_5 / STO and keeping the sample in vacuum between the an-
nealing and mounting it on the experiment. Another interesting aspect to study is 
the change in Co valency when an electric field is applied to the sample, e.g. usmg 
X-ray magnetic circular dichroism instruments. 
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Supplementary information 

5.1 Combined PNR models for sample LP2 
SrCoO2_5/LSMO/PMN-PT 
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Figure S1: Attempt at fitting the PNR measurement of sample LP2 
SCO/ LSMO/ PMN-PT at 300K and OkV / cm by simulating the two parts, 
SrCo02_5/ LSMO/ PMN-PT and LSMO/ PMN-PT separately and then combining 
them. 
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Supplementary information 

S.2 PN R simulation for sample F3 
Fe3O4/PMN-PT(0ll) with fixed top layer 
magnetisation angle 

Table S1: Fit of the PNR measurements of F3 Fe3O4/ PMN-PT(0ll) with fixed 
top layer magnetisation angle. 

Electric Layer Thickness roughness Nuclear Magnetic Magnetisation 
field [Al [Al SLD SLD angle [0

] 

[kV /cm] [10-6 A -2] [10-6 A -2] 

0 Top 19_21:::8:8l 9 97+0.03 · -0.05 4 33+0.04 · -0.03 0 48+0.02 
· -0.03 31.9:::8:i 

0 Fe304 429.5:::8:~ 10.0:::8:t 6 2s+o.02 · -0.01 0 33+0.02 · -0.02 31.9:::8:i 
0 Substrate 10.56:::8:8! 4 17+0.07 · -0.03 
+2 Top 19.17:::8:8~ 9 9g+o.01 · -0.04 4 33+0.04 · -0.03 0 48+0.01 

· -0.03 17.5:::8:i 
+2 Fe304 431.6:::8:~ 10.1:::8:t 6 2s+o.02 · -0.01 0 40+0.02 · -0.02 11.5:::8:i 
+2 Substrate 10.5:::8:t 4 17+0.07 · -0.03 
+4 Top 19.27:::8:8~ 9 97+0.03 · -0.03 4 33+0.04 · -0.03 0 48+0.02 

· -0.02 11.s:::8:~ 
+4 Fe304 431.6:::8:~ 10.1:::8:t 6 2s+o.02 · -0.01 0 41 +0.02 · -0.01 17.8:::8:~ 
+4 Substrate 11.1:::8:~ 4 17+0.07 · -0.03 
-4 Top 19.12:::8:8j 10.0:::8:t 4 33+0.04 · -0.03 0 48+0.02 

· -0.04 21+1 -2 
-4 Fe304 431.6:::8:~ 10.O:::8:t 6 2s+o.02 · -0.01 0 47+0.02 · -0.02 21+1 -2 
-4 Substrate 10.5:::8:~ 4 17+0.07 · -0.03 
+4 Top 18.9:::8:t 10.O:::8:t 4 33+0.04 · -0.03 0 48+0.02 

· -0.02 23+1 -1 
+4 Fe304 431.6:::8:~ 10.1:::8:t 6 2s+o.02 . -0.Dl 0 48+0.02 

· -0.03 23+1 -1 
+4 Substrate 10.7:::8:t 4 17+0.07 · -0.03 
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S.2 PNR simulation for sample F3 Fe3 O4/ PMN-PT(0ll) with fixed top layer magnetisation angle 
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Figure S2: PNR measurements with fit of sample F3 Fe3O4 / PMN-PT(0ll) with 
the application of voltage. 

157 



Supplem entary information 

6 

5 
N 

~----------------------~so 
0 kV/cm 
+2 kV/cm 
+4 kV/cm 
-4 kV/cm 
+4 kV/cm 

40 -"'O 
Q) 
..c I 4 

30 
I 

~3 
0 
....J 2 
V'l 

1 

0 

Magnetisation angle 

------------------------------------------------------------------------------------------
10 

Magnetic SLD*3 [ Fe30 4 j 

0 100 300 
PMN-PT(Oll) 

200 
Z[A] 

400 soS 
[Top layer j 

Figure S3: Scattering length density profiles based on the fit of the PNR mea-
surement in fig. S2. The magnetic SLD is multiplied by a factor of 3 for better 
visibility. 

158 

"'O 

0) 
C 

<X: 



S.3 Samples and growth parameter 

5.3 Samples and growth parameter 

In the following tables, the growth parameter for all samples used in this thesis are 
given. The samples are identified by a sample ID consisting of a prefix depending on 
the film and substrate and a sequential number, based on the order of appearance 
in the thesis. The prefixes are: 
"S" for SrCoO2_5 / SrTiO3 (001), 
"L" for SrCoO2_5 / LSAT(001), 
"P" for SrCoO2_5/ PMN-PT(001), 
"LP" SrCoO2_5/ La2;3Sr1; 3MnO3/ PMN-PT(001) and 
"FM" for Fe3O4/ PMN-PT(0ll) grown by MBE 
"F" for Fe3O4/ PMN-PT(001) and Fe3O4 / PMN-PT(0ll) grown by PLD 

Alongside the ID, the number used for the sample in the lab is given, which can 
also be used to search for the sample information in the sample databasea. Tables 
S2 and S3 list parameter used for all MBE and PLD samples. Tables S4 - S7 list 
the specific growth conditions and sample numbers. 

Table S2: General MBE parameter 

System Substrate anneal- postannealing 
ing conditions conditions 

SCO /STO and SCO /LSAT 1000°C for 730°C for 90 min 
120 min in UHV and 200°C for 

30 min in 02 
SCO/PMN-PT and 730°C for 60 min 
SCO /LSMO /PMN-PT in UHV 
LSMO/PMN-PT 730°C for 60 min 

in oxygen 
Fe3O4/PMN-PT 500°C for 60 min 500°C for 10 min 

Table S3: General PLD parameter 

Oxygen pres- Substrate tern- Laser fre- Laser fluence 
sure [mbar] perature [°C] quency [Hz] [J /cm2] 
2-10-6 500 5 1.5 

a https: / /iffsamples.fz-juelich.de / 

Oxygen flow 
[cm3 /min] 

0.12 

0.12 

0.15 

0.15 

Target 

Fe2O3 

Oxygen 
plasma 
power [W] 
300 

300 

350 

300 
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Table S4: SrCoO2_5 sample numbers and growth parameter 

ID Number Substrate tern- cooling Growth Pressure Co frequency Sr frequency 
perature [0 C] oc time [min] [mbar] change [Hz/ s] change [Hz / s] rate [min ] 

Sl 716 850 50 120 8.3-10-5 -0.061 -0.148 
S2 715 750 50 120 8.5-10-5 -0.061 -0.147 
S3 720 600 50 90 7_9.10-5 -0.061 -0.148 
S4 927 600 50 63 7.1-10-5 -0.061 -0.147 
S5 893 600 50 75 7.1-10-6 -0.062 -0.175 
S6 638 600 50 60 6.0-10-5 -0.061 -0.189 
S7 543 600 50 60 1.0-10-5 -0.061 -0.130 
S8 547A 600 50 60 1.0-10-5 -0.061 -0.204 
S9 817 600 50 90 7.2-10-6 -0.061 -0.154 
SlO 641 600 50 60 7_7.10-5 -0.061 -0.214 
Sll 699 600 50 120 9_7.10-5 -0.061 -0.149 
S12 647 600 50 60 8.4-10-5 -0.060 -0.225 
S13 675 600 50 60 7.2-10-6 -0.061 -0.134 
S14 646 600 50 60 1.0-10-5 -0.060 -0.267 
S15 674 600 50 60 6.7-10-5 -0.061 -0.134 
S16 747B 600 5 60 8.3-10-5 -0.061 -0.147 
S17 746 600 5 60 8.5-10-5 -0.061 -0.148 
S18 745 600 5 60 7_7.10-5 -0.061 -0.147 
Ll 0651a 600 50 90 4.1-10-5 -0.080c -o.10oc 
L2 0653a,b 600 50 100 3_9.10-5 -0.080c -o.10oc 
L3 0652a 600 50 90 4.0-10-5 -0.080c -o.10oc 
Pl 939 600 50 43 6.8-10-5 -0.061 -0.163 
LPld 894(0602) 600 50 48 7.2-10-6 -0.062 -0.177 
LP2d 871(0588) 600 50 111 7.6-10-5 -0.061 -0.091 

Table S5: La2; 3Sr1; 3MnO3 layer growth parameter 

Number Substrate tern- cooling Growth Pressure La frequency Sr frequency Mn frequency 
perature [0 C] rate [~?0 ] time [min] [mbar] change [Hz/ s] change [Hz/ s] change [Hz/ s] 

0602a 730 2 72 7_5.10-5 -o.11oc -0.038c -0.091 C 

0587a,e 730 2 107.5 6.5-10-5 -o.11oc -0.038c -0.091 C 

0588a,e 730 2 107 6.0-10-5 -o.11oc -0.038c -0.091 C 

Table S6: Fe3O4 layer growth parameter with MBE 

ID Number 

FMl 0625a,e 

Substrate 

PMN-PT(0ll) 

Substrate tem-
perature [0 C] 
500 

a Samples grown in the OMBE system in Jiilich. 
b 4 samples grown simultaneously in special sample holder 
c Frequency changes calibrated in oxygen. 
d The sample number in brackets is for the LSMO layer. 
e Sample deposited by A. Sarkar. 
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cooling 
rate [~?0 ] 

20 

Growth 
time [min] 
72 

Pressure 
[mbar] 
4.8-10-5 

Fe frequency 
change [Hz / s] 
-0.51 6 



S.3 Samples and growth parameter 

Table S7: Fe3O4 layer growth parameter with PLD; Samples deposited by M. Hussain Hamed 

ID Number Substrate Substrate annealing conditions Deposition time [min] 
Fl PrT3 PMN-PT(00l) 500°C for 90 min 24 
F2 PrTl PMN-PT(0ll) 500°C for 90 min 24 
F3 AnlO PMN-PT(0ll) 400°C for 90 min 40 
F4 An3 PMN-PT(Oll) 500°C for 90 min 40 
F5 PrT2 PMN-PT(0ll) 500°C for 90 min 24 
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S.4 Fit parameter for substrate roughness 

In the following the fit results for a comparison of substrate roughnesses are listed, 
for representative samples on STO, LSAT, and PMN-PT substrates. 

Table S8: Fit of the XRR measurement of sample 0587 LSMO/ PMN-PT (fig. 5.3 
bottom) 

layer 
Top layer 
LSMO 
PMN-PT substrate 

thickness [A] 
22 +1 -2 

319+4 
-5 

roughness [A] 
6 8 +0.5 

· -0.7 
2+4 

-0 
12+1 -1 

Table S9: Fit of the XRR measurement of S9 SrCoO2_5/ STO before annealing 
(fig. 4.22) 

layer 
Top layer 
SrCoO2.5 

STO substrate 

thickness [A] 
46 +2 

-3 
241 +3 

-2 

roughness [A] 

Table S10: Fit of the XRR measurement of Ll SrCoO2_5; 3 / LSAT before anneal-
ing (fig. 4.16). 
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layer 
Top 
SrCoO2.5 

LSAT 

thickness [A] roughness [A] 
3 8+0.2 

· -0.00002 
3+2 

-0.0002 
6+1 

-2 
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