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A b s tra c t

The present work is concerned with the preparation, characterization and analysis of thin film 
heterostructures of perovskite oxide materials. Two different systems have been analyzed in 
detail: Lao.eeSro.aaMnOa/SrTiOa (LSM O /STO ) heterostructures have been investigated in order 
to understand the unusual occurrence of an exchange bias effect in multilayers of these two 
oxides jl|. Monocrystalline LSMO single and LSM O/STO bilayers have been grown on STO 
by both High Oxygen Pressure Sputter Deposition (USD) and Pulsed Laser Deposition. It was 
possible to reproduce the Exchange Bias effect in the samples grown by USD by reducing the 
oxygen pressure during the layer growth. In fact, the size of the effect can be increased by 
further reduction of the oxygen pressure. The macroscopic sample analysis by X-ray Diffraction 
and Vibrating Sample Magnetometry suggests that the occurence of the Exchange Bias effect is 
linked to oxygen deficiencies in the LSMO layer. By combining X-ray Reflectometry, Polarized 
Neutron Reflectometry and X-ray Resonant magnetic Scattering (XRM S), the magnetic depth 
profile of the samples has been determined. By this, a region in LSMO at the interface to STO 
has been detected, where the magnetic moment is strongly suppressed. By putting together the 
results of the macroscopic sample analysis and the scattering experiments, an explanation for 
the occurence of the effect can be given: It is proposed, that a combination of strain and oxygen 
deficiencies shifts the LSMO at the interface in the antiferromagnetic phase of the LSMO strain 
vs. doping phase diagram. This interface region thus couples to the ferromagnetic part of the 
LSMO causing the Exchange Bias effect.

The second heterostructure system under investigation in this work are bilayers of Lao.sSro.sMnOa 
(LSMO) and BaTiOa (BTO). A possible dependence of the interface near magnetic structure 
of Lai-xSrxMn0 3  having a doping level x close to the ferromagnetic-antiferromagnetic phase di
agram boundary on the orientation of the electric polarization in the BTO film was proposed 
theoretically |2|. Therefore, here it was the aim to analyze to what extend these predictions 
can be reproduced experimentally. Epitaxial Lao.sSro.sMnOa /BaTiOa bilayers have been grown 
by Molecular Beam Epitaxy on conductive Nb doped STO substrates. It was found that the 
magnetic properties of the LSMO thin film highly depend on the stacking order of the bilayer: 
the sample with LSMO on top of BTO shows antiferromagnetic, the one with BTO on top of 
LSMO ferromagnetic behavior. This can be explained by the different strain states present in 
the two configurations and proves that the doping level x in the Lai_xSrxMnO layer is very close 
to the nominal value of 0.5. The magnetic depth profile in the samples has been determined by 
XRMS. The simulations reveal a continuous magnetization in the ferromagnetic sample and a 
small net magnetization in the antiferromagnetic sample probably is created by canted magnetic 
moments due to the applied magnetic field during the experiment. The experiment reveals that 
this small net moment is suppressed at the interface to air, which can be explained by the reduced 
dimensionality close to the surface. Therefore, this XRMS experiment reveals that it is possible 
with this technique to resolve magnetic profiles in samples with very small magnetic moments. 
So far, no dependence of the magnetic profile on the application of electric fields has been de
tected. Besides the possibility that the proposed effect cannot be reproduced experimentally in 
general, it is also possible that the electric polarization in BTO is not coherently switchable in 
the samples prepared in this work. The characterization and improvement of the ferroelectric 
properties needs to be the focus for future investigations on this system.
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1 In tro d u c t io n

One of the big scientific interests in ongoing condensed matter research is the preparation, anal
ysis and understanding of strong correlated electron systems in complex oxides |3|. The equi
librium of these fascinating materials is determined by the interplay of lattice, charge, spin and 
orbital degrees of freedom. Therefore, a huge variety of extraordinary properties have already 
been discovered in oxide materials such as superconductivity jl|, the colossal magnetoresistance 
(OMR) effect |5| or the multiferroic effect |G|. Due to the improvements over the last decades 
in thin film deposition techniques like High Oxygen Pressure Sputter Deposition (USD) [7,S|, 
Pulsed Laser Deposition (PLD) |9| and Oxide Molecular Beam Epitaxy |10|, heterostructures 
of two or more of these materials with almost atomically flat interfaces can be designed. The 
arrangement in a thin film system can lead to even more interesting and novel effects due to 
the coupling of the different properties via the common interface or the additional lattice strain 
present at the interface - or a combination of both. To only name a few, superconductivity be
tween insulating layers jl l j ,  magnetism between noil-magnetic materials |12| or ferromagnetism 
between antiferromagnetic oxides |13| have been realized.

One of the most prominent combinations - not only in thin films - is the preparation of an interface 
between an antiferromagnet and a ferromagnet which in a lot of cases causes an Exchange bias 
(EB) effect in the system, i.e. a shift o f the hysteresis curve along the field axis. Even though the 
EB effect is known for more than 50 years [1 i|, there is still no comprehensive understanding of all 
the different occurring variations [15,16|. But in general there is one requirement for the presence 
of the EB: the sample needs to contain an antiferromagnetic region which is in contact to a region 
having a net magnetic moment (ferro- or ferrimagnet). It is therefore very surprising that an EB 
effect has been reported by Zhu et al [1,17,1S| in multilayers of ferromagnetic Lao.eeSi'o.aaMnOa 
and noil-magnetic SrTiOj. One of the major goals of this work is the analysis of the magnetic 
structure in Lao.eeSro.aaMnOj arranged in a epitaxial thin film in contact with SrTiOj in order 
to understand the origin of the EB effect in this system. This is not only of importance from 
the scientific point of view to reveal another unusual facet of the EB effect. In addition to the 
numerous realizations in metallic systems, the usage in oxide systems also opens up a lot more 
possibilities of combining the EB effect with other oxide properties. As an example, switching 
between the two distinct EB states by reversing the electric polarization of BiFeOa has already 
been realized in BiFeOa/Lao.eeSi'o.aaMnOa thin films |19|, showing the importance of the EB 
effect for possible device applications and the necessity of a better understanding of the effect.

The just mentioned coupling effect in BiFeOj/Lao.eeSi'o.aaMnOj belongs to another ‘iiot topic" 
in oxide heterostructures: the possibility of influencing one macroscopic order parameter in the 
system by another one. O f particular interest for future applications would be the possibility of 
controlling the magnetic structure of the sample by switching an electric polarization in one of 
the materials: such a device - if reliably working - could for example ultimately lead to faster 
and more energy efficient Random Access Memories (RAM ), where the information is electrically 
written and read via the TM R effect. It thus would combine the advantages of ferroelectric and 
ferromagnetic RAMs. Unfortunately, there are only very rare examples of materials (multifer- 
roics), which exhibit both ferroelectric and (ferro-)magnetic properties due the fact that the first 
in general requires empty and the second non-empty d—orbitals [20]. In addition, the coupling
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1 Introduction

between the two order parameters in these rare bulk multiferroic materials is very weak. A possi
ble way to circumvent this problem, is to combine a pure ferroelectric with a magnetic material in 
order to create an artificially multiferroic system with a strong coupling via the common interface. 
Recently, different possibilities to achieve such coupling have been proposed theoretically. In one 
of these works, the possibility of influencing the magnetic structure of Lao.sSro.sMnOa at the 
interface to BaTiOj was predicted by switching the electric polarization in BaTiOj. Therefore, 
the second thin film system analyzed in this work is Lao.sSro.rjMnOa 'B aT iO j heterostructures in 
order to investigate, whether and to what extend the theoretical predictions can be reproduced 
experimentally.

Outline of the present work

In order to address the above mentioned scientific questions, the scope of the present work 
covers the investigation of Lao.eeSi'o.aaMnOj/SrTiOj and Lao.jSi'o.rjMnOj/BaTiOj thin film het
erostructures. The work on both systems can be divided in two major parts: first the preparation 
and characterization of the heterostructures. The samples have been grown by three different 
methods, namely High Oxygen Pressure Sputter Deposition, Pulsed Laser Deposition and Oxide 
Molecular Beam Epitaxy. The preparation parameters has been optimized by characterizing the 
structural quality of the samples during and after the growth. The second major part is the 
detailed analysis of the magnetic and structural properties of the prepared samples. Besides 
the determination of the macroscopic magnetic behavior of the samples by Vibrating Sample 
Magnetometry, special emphasis is placed on the investigation of the mesoscopic structure of the 
samples. X-ray-Diffraction, X-ray Reflectometry, Polarized Neutron Reflectometry and X-ray 
Resonant Magnetic Scattering have been combined to gain a detailed picture of the structural 
and magnetic depth profile of the analyzed heterostructure systems.

A short introduction on transition metal oxides in general and the bulk properties of the materials 
used in this work in particular is given in chapter 2. Afterwards, the motivation for the analyzed 
heterostructures is stressed in more detail in chapter 3. Since the determination and analysis 
of the microscopic and mesoscopic properties of the oxide heterostructures is done by means 
of scattering methods, the basic principles of the scattering theory for the methods applied in 
this work are summarized in chapter 1. As mentioned before, one of the main parts of the 
present work is the sample characterization. All three preparation methods, their differences 
and advantages are introduced in chapter 5. After and during the preparation, the samples 
have been characterized and analyzed by several experimental techniques. The methods and 
the instruments used in this work are presented in chapter 6 . In the two following chapters, 
the experimental results are presented and discussed. Chapter 7 deals with the preparation, 
characterization and analysis o f the Lao.eeSi'o.aaMnOa/SrTiOa heterostructures. Based on the 
data evaluation o f the experimental results, an explanation for the occurence o f the Exchange Bias 
effect in this system is given in section 7.1. In analogy, the results for the Lao.jSi'o.rjMnOj/BaTiOj 
thin film system are discussed in chapter S. In addition to a summary of the present work and 
the resulting conclusions, the final chapter will give an outlook for future experiments.
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2 T ra n s it io n  M e ta l O xides

The group of Transition Metal Oxides (TM O) is far too big and diverse to be introduced here 
completely (for a broader overview see for example |21|). The same is true for the huge variety 
of interesting phenomena that occur in TMO. Therefore, in this chapter only the basic concepts 
and characteristics of TM O relevant for this work will be summarized, followed by an overview 
of the general properties of the TM O, which are used in the oxidic heterostructures investigated 
in this work.

TM O can crystallize in many different crystal structures. The TM O under investigation in this 
work have the chemical composition A B O j, where A is either an alkaline earth metal (Sr or Ba) 
or the rare earth metal La and B a TM O (Ti or Mil). A very common crystal structure for this 
type of TM O is the perovskite structure, named after the compound CaTiOa |22|. As we will see 
in the following sections, one of the most important parameters, which defines the electronic and 
thereby metallic properties of any TM O, is the oxygen coordination of the transition metal atom. 
In perovskites the TM O atom is surrounded by six nearest oxygen atoms forming an octahedron. 
In the highest symmetric case this BO3 octahedron is regular with the oxygen atoms located 
at the centers of the six faces of a cube created by eight A atoms (figure 2.1). As the A site 
cation in this structure needs to be larger than the B site cation, the A site cation usually has 
the same or a lower oxydation state. With oxygen always being 0 2~ in all TM O this still leaves 
a broad range of possible valencies for the transition metal ion: not only can the combinations 
A 3 ' B3 ' ( 0 2~)j, A2 ' B 1' ( 0 2~)j and A ' B5 ' ( 0 2~)j be realized, by doping the A site cation with a 
different metal also mixed valencies for the transition metal ion are possible (e.g. Lai-xSrxMn0 3  
with x ranging between 0 and 1)

A rough estimate whether or not a A B O 3 TM O crystallizes in the perovskite structure can be 
obtained by looking at the empirical found tolerance factor t introduced by Goldschmidt [23]

t =  Ra  +  R o  ( 2 . 1 ) 
V 2(R b  +  R o )

where R a ,R b arid R o  are the ionic radii of atoms A,B and O, respectively. The perovskite 
structure is stable for tolerance factors between 0.78 and 1.05, but only for values between 0.81 
and 1 the cubic unit cell wTith space group Pm 3m  is formed. For bigger values the transition 
metal atom is too small for the octahedra resulting in possible shifts of the atom away from the 
center of the octahedron. By this an electric polarization might be created, leading to distortions 
of the cubic unit cell (figure 2.1b). In case of having a macroscopic spontaneous polarization, 
which can be switched by an electric field, the material is called a ferroelectric. Examples are 
BaTiOj or strained SrTiOj (see section 2.2). For t <  0.81 the A atoms are too small to fill 
the space between the oxygen octahedra. As a result the octahedra can tilt in various ways to 
minimize the spacings to the A atoms, which often results in the creation of more complicated 
unit cells (figure 2.1c). A detailed overview of the possible structures formed by the buckling of 
the octahedra is given in [2 i|.

3



2 Transition Metal Oxides

Figure 2.1: Different unit cells for the perovskite structure, a) cubic, b) tetragonal: the unit cell is 
elongated along c. In addition the central atom is shifted along the same direction, c) rhombohedral unit

cell due to tilting of the oxygen octahedra

2.1 Electronic Structure of Perovskites: Crystal Field Splitting

The physical properties of TMO are determined to a big extend by the d electrons of the transition 
metal ion. In the octahedral oxygen surrounding, these energy levels split in two groups in order 
to minimize the Coulomb repulsion (Crystal Field Splitting (CFS), figure 2.2): two of five d 
orbitals are pointing towards oxygen ions (dx2 _ y 2 and d%z2 _ r2 ) and thus shift to a higher energy 
than the other three, which are pointing in between the negatively charged ligands (dxy, dzx and 
dyz). These two energy levels are called t.2 g and eg orbitals, respectively, and are separated by an 
energy gap 10D 1. Since the total energy needs to be the same compared to an imaginary equally 
distributed oxygen surrounding, the eg orbitals are shifted upwards by 1 1QD and the t.2 g levels 
downwards by | l0 D. The size of the energy gap 10D  is dependent on the distance between the 
TM O ion and the oxygen ligands. The smaller the distance is, the bigger gets the overlap of the 
eg orbitals with the oxygens p orbitals, and hence the bigger 10.D becomes. The value of 10.D is 
important, if the TM O ion posseses more than three d electrons. In this case it depends on the 
comparison of the crystal field splitting with the internal exchange energy Jjj, which favors the 
configuration with maximal spin (Hund’s first rule), whether the fourth electron is filled in the 
t.2 g (10D >  J h , “low-spin“ state) or eg orbital (10.D <  Jh, ”high-spin“ state).

Besides the splitting of the energy levels, the crystal field has another important impact on the 
total magnetic moment of the transition metal ion: it can be shown that the orbital moment L 
of the transition metal ion vanishes in a crystal field of low enough symmetry (quenching of the

JIt should be pointed out, that the is CFS is highly dependent on the geometry of the TMO environment. 
E.g. in a tetrahedral oxygen surrounding one finds exactly the opposite situation: Here the eg orbitals are 
energetically more favourable than the 12g levels.

4



2.1 Electronic Structure o f  Perovskites: Crystal Field Splitting

Figure 2.2: Influence of the octahedral eoordiantion of the transition metal ion on the electronic energy
levels in a local picture

orbital moment) and that the total effective moment ^e/ /  is determined in most cases simply by 
the spin moment S:

Me// =  2MBV/ 5'(5' +  l) (2.2)

This becomes clear by looking at one of the components of the angular momentum operator, e.g.
L z:

t h (  d d \  . s
' ; ( / %  (2'3)

For a real wave function follows, that ($ | i=|$) will be purely imaginary. This is in contradiction 
to the fact, that L . is a hermitian operator, i.e. the diagonal elements are real. Hence the only 
possible solution for all the components is

(* \ L .M  =  (*\LX\*) =  (*\Ly \*) = 0  (2.4)

It can be shown by group theory [25] that for a lot of electronic configurations of the d orbitals 
including Mn',+  $  is real resulting in a quenched orbital moment L.

As far as we have discussed the crystal field splitting in perovskites it would not be clear, which 
of the two still degenerate orbitals of the eB level the fourth electron in Mn3~ would occupy. But 
is has already been found in the 1930s by Jahn and Teller, that “the nuclear configuration of any 
nonlinear polyatomic system in a degenerate electronic state is unstable with respect to nuclear 
displacements that lower the symmetry and remove the degeneracy” (Jahn-teller-Theorem |26|). 
Why this leads to an energetically favourable situation can be understood exemplary in the 
case of the Mn3+ ion located in an oxygen octahedron: assuming, that the electron occupies the 
d'iz2 _ r 2 orbital, one would expect that it pushes away the two oxygen anions closest to the d3z2 _ r 2 

orbital due to Coulomb repulsion. By doing this, a tetragonal distorted unit cell is obtained. But
in this situation the two eg orbitals are no longer degenerate. Due to the now bigger distance
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2 Transition Metal Oxides

to the oxygen anoins in the d3z2- r 2 orbital, the dx2 _ y 2 is lifted in energy (figure 2.2). Since 
every oxygen atom is part of two neighboring octahedra, these distortions are not independent 
for every single unit cell. In fact, this often leads to regular patterns in the crystal resulting 
e.g. in “ferro-orbital” (in all unit cells the eg electron occupies the same orbital) or “antiferro- 
orbital" structures. These re-arrangements can be fluctuating (dynamic Jahn-Teller-Effect). In 
this case the unit cell might be undistorted on average. Usually the dynamic distortions are a 
local phenomenon at higher temperatures, whereas below a certain ordering temperature T j t  
long range cooperative distortions might be established (cooperative Jahn-Teller-Effect).

Even though it will not be outlined here in detail, one should mention that the phenomena 
discussed in this section related to the electronic structure in crystal fields can be very well 
described in the framework of Crystal Field Theory (CFT). The CFT describes the system as 
a central atom surrounded by (pointlike) ligands by means of quantum mechanical electrostatic 
interactions. It is a quite simple model of the system, but a powerful tool in describing the 
crystal field effects discussed in this section. More details about a group theoretical analysis of 
the crystal field splitting can be found for example in |27|.

2.2 Ferroelectricity in SrTiOa and BaTiOa

Shifting the transition metal atom away from the center of the octahedra creates a net electric 
polarization. If such a shifting occurs cooperatively to the same direction in neighbouring unit 
cells, the TM O exhibits a spontaneous macroscopic electric polarization (Ferroelectricity). It is

d
(l'd°-ness”) |20|. The reason is that shifting the transition metal ion in general costs energy due to 
the electrostatic Coulomb repulsion. Hence a shifting can only be favourable, if this energy cost 
is compensated by the hybridization energy gained due to stronger overlap between the oxygen 
2p and TM O d orbitals. It can be shown that the gain in hybridization energy is maximal for 

d
few examples for a TM O that exhibits the undistortet cubic structure at room temperature with

d
TMO. In the unstrained bulk state it does not show ferroelectric behaviour at any temperature, 
even though large dielectric constants at low temperatures reveal a polar instability |31,32|. STO 
undergoes two structural phase transitions at lower temperatures due to tilting of the oxygen 
octahedra: below 105 K a tetragonal 14/mcm  is formed by an alternating tilt of the oxygen 
octahedra around the tetragonal axis (‘'antiferrodistortive transition" (AFD)) [33,31). There is 
theoretical evidence that the formation of this tetragonal phase prevents a ferroelectric transition 
[3-5 37|, which without the tetragonal phase is theoretically predicted to occur around 30 K [38|. 
In addition it is suggested, that quantum fluctuations suppress the ferroelectric transition even 
stronger than the AFD transition [32,38,39|. The calculations also show, that the AFD transition 
temperatures would be higher without the quantum fluctuations.

Due to the strong instability with respect to polar distortions, STO can be quite easily forced 
to become ferroelectric by growing it as a strained thin film and a very rich strain-temperature 
phase diagram with several different ferroelectric phases has been established [37,10). Since the 
transition temperature was found to increase with strain, STO can even be made ferroelectric at 
room temperature when grown on the appropriate substrate 1101. Another proof for the strong 
polar instability of STO was the discovery of ferroelectricity in STO below 23 K, when i60  is 
exchanged by i80  111|.

Even though the ferroelectricity of STO still is of big scientific interest, it is not part of this work. 
Here STO is used as a substrate for both heterostructures, which have been prepared and anal
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2.3 Ordering Phenomena in Lax.xSrxMu0.j

ysed. In addition, it lias been deposited as a cap layer on some of the Lao.eeSro.aaMnOj single lay
ers to form a Lao.eeSi'o.aaMnOj/SrTiOj bilayer. For the second system (Lao.sSro.rjMnOj/BaTiOj), 
conductive Nb doped STO substrates have been used to have the possibility to use it as a bottom 
electrode for applying electric fields to the BaTiOa layer.

BaTiOj (BTO) in many ways behaves very similar to STO, but there are some important dif
ferences. At high temperatures, above 100 K, BTO also features the undistortet cubic unit cell. 
However, compared to STO it has a bigger lattice constant of 1.01 A. Although the theoreti
cal models in the same way like for STO predict quantum fluctuations, for BTO they are not 
strong enough to suppress the ferroelectricity: bulk BTO becomes tetragonal below 100 K, but 
in contrary to STO not by rotation of the oxygen octahedra. Here a displacive structural phase 
transition takes place, where Ba and Ti ions are shifted in one lattice direction with respect to 
the oxygen positions (figure 2.1). By this the unit cell becomes elongated along the direction of 
the shift o f the atoms and a ferroelectric polarization is created in the same direction. At lower 
temperatures there are two further transitions, first to an orthorhombic, then to a rhombohe- 
dral structure. In those two phases the Ti ions are shifted along a (011) and (111) direction, 
respectively, causing the polarization to point in the same directions. A theoretical model to 
describe the BTO bulk behaviour with temperature was already proposed more than fifty years 
ago (displacive model |12|). However, it turned out that the simple picture of shifting the cations 
first along one (cubic to tetragonal), then along two (tetragonal to orthorhombic) and then along 
all three lattice directions (orthorhombic to rhombohedral) could not be the whole story, e.g. 
x-ray measurements revealed that the Ti atoms are shifted along all directions already in all 
the phases |13|. More recently a model, which can explain the experimental results, where the 
displacive model fails, has been established 113—1-51: rather than being in the center of the octa
hedra in the cubic phase in this model the Ti atoms are shifted in all three lattice directions but 
the displacements are aligned in an antiferroelectric pattern. Then at each phase transition the 
Ti antiferroelectric order is abandoned for one of the lattice directions until a ferroelectric order 
is obtained in all three directions in the rhombohedral phase.

Under epitaxial strain BTO shows the same tendencies like STO. The ferroelectric transition 
temperatures increases by around 300 K per % strain j 16|. Whereas BTO takes on orthorhombic 
phases under tensile strain, compressive strain stabilizes the tetragonal phase described above for 
bulk BTO. In this work BTO was deposited on STO substrates giving an in-plane compressive 
strain of about 2.5 %. In this case the tetragonal ferroelectric phase is stable from far above room 
temperature down to lowest temperatures. More details about epitaxial strained BTO thin films 
including temperature-strain phase diagrams can be seen for example in [17—191.

2.3 Ordering Phenomena in Lai_xSrxM n 03

Out of the large group of strong correlated oxides Lai-xSrxMn0 3  (LSMO) is one of the most 
studied materials due to the Colossal-Magneto-Resistance (OMR) [5,50,51| effect and the huge 
variety of spin, charge and orbital orders that can be established by changing the doping level

d
is the major difference of LSMO compared to STO and BTO. Due to the valency difference 
between La3- and Sr2 ' , the doping level x determines the ratio of Mn3 ' (pure LaMnOj) and

d
electron in Mil3'1" occupies one of the eg orbitals (“high-spin” state). In section 2.1 it has been 
discussed, how the crystal field in a TM O influences the electronic structure and the effective 
magnetic moment - both spin and orbital - of the transition metal ion. In the following the most 
important factors on the magnetic coupling between neighbouring transition metal ions will be
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2 Transition Metal Oxides

introduced. After that the resulting complex and diverse properties of Lai-xSrxMn0 3  will be 
summarized.

2.3.1 M agnetic Ordering: Exchange Mechanisms

Exchange interactions are well known from the quantum mechanical description of simple mo
lecules (Ileitler-London): due to the fermionic character of electrons and the Pauli exclusion 
principle, is in a II2 molecule an asymmetric spin part of the total wavefunction energetically 
favorable. Therefore, the spins will be aligned antiparallel in the ground state. Very similar 
exchange interactions can be found in TM O for the interplay of the magnetic moments of the 
transition metal ions. However, the big difference in TM O is the fact, that the orbitals of 
different transition metal ions do not overlap directly. The exchange interactions take place via 

p
of different exchange interactions present in TM O. The competition between these determines, 
whether and what magnetic order is established in the respective compound. The general rule for 
all these interactions is, that a spin configuration for neighboring transition metal ions is favored, 
that allows hopping (virtual) processes of electrons between the different atoms via the oxygen 
connection. The reason for this is, that such hopping processes minimize kinetic and thus total 
energy. A lot of these exchange mechanisms, can be described by a Ileisenberg-Spin-IIamiltonian
H spin [54]:

Hspin =  J 2  J ij Si • S j (2.5)
i j

where Si Mid S j are considered as classical spin vectors. The strength of the interaction between 
two spins in the system is described by the pair interaction Ji,j. A ferromagnetic alignment is 
favored for Jij  <  0, an antiferromagnetric one for Jij  >  0. In a lot of cases the nearest neighbor 
interaction is the dominant contribution, which further simplifies the expression.

For Lai-xSi'xMnOa the two most important are the Superexchange (SE) and the Double Exchange 
(DE). Both phenomena can be understood by looking at the electronic configuration of two 
neighboring Mil atoms linked by an oxygen atom (figure 2.3): in Lai-xSrxMn0 3  depending 011 
the doping level x Mil3 ' and M il1 ' ions are present. The SE interaction usually takes place 
between electrons in the t2g levels of neighboring Mil atoms. I11 the most simple case, the eg 
orbitals are unoccupied (SMO). Even though the t2g are pointing in between two oxygen atoms,

p
p

takes place in two steps (virtual hopping processes in a perturbation calculation approach): first 
p

valency is 3 > o r 4 i ,  the t2g orbitals of this Mil ion is occupied by three electrons with parallel
p

can hop to the Mil site. The second step is the refill of the free electron orbital of the oxygen 
atom by an electron from the second Mil ion participating in this process. But this second step 
is only possible, if the spins in the second Mil ion are aligned anti-parallel to the first Mil atom. 
Hence, complete hopping processes can only be done, if the spins of neighboring Mil atoms are 
aligned anti-parallel, which is, why the SE interaction favors an antiferromagnetic order of Mil.

eg eg
eg

stronger than the SE between t2g orbitals and hence determine the magnetic properties of the
eg

orbitals, can be deducted from the semi-empirical Goodenough-Kanamori rules, which have been

8



2.3 Ordering Phenomena in Lax.xSrxMu0.j

proven to predict very reliably the correct resulting magnetic interactions [-5-5 -57| depending on 
the eg orbital occupancy and the bonding angle Mn-O-Mn:

1. The 180° exchange between empty or filled eg orbitals is strong and antiferromagnetic2

2. The 180 ° exchange between one empty and one filled orbital is weak and ferromagnetic

3. The 180 ° exchange between filled orbitals is weak and ferromagnetic

Applied to LMO this leads to the following situation (figure 2.1): due to the cooperative Jalin- 
Teller effect, the electron in the oxygen octahedra are distorted alternatively in the x,y-plane 
with the eg electrons occupying the d3z2 - r 2 orbital pointing along the distortion. Therefore, 
in the x,y-plane all exchange paths via the connecting oxygen combine a filled d3z2- r 2 and 
an empty dx2 _ y 2 orbital (not shown in figure 2.4). Note that the overlap between neighboring 
d3z2- r 2 orbitals oriented perpendicular to each other is so small that it does not play a significant 
role here. Hence, a ferromagnetic order is established in the x,y-plane. All exchange paths in 
z direction combine two empty dx2- y 2 orbitals resulting in antiferromagnetic order. In total, 
LMO exhibits ferromagnetically ordered planes, which are stacked antiferromagnetically (a-type 
antiferromagnet).

Superexchange
*2
LL.
< 2P

Mn4* O2- Mn4* Mn'* O2- Mn3*

LL.

Double Exchange

LL.

Mn3* O2- Mn4* Mn4* O2- Mn3*

LL.
< ♦ h  M  m

Figure 2.3: Figurative explanation of exchange interactions in LSMO. A superexchange interaction
between the t2g orbitais and the doubie exchange between Mn ions of different vaiencies is shown. The 
iiiustrated t2g SE between Mn ions of the same vaience state resuits in a preferred antiferromagnetic 
orientation (strictly speaking, this only holds for a 180 A" Mn-O-Mn bonding angle). The DE between 
Mn ions of different valence state results in a preferred ferromagnetic ordering of the magnetic moments. 
In addition, further SE interactions can occur also between Mn ions of the same valency via the eg 
orbitals. Depending on the occupation of the d orbitals, the semi-empirical Goodenough-Kanamori rules 

can be applied to predict the magnetic SE mechanisms in LSMO [55 57].

For LSMO the same rules apply for the SE interactions, but in addition DE is possible. The DE
eg

metal ions with different valencies, i.e. in case of Lai-xSrxMn0 3  between one Mn3 ' and one 
M il1 ‘ atom connected by an oxygen atom j-58|. The hopping process can again be visualized

2the exchange between empty eg orbitals corresponds to the case of SMO discussed before

9



2 Transition Metal Oxides

Figure 2.4: Orbital order in LMO due to Jahn-Teller distortions. By applying the Goodenough-
Kanamori rules one obtains ferromagnetic order in the x-y-plane and antiferromagnetic order along z, 

resulting in total in an a-type antiferromagnetic order. The empty dx2 - y 2 orbitals are not depicted.

in two steps (figure 2.3). First an electron transfers from the oxygen to the empty eg orbital 
of the Mu'1'1" atom. In contrary to the SE interaction between the t2g this now needs to be the 
electron with the spin aligned parallel to the three t2g electrons according to Hund’s rule. Thus, 
the free level in the oxygen orbital can only be refilled by an electron from the Mil3 ' atom, if the 
spins of both Mil ions are aligned parallel. Therefore, the DE interaction favors a ferromagnetic 
order of Mil atoms. In addition, the DE unlike the SE describes not only a virtual hopping 
process and thus also leads to electric conductivity. Thus, this mechanism can also explain 
qualitatively the extensively studied Colossal Magneto Resistance (OMR) effect in ferromagnetic 
Lao.eeSi'o.aaMnOj: close to the Ourie temperature the conductivity is suppressed, since the Mil 
moments are not perfectly aligned. However, they can easily be forced to order ferromagnetically 
by a magnetic field. Thereby the DE hopping processes will be enabled resulting in a drastic 
drop of the resistivity.

2.3.2 Phase diagrams o f L a ^xSrxM n 03

The most important effects, which determine the properties of LSMO have been discussed. It will 
be pointed out now, how they influence the physical properties of LSMO. Due to the additional 
parameter of the doping level x, there already is a very rich temperature versus Sr concentration 
x phase diagram (figure 2.5(a)) |52|. As presented before, the DE interaction is only possible 
between Mil ions of different valencies. As discussed in the previous section, LMO exhibits 
an a-type antiferromagnetic (AFM) order due to the SE interaction and the cooperative Jahn

eg
concentration I) x I).2 a huge amount of papers exist with partly contradicting results. One 
reason for this is that LSMO, especially in the low concentration region, is even more sensitive to 
other stoichiometry deviations than to the doping level x. E.g. a slightly different oxidation level 
similarly to changing the La/Sr ratio, also changes the doping level, hence leading to completely 
different properties j-59|. Therefore, nominally identical LSMO samples might show different 
behavior, when those small deviations in stoichiometry are not detected. Only the main aspects 
of the complex phase diagram will be discussed here to understand the results presented in this 
work. At low Sr concentrations (x--~ 0.1) the AFM phase remains stable. However, a ferromagnetic 
component evolves, which can be explained either by phase separation |13| or a canted AFM 
structure |G0|. Between x 0.1 and x 0.17 a ferromagnetic insulating phase is established. In 
addition, for the whole range I) x I). 17 the long range cooperative Jahn-Teller effect and the 
resulting orbital order remains stable. At Sr concentrations x I). I 7 there is a sufficient number
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2.3 Ordering Phenomena in Lax-xSrxMu0.j

concentration >

(a) ( b )

Figure 2.5: Magnptir phase diagrams of Lai-xSrxMnC>3. a) Tpmppraturp vprsus doping IpvpI phasp 
diagram takpn from [52]. b) Strain vprsus doping IpvpI phasp diagram takpn from [62] (Original data 
by [63]). Thp magnptir strurturps of thp diffprpnt phasps arp shown in thp right diagram. Thp notation

follows thp dpfinitions by [64],

of Mu'1' ions to enable the DE interaction to become more dominating than the SE. Hence a 
large ferromagnetic (FM) regime is found ranging up to Sr concentrations x 0.5. The Curie 
temperature peaks around the x 0.33 composition at around 360 K. Due to the partly occupied
eg orbitals, the phase transition around x ..0.17 is accompanied by a metal-insulator transition
and LSMO becomes metallic in the ferromagnetic region j-51|. Above x 0.5 the SE interaction 
again gets stronger and causes LSMO to order antiferromagnetically. Up to concentrations of 
x 0.7 LSMO still is metallic. Between x 0.7 and 1.0 an insulating c-type AFM is formed. The 
exact temperature dependent structure of the phase diagram in the region between x 0.5 and 
x 0.7 is still under discussion for single crystals of LSMO. However, in epitaxial Lao.sSro.jMnOa 
thin films deposited on STO substrates an a-type AFM order has been found |61|.

In epitaxial thin films, the strain gives additional possibilities to tune the properties of LSMO. 
In figure 2.5(b) the strain versus Sr concentration is shown schematically |63|. It can be seen, 
that the AFM region, which starts for bulk LSMO at x 0.5, extends to lower Sr concentrations 
with increasing strain: LSMO films exhibit a c-type AFM order for compressive and an a-type 
AFM order for tensile strain. In addition to changing the magnetic order, Konishi et al |G3| also 
found that, depending on the strain, orbital order or disorder can be induced. Finally, there are 
extended studies on the influence of cation ordering on the properties of LSMO, which can be 
realized in thin films by growing digital superlattices of (LaMn0 3 )n(SrMii0 3 )m. For example su
perlattices corresponding to ferromagnetic metallic LSMO (m =  2,n =  1) [65], antiferromagnetic 
metallic LSMO (m =  1 ,n =  1) [61] or antiferromagnetic LSMO (m =  1 ,n =  2) [66 ] have been 
investigated, where the ordered stacking of M il''' and M il1 ' again can result in new phenomena, 
e.g. enhanced transition temperatures compared to the randomly mixed LSMO.
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3 M o t iv a t io n  fo r  th e  A na lysed O x id ic  
H e te ro s tru c tu re s

As seen in the previous chapter, TM O offer a huge variety of fascinating phenomena due to 
the complex interplay of lattice, spin, charge and orbital degrees of freedom. An even larger 
playground is accessible by arranging several o f these materials in thin film systems, where the 
different properties can interact via the common interfaces. In addition, in epitaxially grown 
heterostructures, the strain mediated by the substrate can change the picture completely, as 
already mentioned before. In this chapter the oxide heterostructures under investigation in this 
work will be introduced and it will be outlined, why the two chosen systems are of big scientific 
interest.

3.1 Lao.66Sro.33M n 03 /S r T i0 3 : Exchange Bias Effect

The Exchange Bias Effect (EB) has already been discovered more than fifty years ago by Meikle- 
john and Bean [1 i|. In their original paper, they reported that *'a new type of magnetic anisotropy 
has been discovered which is best described as an exchange anisotropy". The EB ‘'manifests itself 
in the form of a displaced hysteresis curve". Meiklejohn and Bean found the effect in a system 
consisting of ferromagnetic Co nanoparticles embedded in antiferromagnetic CoO. Its origin is 
the exchange coupling between the antiferromagnetic and the ferromagnetic material at the com
mon interface, which - as we will see later - results in an unidirectional anisotropy and thus in 
shifting of the hysteresis curve along the magnetic field axis. Over the years the EB has been 
reproduced not only in an immense number of different, mostly thin film, systems, but also in a 
numerous different ways. This diversity also gave rise to several theoretical approaches to try to 
cover all the different aspects of the EB effect. Since it is impossible here to present even a frac
tion of these, only a phenomenological model will be presented here, which helps to understand 
the origin and basic concept of the EB. For a more detailed summary of the most important 
material systems and theoretical models of EB, chapter 3 of |67| can be recommended.

In figure 3.1 it is shown how an EB can be established in a system, where a ferromagnet is in 
direct contact with an antiferromagnet. First it is necessary to cool the system in a magnetic 
field below the Curie temperature TC of the ferromagnetic material to align the spins along an 
easy axis. After that the system is cooled further down below the Neel temperature TN , where 
it orders in a way, that the exchange energy to the ferromagnet at the interface is minimized. 
Here we assume a layered antiferromagnetic structure, hence the first atomic layer of the anti
ferromagnet will order either completely parallel or completely anti-parallel to the ferromagnet 
depending on the exchange energy. Due to this coupling to the antiferromagnet, the magneti
zation of the ferromagnet becomes harder to turn to the opposite direction, when the magnetic 
field is switched. Therefore the coercive field will be higher compared to an isolated fer
romagnetic layer of the same material. Similarly, when the hysteresis curve is completed back 
to the cooling field, the magnetization will return at a lower field to the energetically favored 
direction resulting in a hysteresis curve shifted by the EB field E ß. Caused by the coupling 
to the antiferromagnet, the uniaxial anisotropy of the ferromagnetic material alone is changed
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3 Motivation for the Analysed Oxidic Ileterostructures

to an unidirectional anisotropy in the bilayer system. It should be mentioned that there are 
nowadays elaborated theoretical models, which can not only describe this idealized case of an 
layered antiferromagnetic'ferromagnet interface, but also other antiferromagnetic and ferrimag- 
netic structures, interface roughnesses, domains, and so 011. Also we assumed in this simple 
phenomenological model that the antiferromagnet remains unchanged, when the magnetic field 
is changed. That this is not the case in real systems becomes visible in the ‘'training effect",
i.e. a subsequent reduction of the hysteresis curve shift, when the field is cycled several times 
until finally a symmetric hysteresis curve is obtained. This shows that the biased state of the 
antiferromagnet is not stable. What mechanisms are causing this instability is still not well 
established.
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Figure 3.1: Schematic explanation of the Exchange Bias effort: When fooled in field, the ferromagnet 
orders at the Curie temperature TC (1). Further cooling results in ordering of the antiferromagnetic 
material at TN (2). In this simple example of a layered antiferromagnetic material, the direction of spins 
at the interface is determined by the exchange energy between the ferromagnet and antiferromagnet. Due 
to this pinning by the uncompensated spins of the antiferromagnet, the magnetization of the ferromagnet 
resists to being turned to the opposite direction by switching the magnetic field (3). Hence the coercive 
field becomes bigger compared to the case, when the ferromagnet is not coupled to the antiferromagnet 
(4). On the other hand, when the field is switched back to the original cooling field direction, the 
magnetization of the ferromagnet already reverses at a lower field in order to return to the energetically 

favored orientation (.5). As a result the hysteresis curve is shifted along the magnetic field axis.

A better understanding of the complexity of the EB effect is o f great interest not only from 
the scientific point of view. A comprehensive understanding of the EB also might open up
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completely new possibilities for modern spintronic applications. The EB effect already is applied 
especially in spin valves of storage media, readout sensors or Magnetic Random Access Memories 
(M RAM ). New device application might arise from using the EB in oxide heterostructures. One 
recent example is the switching between two distinct exchange bias states in bilayers of ferro
magnetic Lao.eeSro.aaMnOj and ferroelectric'antiferromagnetic BiFeOj by switching the electric 
polarization in BiFeOj |19|.

Some years ago, the EB effect was found in LSM O/STO multilayers by Zhu et al |1,17,1S|. Since 
there is no nominal antiferromagnet present in the system it was proposed that an disordered 
spin state at the interface creates the EB probably most likely caused by the strain mediated by 
the STO. A vertical shift of the hysteresis loops along the magnetization axis was a hint for this 
assumption. It is important to notice that in case the EB effect is purely due to the LSMO layer 
and the STO substrate is only needed to mediate the strain, one would not be limited to having 
to chose an antiferromagnet on the one side and a ferromagnet on the other side of the chemical 
interface to create an EB effect. This opens up the opportunity of choosing the second material 
independently as long as it sets the right strain to the magnetic layer. Like in our case, it would 
not need to be magnetic at all, but could have other properties, which possibly create completely 
new and more versatile effects. Therefore, Lao.eeSro.aaMnOj 'SrTiOj thin film systems have been 
analysed with two major objectives: first to investigate whether the occurrence and strength of 
the effect can be tuned by the growth conditions: the second main aspect was the determination 
of the magnetic depth profile of the samples by means of polarized neutron reflectometry and 
resonant x-ray magnetic reflectometry in order to understand, where the antiferroamgnetic layer 
is created, which is necessary to cause the observed EB.

3.2 Lao.5Sro.5M n 0 3 /B a T i0 3 : Artificial M ultiferroicity

Multiferroics are materials that exhibit more than one ‘'ferroic” properties, which are in most 
cases ferroelectricity and some kind of magnetic order (ferromagnetism or antiferromagnetism) 
in the same phase. The search for materials, where the different ordering parameters control each 
other in a sufficiently strong way, has stimulated strong research activities during the last years 
due to their technological relevance |6 , 6S|. E.g. controlling the ferromagnetism by an electric 
field via the ferroelectric properties could be a breakthrough in reducing the power consumption 
of magnetic data storage devices. Used in Random Access Memories (RAM ), multiferroics could 
combine the advantages of both ferroelectric and ferromagnetic RAM  in a device, where the infor
mation is electrically written and read via the Tunnel Magnetoresistance (TM R) effect. However 
as presented in 2 .2 , ferroelectricity and ferromagnetism are in general mutually exclusive: they 
require empty and partially filled d orbitals, respectively. Therefore, single-phase multiferroicity 
can only be found under exceptional circumstances [28 30|. In addition, the polarization an 
hence the coupling between the order parameters in these materials is very weak, which hampers 
their way to technological applications.

Oxide heterostructures offer several promising routes to circumvent the problems of establishing 
multiferroicity in bulk materials. First o f all as already addressed in chapter 2, strain can 
change the situation completely. As an example EuTiOj, a paraelectric antiferromagnetic bulk 
material, becomes ferroelectric and ferromagnetic under biaxial strain |G9|. Another possible 
way is the separation of the two ordering parameters: by combination of a strong ferroelectric 
and a strong ferromagnet, a much stronger coupling via the common interface can be expected 
|70-72| compared to single-phase bulk multiferroics. One example for a successful realization 
of such a system is the electrical control of the exchange bias state in the above mentioned 
Lao.eeSro.aaMnOj'BiFeOj bilayers |19|. Recently, different possibilities to achieve such coupling

3.2 Lao.zSro.zMuOj/DaTiOj: Artificial Multifvrroicity
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3 Motivation for the Analysed Oxidic Ileterostructures

have been proposed theoretically 12,731. In |2| it was predicted that the magnetic order in LSMO 
near 50% doping can be changed by switching the polarization in BTO. The electron density 
varies depending whether the polarization in BTO points towards or away from the interface. 
The different electron densities influence the equilibrium between super- and double-exchange 
favoring a ferromagnetic or an antiferromagnetic order at the interface for the two different 
orientations of the polarization.

The aim of this work is to prepare high quality LSMO 'BTO  thin film samples and to look for 
the theoretical predicted interface effect. To force the electric polarization of BTO to point 
out-of-plane, a compressive strain needs to be set by the substrate. For this purpose, Nb doped 
STO substrates are chosen, which not only have the suitable lattice parameters, but also can 
be used as a bottom electrode. In addition, the BTO should be strained as much as possible 
at the LSMO interface, to maximize a possible effect. Due to relaxation this limits the BTO 
thickness to about 15 unit cells [7i|. Since the interface has been analyzed by polarized neutron 
reflectometry and resonant x-ray magnetic reflectometry, a coherent polarization needs to be 
switchable over a large area. Both, the small thickness and the large area, are in conflict to the 
well known leakage problem in BTO thin films [ 751, which cause shortage effects as soon as the 
film gets too thin or the area too large and thus result in a not ferroelectric behavior of the BTO 
especially at higher temperatures. In order to avoid the leakage currents, an additional insulating 
STO layer is deposited first to act as a spacer layer and to increase the distance between bottom 
and top electrode.
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4 S c a tte r in g  th e o ry

Scattering methods provide a unique 11011-destructive insight to the chemical, magnetic and 
electronic structure of matter 011 an atomic length scale. The most detailed information about 
the oxide heterosctructures under investigation in this work are obtained by several different 
scattering techniques. In this section the basic theoretical concepts of the applied methods are 
introduced. The concepts in the following chapter are taken from |76|, where also more details 
about this subject can be found.

4.1 Basic principles and Born approximation

The general geometry of a scattering event is depicted in figure 1.1. A beam of the particles 
used for the experiment is pointing 011 the sample under investigation. The distance between 
source and sample usually is large enough to describe the incoming particles as a plane wave 
with wave vector fcj (“Fraunhofer approximation“). In a scattering event, an incoming particle 
gets scattered by interaction with the sample into a different direction described by the angles 
28 Mid ^ w’ith respect to the incoming direction. It gets detected at a distance from the sample, 
where it again is justified to approximate the particle by a plane wTave wTith wTave vector kf. Due 
to momentum conservation, the momentum

hQ =  h (^kf — kij (4.1)

has been transferred to the sample. In the following Q will be denoted as ’’scattering vector“. 
In this work only elastic scattering is performed, i.e. 110 energy is transferred to or from the 
sample and \r i\ =  \kf \. In a scattering experiment the n ' particles of the incoming flux j  are 
detected, which are scattered in the solid angle dQ, that is covered by the detector. The angular 
dependent scattering probability is defined as differential cross section da/dQ:

d'a _  n ' 0)
dQ =  jdQ { ‘ ’

The challenge of a scattering experiment is to extract the desired information 011 the properties
of the sample from the differential cross section.

In order to derive an expression for da/dQ for the case of an incoming neutron beam, the 
Schrödinger equation

(A  +  k2) $ = - p n  v  ( r )$  (4.3)
h2

needs to be solved for the neutron probability density amplitude For an incident plane wave
$ 0 =  eikr (.jjg differential equation (4.3) can be converted to the following integral equation:

2m r —t —t

$ (r )  =  $ 0 (r) +  - p n  G (r ,r')V  (r ')$ (r )d 3r' (4.4)

1for x-rays instead the Maxwell equations are the starting point, if a macroscopic approximation can be used 
(e.g. reflectometry). Since this leads to a similar wave equation for the electromagnetic field amplitude, the 
theory is very similar from that point. Hence, the following results are formally true for x-rays as well even 
though the underlying principles are different.
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■1 Scattering theory

Figure 4.1: Scattering geometry for a general scattering event of a particle with incoming wavevector
ki and outgoing wave vector kf

where G(r, r ') is the Green function satisfying the condition

(A  +  k2)G (r, r ') =  5(r — r ') (4.5)

The implicit integral equation (4.4) ("Lippmann-Schwinger1' equation) can be solved iteratively 
by substituting this solution for $ (r )  in the right hand side for $ (r ') .  This subsequently results 
in terms of higher order of the interaction potential V  (’’Born-series“). For weak interaction

potentials the first order already is a very good approximation. With G (r, r') =  ^ ' l  as a
solution of (4.5) one obtains:

2m r eik|r—r'|
$ x(r) =  eikr +  2m2n - ---------^ V  (r ')e ikr' d3r' (4.6)

i  J 4n |r — r'|

This describes a superposition of the incident plane wave (first term) with the scattered wave 
(second term). Only one scattering event is described by 4.6. As expected for stronger interaction 

V
be taken into account. Subsequently, the second order term accounts for particles being scattered 
twice, the third term for particle being scattered three times and so on.

For large distance R  from the sample, e.g. at the position of the detector, (4.6) becomes:

O™ JkR r
$ x(r) =  eikR +  — J  V (r')e iQr'd 3r ' (4.7)

which is a sum of the incident plane wave plus a spherical wave emitted from the sample. Since 
was defined as the angular dependent scattering probability, the differential cross section is 

equal to the absolute square of the amplitude A (Q ) of the scattered wave:

d o /  = A ( Q ) f  -' neutrons S i ?  V  « e ' ^ ’ r

2
(4.8)

Therefore, in first Born approximation the measured intensity I  is proportional to the absolute 
square of the Fourier transform of the interaction potential. As mentioned before, a similar
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1.2 X-ray diffraction (XRD)

expression can be derived for x-ray scattering. Since photons are predominantly interacting 
with the electrons of the sample, for x-ray scattering the amplitude of the scattered wave is 
proportional to the Fourier transform of the electron density pe:

These formula reveal the so called "phase problem1' for scattering experiments: One can not 
simply derive the scattering density from the angular dependent measurement of the intensity, 
because the information of the phase of the scattering amplitude gets lost by taking the absolute 
square. Therefore, the usual way to analyze scattering data is to set up a model of the sample, 
calculate the expected intensity and refine it until it matches the experimental data.

In this work XRD  is used to determine the lattice parameters of the epitaxially grown thin 
films. To model the scattered intensity for a single monocrystalline layer, one needs to know the 
electron density pe for the thin film. For the samples in this work, the out-of-plane direction of 
the thin films is parallel to one of the crystallographic axis. Hence, the layer consists of N , M  
and P  unit cells along the x, y Mid z direction, respectively, where z should be the out-of-plane 
direction in the following. The lattice constants of the thin film are a, b and c in the respective 
directions. In analogy to single crystal diffraction, the overall structure of the thin film can be 
described mathematically as a convolution of a lattice having N  • M  • P  lattice points and of the 
unit cell structure. Thus, the Fourier transform of pe can be simplified to the product of the 
Fourier transform of the lattice function pl times the Fourier transform of the unit cell function 
ps  (convolution theorem). pL is proportional to:

which would result in the so called "Laue-functioif for the scattered intensity, if the unit cell 
only consists of one pointlike scatterer:

for Q =  p • 2n/|c| (analogous for the other directions). These main maxima are the well known 
Bragg reflections. The intensity of the Bragg reflections scale with N 2, the width with 2n /P . I.e. 
for our model layer wTitli grow’th direction along c one can in principle deduce the layer thickness 
d =  P  • Ic| from the width of the reflection. More precisely, the width indicates the coherently 
scattering planes in the particular direction. Due to e.g. lattice imperfections, mosaicity or 
strain, this does not necessarily equal to the size of the layer (or crystal) in this direction. In 
addition especially for sharp Bragg reflections, the instrumental resolution also might influence 
the width of the Bragg reflections.

(■1.9)

4.2 X-ray diffraction (X R D )

N-1  M-1 P-1
(4.10)

n=0 m=0 p= 0

Hence, the Fourier transform of pl becomes a geometrical series

( 1.11)

^“2:. -L Cj j

sin22 Qa sin22 Qb sin22 Qc

The function is plotted in figure 4.2 for the case that Q is parallel to a. There are main maxima

(4.12)
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■1 Scattering theory

Qa/2n

Figure 4.2: Plot of the Laue funrtion for N .5 and N 10

Tlie intensity of the Bragg-rellections is modulated by the second factor, namely the Fourier
transform of ps. For a unit cell of volume Vs =  (a x b) • c with L  atoms at positions rj one 
obtains with r =  rj +  r' f a  the so called structure factor A s  of the unit cell:

A s  x l  d3rp s(r )e iQr =  ^ /  d3rp s(r )e iQr =  J 2  e ^ l  d3r 'p s (P )eQ  (4.13)
j= l JV* j=l

F0(Q)

Vj j
j

form factor F 0(Q ). Thus, the total scattered intensity from a single layer consists of Bragg
Qr

the structure factor of the unit cell. Due to the structure factor, Bragg reflections can even be 
forbidden. From the intensity pattern one can deduce the unit cell structure.

The same considerations are also true for the substrate, where the thin films are deposited 
on. Since P  tends to infinity for a standard substrate wTitli macroscopic thickness, one wTould 
expect infinitely sharp (for a perfect instrumental resolution) and infinitely intense (limited by 
the incident beam intensity) Bragg reflections. The reason for this unphysical result is that 
absorption has been neglected so far. This is a valid approximation for scattering from thin 
films. For the scattering from the substrate an exponential damping factor e-2 l/r needs to be 
taken into account, where t is the penetration depth of the x-rays and I the distance traveled by 
the x-rays through the material o f the sample. The Fourier transform of this exponential function 
results in a Lorentzian function proportional to m2+ q 2 ; where the wTidth p  is antiproportional to 
the penetration depth t .

In summary, for XRD at monocrystalline single or bilayers deposited on a monocrystalline sub
strate, Bragg reflections for each layer and the substrate can be expected. For a substrate of good

L L

S
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■1.3 Grazing incidence scattering

structural quality the Bragg reflections will have a Lorentzian-curve shape. For the thin films 
they follow the Laue-function. The intensity of the reflections is modulated by the corresponding 
structure factor.

4.3 Grazing incidence scattering

4.3.1 C ontinuum  description

Grazing incidence scattering is a very powerful technique to determine depth resolved mesoscopic 
properties of thin films. The standard scattering geometry from a single surface is shown in figure 
4.3. This section focuses on the special case of small angles 0 between incident beam and sample 
surface. Only the case of specular reflectivity, e.g. the incident angle is equal to the outgoing 
angle, will be discussed here.

Figure 4.3: Definitions of symbols for the general rase of a reflertometry experiment

0 Qr
Qr

approximation breaks down, since multiple scattering events can not be neglected any more in 
this kind of very surface sensitive scattering experiments |77|. Therefore a different approach to 
solve formula (4.3) needs to be taken. A quite graphic argumentation makes clear that grazing 
incidence experiments are not sensitive to structures on an atomic length scale (figure 4.4): The 
structure of a thin film can be described mathematically by an undisturbed microscopic periodic 
lattice multiplied by the mesoscopic variations of the sample. Similar to the discussion in the 
previous section, the Fourier transform of this product (which is proportional to the measured

Q
small Q only a delta function at Q =  0 needs to be considered for the reflectometry experiment. 
Back-transformation to real space reveals that the microscopic information has been lost.

Hence, each material in the thin film system can be described by a complex index of refraction 
nt =  k f /k , where the real part describes the refraction and the imaginary part the absorption of 
the material. Solving the wave equation leads to the same well known result that the incoming 
wave is partly reflected and partly transmitted at the surface of the sample. The ratio between 
reflected and transmitted beam is given by the reflection and transmission coefficients R  Mid T 
("Fresnel formulas"):

R =

T =

0 — n0t 
0 +  n0t 

20 

0 +  n0t

(4.14)

(4.15)

2

2

21



■1 Scattering theory

Figure 4.4: Graphical explanation for the non-sensitivity to mirrosropir length srales in a reflertometry
experim ent (taken from [76]).

where the angle of the transmitted beam is given by n =  cosO/cosOt (Snell’s lawT). In the 
next two sections it will be shown that the indices of refraction for both x-ray and neutron 
reflectivity in general are smaller than 1 . which causes the transmitted beam to be refracted 
towards the interface. Therefore, for incident angles smaller than a critical angle Oc there is no 
beam transmitted into the medium, i.e. the entire beam is reflected (region of total reflection). It 
can be shown that for larger angles than the critical angle, the reflected intensity for a perfectly 
smooth surface decreases proportional to Qz -4  [78]. Additionally, roughness can be taken account 
by a Debye-Waller factor, which then results in an intensity drop I (Q z) a  Q z-4 e x p ( -Q z2a2). 
Here a is the root mean square (mis) roughness of the surface, i.e. the average deviation of the 
real surface from the nominal ideal surface. It therefore has the dimension of a length and is 
usually given in mil or A.

So far, only a single surface has been discussed. For the case of a single layer the incoming beam 
is partly reflected and transmitted also at the interface to the substrate according to the Fresnel 
formulas, which now depend on the indices of refraction of the layer and the substrate. The 
resulting total reflected intensity then is a superposition of the reflected beams of the surface and 
the interface. Like in optics, at certain angles the path difference between both reflected beams 
leads to constructive or destructive interference (figure 1.5). By simple geometric considerations 
one finds for Ot ~  O that f a  a layer of thickness d the condition that needs to be fulfilled is 
(Bragg condition):

A =  2d • sinO (4.16)

These interference effects result in oscillations of the reflectometry curve at angles higher than the 
critical angle. The higher the difference between the indices of refraction of layer and substrate 
material (also called contrast), the stronger are the oscillations. The description of several layers 
can be generalized in an analogous way. The reflectometry pattern might look more irregular,
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■1.3 Grazing incidence scattering

since complicated interference effects caused by the additional reflected beams at the additional 
interfaces occur. Each of the layers then is represented by a complex index of refraction, a layer 
thickness and a layer roughness. A formalism to describe complex layered structures mathemat
ically was introduced by Parr at t |79|. The presented phenomena can be applied to both x-ray 
and neutron reflectometry. The differences will be addressed in the next two sections.

Figure 4.5: Reflertometry from a single layer: The path differenre between the beam reflerted at the 
surfare and at the interfare leads to the Bragg rondition for ronstrurtive interferenre

4.3.2 X-ray reflectom etry (XRR)

The main difference between x-ray and neutron reflectometry is the way of interaction for both 
methods: Photons are interacting with the electron density in the material. The interaction 
potential can be deducted from electrodynamics and gives

e2 e
V  =  - — 2 A ------------------------------------------------------------------ pA  (4.17)

2mc2 mc

where A  is the vector potential and p the electron momentum. In addition the photons might 
also interact with the spin moments of the electrons, yet this interactions is much weaker than 
the charge scattering and needs not to be taken into account for the non-resonant case of XRR. 
By solving the Maxwell equations it can be shown that the complex index of refraction for XRR 
is given by

n = 1  — r0X2 pjFj =  1 — S — iß  (4.18)
j

where r0 =  e2/4ne0mec2 =  2.818 x 10- 15 m is the classical electron radius, A the wavelength, pj 
the material density of material j .  Fj is the complex atomic scattering factor, which is in general 
written as:

F (Q ,u ) =  F 0(Q ) +  F '(u ) — iF ''(u ) = : f i (u )  — if2 (u ) (4.19)

Here F 0(Q ) is the atomic form factor, which has already been introduced in (4.13). F'(ui) and
F''(w) are the anomalous scattering factors, which take into account refraction and absorption
processes, respectively. They become particularly important for resonant x-ray scattering (section 
4.3.4). The tabulated values, which can be taken for XRR simulations, usually are the Ilenke- 

f 1 f 2 f 2
f 1 f 2 f 1 f 2

(Kramers-Kronig relation |81,82|). Similarly to neutrons (see next section) a real and imaginary
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■1 Scattering theory

part of a scattering length density can be defined by setting:

( 1 .20 ) 

( 1.21)

where N  is the number of scattering sites per volume and bj. Mid b" are the real and imaginary 
parts of the complex scattering length.

4.3.3 Polarized Neutron reflectom etry (PN R )

Similarly to XRR. one can derive an expression for the complex index of refraction by solving 
equation (1.3):

I -2  -2
n =  kn/k =  W 1 — —  'Y l biPi ~  1 — - n  biPi (4.22)

V i i

where bi now is the complex scattering length for atoms of type i. The approximation is valid, 
n

neutrons with the sample: Neutrons interact with the nuclei o f the atoms in the material via the 
strong interaction. In addition, they also interact via dipol-dipol interaction with the magnetic
moments of the unpaired electrons. For neutrons both interaction processes need to be taken into
account, since they are of similar order of magnitude. The total interaction potential operator 
for neutrons thus becomes:

V  =  (pn I +  PM<r • b) (4.23)
m n

where â  is the vector of Pauli-matrices and b the unity vector in the direction of the sample 
magnetization, pn Mid pm are the nuclear and magnetic scattering length densities, respectively. 
The dependence on the magnetic structure can be used to obtain information not only on the 
chemical (like in XRR), but also on the magnetic depth profile. Figure 4.6 shows the geometry of 
a typical PNR experiment. An in-plane magnetic field H  is applied to the sample which causes 
a sample induction B  with two in-plane components parallel (B||) and perpendicular (B ± ) to
H. H  also sets a quantization axis for neutron beam that is reflected from the samples surface: 
The incoming neutron beam is polarized with the neutron spins oriented either parallel (Up) or 
anti-parallel (Down) to the magnetic field. For each of the two incoming beams the intensity 
of the reflected beam again can be detected polarization dependent resulting in four possible 
channels that can be measured (Up-Up, Down-Down, Up-Down, Down-Up).

Assuming that the incoming neutrons can be described by plane waves with wave vector ko and 
energy Ä2kQ/(2 m ), the interaction potential operator in equation (4.23) leads to a set of coupled
one dimensional equations for the two possible spinor components $ +  (Up) and (Down) of
the neutrons:

(z) +  [kQ — 4n(pN — PMb||)] $ + (z )  =  4n p M bx $ -(z ) (4.24)
(z) +  [kQ — 4n(pN +  Pm b||)] $ - ( z )  =  4npMb± $ + (z ) (4.25)

The solutions of these equations enable calculations of the reflectivity for the four above men
tioned polarization channels. From the simulation of the PNR data pN can be determined depth 
resolved perpendicular to the samples surface.
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4.3 Grazing incidcncc scattering

Figure 4.6: Scattering geometry of the PNR experiment: The Up-Up channel is shown, i.e. the spins of 
both the incoming and reflected neutrons are oriented parallel to the applied magnetic field H. H  causes 
a magnetization M,  leading to a magnetic induction B  =  po(H +  M)  in the sample with two in plane

components B\\ and B±.

4.3.4 X-ray Resonant M agnetic Scattering (XR M S)

It was already mentioned before that x-rays not only interact with the charge density of a 
material (Thomson scattering), but also with the spins of the electrons. However, for photon 
energies below lOkeV typical scattering cross sections for magnetic scattering are several orders 
of magnitude smaller compared to charge scattering. Therefore the magnetic contributions can 
be neglected for the laboratory reflectometers and diffractometers used in this work, as they use 
Cu K « radiation (8048 eV). The situation changes drastically, if a photon energy is used close to 
an absorption edge between atomic energy levels of the analyzed material. In this case resonant 
absorption and scattering events can become an important, maybe dominant contribution of 
the interaction processes. As will be shown in this section, this also enables the investigation of 
magnetic properties. After summarizing the basic concepts of x-ray resonant scattering in general 
and introducing the phenomenon of X-ray Magnetic Circular Dichroism (XM CD) (more details 
about these two paragraphs can be found for example in [83]), the particular X-ray Resonant 
Magnetic Scattering (XRMS) method used in this work will lie explained.

X-ray resonant scattering

In a classical picture the resonant interaction of a photon (electromagnetic field and
a core electron n with binding energy E n =  huin and coordinates x can be described by the
following equation of motion for a forced harmonic oscillator:

d2* -p dx 2 -> eEo - iL0t ,,, o r N- ^  +  r n-  +  u,nx =  -  — e (4.26)

Here, dissipation of energy of the applied field is taken into account by the damping constant 
r „  . From the solution of this equation one can deduce for the frequency dependent part of the 
scattering factor (4.19):

2

Fn(co) =  - 2 -------  (4.27)

clarifies the enhanced scattering probability for photons with energies close to E n. The quantum 
mechanical description of resonant x-ray absorption and scattering was derived by Kramers 
and Heisenberg [84] and Dirac [85]. In this framework the interactions are expressed by the 
transition probability per unit time I);/ from an initial state |* >  to a final state /  >  (second
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order perturbation theory):

2

5{ei -  er)p{tf)  (4.28)

p (tf)  is the density of final states per unit energy and

n mt =  ^ Â 2 - — Â - V  (4.29)
Im  m

is the interaction Hamiltonian corresponding to the classical potential introduced in formula 
(4.17). By inserting formula (4.29) in formula (4.28) one obtaines terms that are proportional 
to A  or to A 2. In the quantum mechanical theoretical description, the vector potential A  is 
proportional to the operators that describe the annihilation and the creation of photons |86|. 
Therefore, the terms linear in A  correspond to processes, where a photon is created or annhilatcd, 
and the terms, which are quadratic in A,  describe processes, where a photon can be destroyed 
and created. This leads to the following possible interaction processes (figure 4.7): The first 
order term in equation (4.28) linear in A  describes absorption and stimulated emission of a 
photon. The first, order quadratic term describes charge scattering as described before (Thomson- 
scattering). In this case the initial and final state i and /  are identical. The second order 
term becomes particularly important for incident photon energies, that match the difference 
between electronic energy levels of the scattering metcrial. Therefore, this term describes in 
general resonant absorption processes, which can be followed by several different events, e.g. 
the emission of a photoelectron. In particular, elastic resonant scattering processes are possible, 
when the initial and final states are identical. In this case the excitation of the electron and the 
re-emission of the photon are only virtual processes.

Tif =
2n

<  f  \HLint\i > + y ,
first order

< f  \H int\n > <  n \H int\i >  
€i tn

second order

First Order transitions Second Order transitions

final in itia l

\ c .
Unoccupied
orb ita ls

final in itial

Absorption Emission Thomson-
scattering

final in itia l

P*=

Resonant Resonant
absorption scattering

Figure 4.7: Figurative explanation of the first order and second order processes described by formula
(4.28).

X-ray M agnetic Circular Dichroism

It now needs to be clarified, how the basic processes introduced before depend 011 the x-ray 
polarization and the electronic (hence magnetic) configuration of the sample. Since E  =  QA, 
it can be expected that the interaction Hamiltonian H in general depends 011 the polarization
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■1.3 Grazing incidence scattering

of the photon. It is also dear that the absorption depends on the electronic configuration of 
the final energy level in two ways: First of all there need to be free states where the absorbing 
electron can be excited in. Secondly, the transition has to obey the dipole selection rules for the 
quantum numbers of the electron (orbital angular momentum l, magnetic quantum number mi 
and spin quantum number ms:

1. Al =  ±1

2 . Ami =  q =  0 , ± 1

3. A m s =  0

hq is the angular momentum of the photon, which is 0 for linear polarization, > 1 for right circular 
and -1 for left circular polarization (RCP and LCP, respectively). For transitions from the 2p 
core levels to the 3d valence band (L-edge) in 3d metals this results in the following situation4.8: 
Due to spin orbit coupling there are twTo energetically different transitions, one from the 2p3/ 2 
and one from the 2p1/2 states. They are called L 3 Mid L2 edges, respectively, and result in twTo 
peaks in an energy dependent absorption measurement. It can be shown that the sum of the 
integrated intensities of both edges I l 3 +  I l 2 for a x-ray beam of average polarization - e.g. the 
sum of a RCP and a LCP spectra - is proportional to the number of holes Nh in the valence 
band (first sum rule) jS3|:

Nh =  (I l 3 +  I l 2 ) /C  (4.30)

with C  being the proportionality factor. It is necessary to take an average polarization, since 
it turnes out due to the selection rules that at one of the two edges the absorption probability 
for RCP x-rays is higher than for LCP x-rays and vice versa for the other edge (Fano-effect). 
Therefore, the difference between an absorption measurement with LCP x-rays and RCP x-rays 
is negative at one and positive at the other edge. Furthermore, it is possible to calculate not only 
the total, but also the spin m s and orbital moments mo separately from the integrated intensities 
A  Mid B  of the positive and negative difference signals by applying the second and third sum 
rule:

m s =  (-AC + 2 B )  m 0 =  (AC+  B ) (4.31)

0  again is the same proportionality constant as in the first sum rule. The dependence of the 
absorption spectrum on the polarization of the incident photon beam is called X-ray Magnetic 
Circular Dichroism (XM CD). It should be emphasized that it not only is a powerful technique 
to determine the spin and orbital fraction of the total moment. Due to the resonant absorption, 
it also is an element specific determination of the magnetic moments, which becomes important, 
if different magnetic atoms are present in the analyzed material.

X-ray Resonant Magnetic Reflectometry

It was shown in the last paragraph, how the XMCD can help to gain information on the magnetic 
configuration of magnetic atoms in the samples under investigation. However, the determined 
values are only averaged over the area exposed to the x-ray beam. In order to become sensitive 
to the magnetic depth profile in the thin film system, the resonant scattering is performed in 
reflectometry geometry. Like for PNR and XRR, the sample can be described as a continuum 
and only variations on a meso- or macroscopic length scale can be detected. As seen before, in 
this case the propagation of x-rays through the medium is simply determined by the complex 
index of refraction n. The interaction of the x-rays with electric field E  and energy E  and the 
sample material can also be described by the dielectric tensor e (E ) defined by

D  =  660 E  (4.32)
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Figure 4.8: Illustration of the origin of XMC’D. Depicted is the band structure and atomic electronic 
configuration for a 3d metal with half filled d-orbital. The calculated absorption probabilities depending 
on the angular momentum q fo the photon (^1 corresponds to RCP, -1 to LCP) for the L ^ d  L3 edges. 
On the left hand side, the resulting sum and difference signal of the two possible circular polarizations is 

shown. A,B and C indicated intensities needed to apply the sum rules (formula (4.30) and (4.31)).

where D  is the electric displacement field induced in the material by E . For an isotropic non
magnetic medium, e becomes a scalar and is equal to the square of n. This is also true for 
magnetic materials as long as the x-ray energies are not close to an absorption edge. For reso
nant x-ray scattering the processes discussed in the previous sections on a quantum mechanical 
basis need to be taken into account. It can be shown that for a reflectivity experiment, where 
the continuum description is valid, all these resonant effects can be summarized in one addi
tional energy dependent complex parameter Q (E ) (magneto-optical coefficient) [87]. bike n, 
Q (E ) is strongly energy dependent around an absorption edge [88,89]. For a fixed energy, Q is 
proportional to the mesoscopic magnetization of the sample. Therefore similar to PNR, anti
ferromagnetic order can not be detected. Here, only the situation relevant for the experimental 
setup in this work will be discussed, i.e. the magnetization of the sample is assumed to lie in the 
plane of the film and in the scattering plane defined by k̂  and kf (figure 4.9). In this case, some

e(E)

-* Q (E )\
e(E ) =  n ( E f  0 I (4.33)

n(E )
the imaginary part of Q (E ) is proportional to the XMCD. The corresponding real part again 
can be calculated by using a Kramers-Kronig relation.

The theoretical calculation of the reflected intensity of an incoming x-ray beam can be done in the
e(E)

conditions at the surface of the sample need to be solved. By doing this the entries of the Fresnel 
reflection matrix

R(6 E ) =  ( rss(6’ E ) rsp(6>E A  (4 34̂
R (6 ,E ) W s (e  ,E ) rpp(e,E)J

can be calculated dependent on the incident angle 6 and energy E. r j  is the ratio of incident 
j  polarized x-ray radiation and the reflected i polarized x-ray beam, s and p polarization cor
respond to the polarization being perpendicular to or lying in the scattering plane, respectively.
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4.3 Grazing iucidcncc scattering

Figure 4.9: Scattering geometry of the XRMS experiment: the incoming circular polarized beam is 
reflected from the surface of the sample. In contrast to the PNR scattering geometry, the magnetic field 
is applied in tlie scatterin plane. This also results in a magnetic induction in the sample in the scattering 

plane, i.e. By =  0. In this case the diclcctric tensor e is given by (4.33).

The ratios that mix s and p polarization rsp and rsp correspond to magnetic scattering processes. 
With R, the reflected intensity I  is determined by

I  =  \R(6 ,E) -EInf  (4.35)

with Ein being the incident polarization in Jones vector notation [90,91], Of particular interest 
in this work is the use of RCP (-) and LCP (+ ) x-rays. In this case Ejn becomes

E L  -  *  ( V )  U-36)

Hence, for the sum and difference of both measurements one obtains

I + +  I  =  A 2 [|rss|2 +  \rpp\'2 +  ...] (T37)

I + — I  =  —4A 2 [r*srsp +  rppr ŝ] (4.38)

I +  +  I~  then is a purely chemical signal, whereas I +  — I~  contains both chemical (rss and rss) 
and magnetic (rsp and rps) contributions.

The difficult task in this process is the calculation of the Fresnel reflection matrix. Analytical 
calculations already become complicated for just a single surface [92,93], Therefore, for the case 
of several interfaces2, a matrix formalism is used, that initially was derived for the analysis of
the magneto-optical Kerr effect (MOKE) [94,95]. Similar to PNR a model of the chemical and
magnetic structure of the sample is used to simulate / +  and I~  intensities and compare it with 
the experimental data.

Experimentally, the depth resolved information of the magnetic structure in the sample can 
be obtained similarly to PNR by performing a reflectivity scan, i.e. a 6/26  scan, with an x- 
ray beam having a constant energy at the absorption edge of the magnetic element. Since the 
reflection matrix is a function not only of 6 , but also of the x-ray energy E,  at a synchrotron 
another experimental technique is often applied in order to gain the same information: At a fixed
incident angle 6 the x-ray energy is scanned across the resonant edge of the magnetic element.
In principle, both type of scans contain the same information.

This can also bo the case for a. single layer, which docs not have a homogeneous magnetization and hencc needs 
to be split in layers to model the depth profile
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5 T h in  F ilm  D e p os it ion  Techn iques w ith  
O xygen

The oxide heterostructures have been prepared by three different methods: Lao.eeSi'o.aaMnOj 
single and Lao.eeSro.aaMnOj 'SrTiO j bilayers have been grown by both. High Oxygen Pressure 
Sputtering (USD) and Pulsed Laser Deposition (PLD). Lao.sSi'o.jMnOa/BaTiOa samples have 
been prepared by Oxide Molecular Beam Epitaxy (OMBE). The methods differ in the way, how 
the material, which should be deposited on the substrate, is transferred from the target to the 
substrate. All three methods will be introduced in this chapter. It will be addressed how the 
differences between the methods might influence the quality of the samples. Detailed process 
parameters will be given in the sample preparation section of chapter 7.

5.1 Growth modes of epitaxial thin film

In this section the different possible growth modes and the parameters, which determine the 
growth mode of a thin film will be presented. A more detailed overview of this subject can be 
found for example in |9G|. The samples in this work are grown epitaxially on single crystalline 
substrates, i.e. the layers adapt the lattice structure and the orientation of the substrates. 
Epitaxial growth is only possible, if the bulk lattice parameters of film and substrate match 
approximately. Usually a mismatch of some percent is acceptable for epitaxial growth. As will 
be shown in chapter 7, the surfaces of the substrates used in this work have atomically flat 
terraces, which are separated by atomic steps. The thermodynamic processes during deposition 
on a terrace like surface can be summarized in the following way: since a higher coordination 
number (i.e. the number of surrounding atoms) is energetically favorable, atoms which are 
adsorbed on the surface from the gas phase will more likely settle down at one of the steps than 
in the middle of a terrace. A second possibility to increase the number of nearest neighbors is 
the formation of clusters with other adsorbed atoms, which have not diffused to the next step 
yet. Which of the two processes is dominant, is in principle determined by three parameters: 
the mobility of the adatoms, the deposition rate, and the terrace size. For homoepitaxy, i.e. 
the growth on a single crystalline substrate of the same material (figure 5.1), these parameters 
determine the growth mode of the layer: for high mobilities, low deposition rates and small 
terraces, almost all adatoms will diffuse to the next surface step before they can agglomerate in 
clusters and step flow mode is established. For low mobility, large terraces and high deposition 
rates, the atoms will agglomerate with other arriving atoms before reaching the next step. In this 
case, islands are formed on the surface of the sample. As long as atoms are able to jump down 
from islands, the layer grows in the 2D-island mode, which in fact still is a layer-by-layer growth, 
since the lowest incomplete layer gets completed before the growth of the next layer begins. If 
the jumping is kinetically hindered, the film grows in 3d-island mode, which no longer is layer- 
by-layer growth. Since an atom during the jumping process is almost completely desorbed from 
the surface, it is not surprising that the jumping process can be energetically unfavored. For 
a growth of a well defined layer with smooth surfaces like in this work, the 3D-island growth 
should be avoided. Usually this can be done by choosing a high enough substrate temperature
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to increase the mobility of the atoms, which are then able to overcome the energy barrier for the 
jumping processes.

Hom oepitaxia l growth H eteroepitaxia l growth

Step-flow Frank-van der Merve

2D-island Vollm er-W eber

x

3D-island Stranski-Krastanov

Figure 5.1: The different possible growth modes for homoepitaxial (left) and heteroepitaxial growth
(right).

For the heteroepitaxial growth, i.e. the growth of a layer on a substrate of a different material, 
the same aspects as for the homoepitaxy apply, but the picture becomes a bit more complicated. 
Additionally, the surface energy of the layer 7 iayer, the interface energy between the layer and 
the substrate 7iayer,substrate and the free energy of the substrate 7 surf ace determine the growth 
mode. Similar to the condition, whether a liquid spreads over a surface or forms droplets, for 
Ylayer +  Ylayer,substrate <  Ysubstrate layer-by-layer growth is favored (Frank-van der Merve growth 
mode, figure 5.1). For Ylayer +  Ylayer,substrate >  Ysubstrate island growth takes place (Vollmer
Weber growth mode). The second major difference to homoepitaxy is the strain mediated by 
the substrate due to the lattice mismatch, which can lead to further growth modes different from 
the two described before. Since a strained layer-by-layer growth costs energy, an island growth 
mode, where the layer material has space to relax, might be energetically favored, even though 
it requires a higher surface energy. This can result for example in a layer-by-layer growth for the 
first few monolayers, which then changes to island growth, when the energy needed to sustain 
the strain in a larger volume would become too high (Stranski-Krastanov). The relaxation of 
the lattice strain in the grown film in general is a very complicated process, which can occur in 
many different ways. The main important way to degrade the strain are misfit dislocations, i.e. 
additional atoms are inserted in tensile strained layers or taken away in compressive strained 
ones. The length scales 011 which a layer relaxes strongly depends 011 the materials of the layer 
and the substrate. It is important to mention that a strained layer usually can relax in the out 
of plane direction to keep the material density constant. Hence, a strained layer can not be 
distinguished from an unstrained layer by means of reflectometry measurements.

In order to obtain the desired growth mode, one needs to determine and adjust the correct pa
rameters for the growth process accordingly. The most important parameters are temperature 
and deposition rate. In this work the aim is to prepare epitaxially thin films with well defined 
smooth interfaces. Therefore, the substrate temperature needs to be high enough to enable
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5.2 High Oxygen Pressure Sputter Deposition (HSD)

epitaxial growth and high mobility of the adsorbed atoms. On the other hand, too high temper
atures lead to high desorption rates possibly resulting in a zero net deposition. The deposition 
rate depends on very different parameters for the different techniques, which will be introduced 
in the following, ft has to be adjusted to provide sufficient time of the deposited material to 
smoothen the surface.

5.2 High Oxygen Pressure Sputter Deposition (H S D )

Sputtering in general is the process of removing material from a target by ion bombardment, ft 
is called “sputter deposition”, if the material is removed to be deposited on a substrate to grow 
a thin film. In this case the target consists of the material that should be deposited. For sputter 
deposition a process gas is ionized by applying either a DC or AC voltage to it. The plasma ions 
then are accelerated by the same voltage onto the target, where they sputter the material. After 
that the evaporated target atoms can settle down on the substrate placed opposite to the target. 
In contrary to the other two techniques, the target material is not pointing on the substrate in 
a directional beam. The evaporated material gets scattered in the gas atmosphere several times 
and then arrives at the target from a random direction.

pressure regulation valve motor driven target holder arm

Figure 5.2: Sketch of the HSD chamber used in this work. The picture shows the oxygen plasma
burning at the target during deposition. In the lower part the shielding of the substrate heater is visible.

The substrate is deposited on top of it facing the target.

As a part of this work, a new sputter tool for the preparation of oxidic heterostructures has 
been taken into operation. Figure 5.2 shows a sketch of this sputter chamber. Even though the 
design has been optimized over the last years at the Institut für Festkörperforschung (IFF) in 
Jülich [7], still a lot of effort is put in increasing the quality of the samples. The most promising 
approach is to optimize the homogeneity of the oxygen plasma over a larger area, to minimize 
layer thickness inhomogeneities. Therefore, for each material the process of attaching the sputter 
target to the target holder and the design of the holder itself is of crucial importance. Targets 
with diameter of 2 in for both, AC and DC sputtering, have been soldered onto a Cu target holder 
with a coherent connection over the entire backside of the target. By this, a constant electric
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5 Thiu Film Deposition Techniques with Oxygen

and thermal contact is achieved for the complete target. This not only ensures a homogeneous 
plasma during deposition, it also is crucial for avoiding temperature gradients in the target. The 
thermal stress would cause the targets to crack, which inhibits a homogeneous plasma or even 
makes the target completely useless. In the inset of figure 5.2 the homogeneous burning plasma 
011 the entire target surface is visible achieved by the soldering process.

Before deposition, the chamber is evacuated down to about 1 • 10- 6 mbar. It then gets filled 
by the process gas. which in our case is oxygen. The big advantage of this sputter tool is the 
ability of growing the samples at comparable high pressures of several mbar. By this much 
better oxidation of the films is obtained |7| as compared to sputter deposition at lower oxygen 
pressures. The growth at lower oxygen pressures often results in oxygendeficient thin films, 
which then requires additional annealing steps. This not only takes time, the heat needed for the 
annealing might also harm the quality of the layers, e.g. by interdilTusion. The pressure in the 
chamber is controlled through a regulation valve. Up to five different targets can be loaded on 
an automatically operating motor driven target holder arm. The substrate is placed on a oven, 
which can be heated up to almost 1000 °C to give the required temperature for epitaxial and 
homogeneous growth. The distance between sample and target can be adjusted and typically 
is in the range of a few centimeters. This distance besides the applied voltage and the oxygen 
pressure determines the sputter rate, which typically is in the range of a few nanometers per 
hour.

5.3 Pulsed Laser Deposition (P L D )

In a PLD chamber the target material is ablated by a pulsed laser beam from a rotating cylindrical 
target (figure 5.3). The big difference to USD is that by the laser ablation a high energetic plasma 
beam of the target material is created pointing on the substrate, where the material is deposited. 
The substrate again is placed on a heater to reach temperatures at which monocrystalline growth 
is possible. During deposition a constant oxygen flow at the sample position ensures sufficient 
oxidation of the layers. Typical oxygen pressures of 5 x 10- 3 up to 0.5 mbar can be realized at 
the sample position. The advantages of this method are much higher deposition rates of typically 
0.6 mil/s. On the other hand, since only a few pulses already grow a thin film of the order of one 
unit cell, it is very difficult to obtain the required layer thickness, if an accuracy of the order of 
unit cells is needed. In addition, the high deposition energies might influence the surface quality 
of the films and the directional material beam also tends to create larger thickness gradients 
on the samples surface compared to sputtered thin films. The deposition rate is determined by 
the laser power and pulse rate. Typical values to obtain the above mentioned deposition rates

2
parameters used in this work are given in chapters 7 and S.

5.4 Oxide Molecular Beam Epitaxy

The Lao.sSro.sMnOa/ BaTiOj have been grown in a customized DC A OMBE chamber at the 
Center for Nanoscale Materials (CNM) at Argonne National Laboratory (ANL), Argonne, IL. 
The growth by OMBE probably is the most complex method of the three used in this work. 
Figure 5.1 gives an overview of the chamber design. The substrates are first inserted to a 
preparation chamber via a loadlock, where they can be outgased before they are transferred to 
the main chamber, where the deposition takes place. In the main chamber of the OMBE system 
the target material is heated in a crucible to temperatures, where an sufficient fraction of the

31



5.4 Oxide Molecular Beam Epitaxy

jr
SiC-heater

plasma 

sample

Figure 5.3: Sketch of the PLD chamber used in this work. The picture shows the oxygen plasma
burning at the target during deposition. In the lower part the shielding of the substrate heater is visible. 

The substrate is deposited 011 top of it facing the target. Figure is taken from [97].

material evaporates (effusion cells). In the CNM chamber, 10 cells are arranged in a circular way 
around the cylindrical main chamber of the OMBE tool. All of them are pointing on the sample 
position under the same angle. In addition, 3 electron guns are available, where evaporation is 
caused by pointing an electron beam directly on the target material. The electron guns are not 
used for the preparation of the samples in this work. In contrast to the other two methods, the 
material needed for the tliin film is not evaporated from a stoichiometric sample. The different 
elements are evaporated from different effusion cells. To calibrate their rates an oscillating quartz 
crystal (Quartz Crystal Monitor, QCM) is placed at the samples position. Then one source after 
another deposits material for a distinct amount of time (usually 20 minutes) 011 the QCM. The 
deposited mass slows down the oscillation of the QCM and enables one to calculate the deposition 
rate by monitoring the frequency. The determined rates are used to adjust the shutter opening 
times for each effusion cell in order to obtain the desired stoichiometry at the substrate position. 
To avoid oxidation of the target materials, the chamber is operated at pressures as low as possible. 
Ultra High Vacuum (UHV) conditions can be reached before the deposition by the use of a set 
of turbomolecular pumps. On the other hand oxygen needs to lie offered to the sample during 
deposition to obtain fully oxidized stoichiometric films. The CNM sytem is an ozone assisted 
OMBE, i.e. a steady flow of pure, distilled ozone is pointing at the sample from a water cooled 
nozzle during rate calibration and film deposition. By this an optimal oxidization of the films 
is ensured. As a compromise to minimize the oxidation problem for the sources, the lower part 
of the chamber, where the sources arc located, is differentially pumped to one to two orders of 
magnitude lower pressures. Of course there is also the possibility to heat the substrate. The 
temperature can be controlled by a pyrometer. In addition, the growth can be in-situ analyzed 
by RHEED (see next chapter). Even though the effusion cells create a directional beam similar 
to PLD, much higher thickness homogeneities are obtained due to the larger source-to-substrate 
distance. The deposition rate can be adjusted by the temperature of the effusion cells and 
usually is of the order of some Angstrom per minute. In combination with the RHEED, the low 
deposition rate enables one to control the layer thickness 011 an atomic length scale.

35



5 Thin Film Deposition Techniques with Oxygen

Sample manipulator

Main chamber of 
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Turbomolecular 
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beam sources

Transfer rod of QCM

RHEED screen
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effusion cells

Figure 5.4: Pirture of the OMBE system used in this work.
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6 E xp e r im e n ta l M e th o d s

6.1 Sample Characterization

6.1.1 Rutherford Backscattering (RBS)

RBS is a versatile technique, that can determine not only the chemical composition and film 
thicknesses of a layered system, but can also test, whether a film is grown epitaxially. The 
instrument employed in this work uses a Tandetron tandem accelerator, which produces He ' ion 
flow of 1.1 MeV. The beam is pointed on the sample. In a scattering event a H e' ion loses a 
fraction of its initial energy E 0, which is determined by the scattering angle 8 and the mass of 
the atom m^t it scattered from. The resulting energy E i is described by the kinematical factor

where m jj  is the mass of the He'1" ion. In order to maximize the mass resolution, an angle 
close to ISO ° is chosen. In addition the ions lose energy, when travelling through the sample. 
The energy loss d E /d z  is given by the Bethe-Bloch formula [98]. Thus the final energy E 2 of a

di
d2

where Z g e Mid Z a  are the atomic numbers of the He'1" ion and the scattering atom, respectively. 
From equations (6.3) and (6.1) the chemical composition can be determined depth resolved by 
measuring the backscattered intensity of the incident H e ' energy resolved. In addition, by 
turning the sample one might find directions where the H e ' atoms point in the direction of 
a crystal axis of the sample. Since the scattering objects are aligned behind each other the 
scattering probability decreases drastically for such a direction. If this behaviour is observed 
(channeling), it is a proof for the monocrystallinity of the sample.

k [98]:

E i =  k ■ E q (6 . 1 )

(6 .2 )

E 2 (z) =  k dz (6.3)

The probability for a scattering event is given by the differential cross section [98|

dw
dQ

(6 .1)
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6 Experimental Methods

6.1.2 Reflection High Energy Electron D iffraction  (RH EED )

Tlie growth of the thin films deposited by OMBE has been in-situ characterized by RIIEED. 
In this technique, high energetic electrons are reflected elastically under a small angle from the 
surface, where the thin film is deposited. Since the targets usually are mounted almost perpen
dicular to the substrate, the RIIEED instrumentation (unlike a Low Energy Electron Diffraction 
(LEED) device) does not shield the material beam of the incoming particles. Therefore, it nowa
days is the most prominent in-situ characterization method of thin film growth, as it can be used 
during the deposition. In this technique, high energetic electrons are reflected elastically under 
a small angle from the surface, where the thin film is deposited. Due to the strong interactions 
of the electrons with the sample, the penetration depth is only one or very few monolayers. 
Therefore, RIIEED is an extremely surface sensitive experiment. If the film grows epitaxially a 
regular pattern can be observed on a two dimensional fluorescence screen. Besides the specular 
reflected beam, the spots on the screen correspond to the allowed reflections from the epitaxial 
surface. A detailed theoretical description of the RIIEED scattering process can be found e.g. 
in |99|. From the RIIEED pattern several conclusions can be drawn: first of all the sharpness of 
the spots is an indication for the crystal quality of the growing layer. A more disoriented growth 
results in a broadening of the peaks. Furthermore, the intensity of the spots is oscillating, if 
the thin film is growing in layer-by-lay er mode (figure 6.1): For an indomplete layer the surface 
roughness is higher and the off-specular scattering is enhanced. Therefore, the spot intensity of 
the specular reflection is maximized every time a layer gets completed. The oscillations not only 
are a proof o f layer-by-layer growth. They also can be used to count the number of unit cells 
grown and thus help to accurately determine the layer thickness.

0 =  0.25

0 =  0.25

0 =  0.5

0 =  0.75

0 =  1

1  / 1 < 
*  I ' I

I '  V

V v /
V - /

Figure 6.1: Schematic explanation of the RHEED intensity oscillations of the specular intensity during 
layer by layer growth. Depending on the coverage rate 0 , the roughness of the surface and hence off- 
specular scattering increases resulting in a reduction of the sperular intensity. After arriving at a minium 
for 0 = 0.5, the specular intensity increases again until it returns to a maximum, when the layer is

completed.

6.1.3 A tom ic Force M icroscopy (A F M )

By AFM information on the surface morphology of a sample can be obtained on an atomic 
length scale. A tiny sharp tip (usually only some few atoms broad) is placed close to the surface
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under investigation. The tip is attached to a cantilever. In “tapping mode” a piezo crystal 
exerts oscillations of the cantilever. The amplitude of the oscillations depends on the distance 
to the surface. Whereas the sample is moved in lateral direction, the instrument adjusts the z 
coordiante in order to keep the amplitude constant, i.e. to keep the distance constant. These 
adjustments are monitored and give a laterally resolved picture of the surface. Besides analysing 
possible surface structures, also the rms-roughness can be calculated from the measurement by 
averaging the height distribution of the surface. In addition, the phase difference between the 
voltage, that is applied to the piezo crystal, and the cantilever oscillation is monitored. The 
phase difference depends on the material underneath the tip and thus can give information on 
chemically different domains or terminations 011 the surface. The AFM  pictures in this work 
were taken with a Agilent 5400 instrument (figure 6.2). To monitor the oscillations of the tip, a 
laser beam is pointed on the back side of the cantilever and gets reflected to a two dimensional 
detector. To minimize any external disturb signals, the AFM  is located 011 a heavy slab, which 
is hang-up with shock damping elastic ropes inside a sound absorbing box.

Figure 6.2: Schematic drawing of the AFM instrument used in this work taken from [97].

6.2 Macroscopic Magnetic and Ferroelectric Analysis

6.2.1 V ib ra ting  Sample M agnetom etry

The analysis of the macroscopic properties of the samples was done in a Quantum Design Phys
ical Properties Mesurement System (PPMS) using the Vibrating Sample Magnetometry (VSM) 
option. In a VSM the magnetic sample is placed between two so called “pick-up coils” (figure
6.3). When the magnetic sample is moved with respect to the pick-up coils, the magnetic flux 
$  through the pick-up coils temporarily changes. Thereby, a time dependent voltage Vcon is 
induced in the pick-up coils:

* ■ - ? - ( * ) ( * )  <«>
In the PPMS a piezo crystal is used to oscillate the sample in a sinusoidal vibrating motion. In
this case, the induced voltage in the pick-up coils is proportional to the magnetization m  in the

VCO!:( =  2n f  Cm  Asin(2n ft)  (6.6)

Here C  is a coupling constant, A  is the amplitude of the oscillation and f is the frequency of 
the oscillation. Vcou is read out by a lock-in amplifier. I11 addition, it is possible to change the
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temperature in the PPMS to 2 K and apply magnetic fields up to 9 T. These options allow one 
to measure hysteres curves and temperature dependent magnetization scans.

Pick-up coils

Figure 6.3: Sketrh of a VSM like it is used in this work inside the Quantum Design PPMS.

6.2.2 Electrical Hysteresis Measurements

In order to analyze the ferroelectric properties of the BTO layers, electrical hysteresis measure
ments have been performed using a commercial Radiant Precision LC apparatus. Via electrical 
contacts the charge Q, which gets transferred through the sample, is measured during switching 
the applied voltage V. The polarization P  of the sample can be calulated from the switched 
charge. By calculating the corresponding electric field E a from the applied voltage V , one 
obtaines for a ferroelectric material the characteristic hysteresis loop P (E ). The remanent po
larization Pr of the sample can be calculated for a parallel-plate capacitor by

Q =  2Pr A  +  aEat (6.7)

where A is the area of the capacitor, a the electrical conductivity and t the measuring time. The 
second term is zero for an ideal ferroelectric. It takes into account dielectric loss currents caused 
by the non zero electrical conductivity.

6.3 Mesoscopic Structural and Magnetic Analysis

The theory for this chapter was already presented in chapter 1. In this section the instruments 
used in this work will be introduced.
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6.3 Mesoscopic Structural and Magnetic Analysis

6.3.1 X-ray Reflectom etry (XRR) and X-ray D iffraction  (XR D )

The X R R  and XRD data has been taken with three different instruments. The first one is a 
Bruker D 8 reflectometer. A sketch of the instrument is shown in figure 6.4. The x-ray radiation 
is emitted from a Cu anode, which mostly provides x-rays with wavelength 1.54 Â (Cu K a). 
The radiation is parallelized by a first Göbel mirror, after which two slits reduce the background 
and define the beam width. The parallelized beam is reflected from the sample and enters the 
detector arm through an absorber and a third slit, which again only reduces the background. A 
second Göbel mirror focuses the reflected beam to a fourth slit which defines the resolution of 
the measurement. The detector is placed immediately behind this last slit. Both the source and 
detector arm can be moved independently in the scattering plane.

The second instrument is a Huber four circle diffractometer allowing additional rotations of the 
sample around two further angles. The angles are defined in figure 6.5. This allows for measuring 
reflections by XRD that also have an in-plane component, which is not possible on the other 
instrument. Finally, a Bruker four circle diffractometer located at the CNM has been used. In 
contrary to the first two instruments, the one at CNM has a double monochromator to filter out 
all additional wavelengths created by the x-ray tube. By this a monochromatic x-ray beam is 
created with wavelength of Cu Kai radiation.

Figure 6.4: Drawing of the reflectometer geometry taken from [97],

6.3.2 Polarized Neutron Reflectometry

Polarized Neutron Reflectometry was performed on the Magnetic Advanced Grazing InCidence 
Spectrometer (MAGICS) at beamline 4A of the Spallation Neutron Source (SNS) at Oak Ridge 
National Laboratory (ORNL). A schematic drawing of the instrument is shown in figure 6 .6 . In 
the spallation source proton bunches are accelerated onto a liquid mercury target inducing the 
spallation process. The SNS usually operates at a frequency of 60 Hz. The generated neutrons 
are slowed down by a moderator and guided to the experiments through an array of neutron 
optics. MAGICS operates in time-of-flight (TOF) mode (figure 6.7): all neutrons created by a 
certain proton pulse of the SNS leave the moderator within a narrow time window. Depending 
on the wavelength they arrive at different times at the detector after being reflected from the 
sample. By this, in contrast to a monochromatic reflectometer, a broad Q range can be covered 
at one incident angle 0 simultaneously. Due to the limited time resolution of the detector, the

Q
distance between moderator and detector is about 19 m. To avoid overlap between slow neutrons 
of one bunch with fast neutrons of the next bunches, the wavelength range needs to be limited 
(figure 6.7). For a 18 m flight path and a pulse frequency of 60 Hz the maximum wavelength range
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Figure 6.5: Drawing of the 4-circle geometry taken from [97]

is approximately 3 Â. The selection is done by a set of wavelength choppers. Three choppers 
are needed at MAGICS to avoid that slow neutrons can pass the choppers with a subsequent 
bunch. Behind the choppers the neutron beam is collimated by slits before it gets polarized by a 
supermirror. The following spin flipper allows for setting the incidence beam polarization to ”Up“ 
or ’’Down“. The beam then gets reflected from the sample placed in a closed cycle cryomagnet 
attached on a goniometer table. The polarization of the reflected beam is analyzed in analogous 
way to the polarization process by a spinflipper and a supermirror. Finally the reflected neutron 
beam is detected by a two-dimensional position sensitive 3He detector.

6.3.3 X-ray Resonant M agnetic Scattering (XR M S) in reflectom etry geometry

The XRMS experiments have been carried out on beamline 4-ID-C of the Advanced Photon 
Source (APS) at Argonne National Laboratory (ANL). In the standard operation mode 7 GeV 
electrons are inserted in the 1104 m circumference storage ring of the APS, which usually results 
in a 100 mA current. The insertion device of sector 4 is an electromagnetic circular polarizing 
undulator (CPU), which can deliver both a circular or linear polarized x-ray beam in the soft 
x-ray energy range between 500 and 2800eV (700 to 2800eV for linear polarization). The optics 
of beamline 4-ID-C are shown in figure 6.8. The polarized beam is reflected by a first mirror on a 
spherical grating monochromator, where the desired energy is selected (resolution =  2 -10- 4 ). 
After that a second mirror reflects the beam to the sample position and can focus the beam to a 
spot size of 300 [J.m times 100 [am. In this work, the XRMS station of beamline 4-ID-C has been 
used, where the reflected x-ray beam can be measured up to 29 «  45°(figure 6.9). The detector 
is an x-ray photodiode from International Radiation Detectors. In addition, two techniques are 
used to measure the absorption of the sample simultaneously: electrons that refill the holes 
created in the core orbitals by the x-ray absorption can lose their excess energy in two ways. The 
first is emission of fluorescence photons. The number of fluorescence photons is proportional to 
the absorption of the sample. The fluorescence signal is measured by a SII-Vortex detector (Total 
Fluorescence Yield (TFY)). By T F Y  up to 20 nm of the sample at the surface can be probed, 
which is more than the layer thicknesses of the samples used in this work. The disadvantage
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Figure 6.6: Beamline layout of the polarized neutron reflect,omet,er MAGICS at the SNS taken from [100]
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Figure 6.7: Schcmatic drawing of the TOF principle for the parameters used at MAGICS
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of this method is a usually weak signal, since Auger processes are much more likely to happen 
in the soft x-ray regime than photon emission. In an Auger process the electron that, fills the 
core level transfers the excess energy to another electron (Auger electron). The Auger electrons 
distribute the additional energy by inelastic scattering processes to other electrons in the sample. 
The resulting current, can be measured. Again it. is proportional to the absorption of the sample 
(Total Electron Yield (T E Y )). Even though the intensity is larger than for TFY, the depth 
probed by TEY is much smaller due to the small free mean path of the electrons. Therefore, 
only the absorption of the top 1-2 mil o f the samples can be measured by TEY.

Spherical Grating Monochromator 

Figure 6.8: Scattering geometry of beamline 4-ID-C at Sector 4 of the APS taken from |101|

At. the sample position, magnetic held up to 500 Oe can be applied in the him plane and in the 
scattering plane by a electromagnet.. In addition, the sample can be cooled by a continuous flow 
cryostat to about. 15 K.

Near Surface Absorption 
(Probes ~ 1-2 nm) 

Electron y ie ld ---------

Scattering

Surface
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Figure 6.9: Experimental configuration at the XRMS station of beamline 4-ID-C (taken from |102|).
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7 Results and Discussion I: 
L a o . 6 6 S r o . 3 3  M n 0 3 _ § / S r T i 0 3

7.1 Preparation of stoichiometric LSM O  single and L S M O /S T O  
bilayers

Lao.eeSi'o.aaMiiOj'SrTiOj bilayers and Lao.eeSi'o.aaMnOj single layers have been prepared by 
both USD and PLD on single crystalline (001) oriented SrTiOj substrates. Before deposition, 
the substrates have been annealed in an oven for one hour at 900 °C. The heating and cooling 
rates have been 100 °C 'h  to avoid cracking of the substrates. By this procedure organic residues 
are removed from the substrate. In addition the surface gets as smooth as possible, i.e. the 
only remaining roughness is the steps of unit cell height from one atomically flat terrace to the 
next one. Since there always is some mis-cut of the surface with respect to the lattice planes, 
these terraces are unavoidable and become smaller with increasing mis-cut. An AFM picture of 
the surface of the substrate can be seen in figure 7.1. In the phase picture, the dearly distinct 
regions probably correspond to the two possible different terminated surface area, namely SrO 
and TiCb.

Topography

1x2 jjin2

Figure 7.1: AFM picture of a substrate after the annealing procedure. Atomically flat surfaces can
be seen in the topograohy picture. In the phase picture different colored areas correspond to different

terminated surface regions (SrO or TiO-j)

For the USD sample preparation commercial Lesker Lao.eeSi'o.aaMnOj and SrTiOj targets with 
diameter 2 inch have been used. LSMO has been deposited by DC sputtering at a voltage of
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7 Results and Discussion I: Lao.66Sro.33M n03s/SrTi03

370 V, STO by AC sputtering with a power of 80 W . Both materials have been deposited at a 
temperature of T S=750°C . The oxygen pressure during sputtering has been varied for different 
samples between 2.0 and 0.6 mbar. Thereby also the deposition rates varied between l.O Â/m in  
at 2.0 mbar and 1.7Â /m in at 0.6 mbar

For the PLD growth an excimer laser (LAMBDA LPX305) with wavelength 248 nm, a repetition 
rate of 10Hz and an energy density of 3 .5J /cm 2 was used. The cylindrical target consists of 
sintered powder with the nominal stoichiometry Lao.66Sro.33Mn0.3 for the LSMO and a single 
crystal target for the SrTi0 3 . A typical deposition rate of 0.6nm /s was achieved for both 
materials. Substrates were placed on a resistive SiC heater. Deposition temperatures in the 
range of T s=750 °C were applied during the growth.

Energy [keV]

Figure 7.2: RBS measurement of a LSM O/STO bilaver grown by PLD. The colored areas correspond 
approximately to the contributions of the different elements to the RBS spectrum for incidence along 
a random direction (but almost perpendicular to the sample surface). The simulation is the expected 
spectrum for a Lao.66Sro.33Mn0 3 /SrT i0 3  bilayer grown on a SrTiOs substrate with layer thicknesses of 
95 and 580 Â, respectively, confirming the desired stoichiometry. The channeling spectrum is shown as

well (blue data points).

Samples grown by both methods have been analyzed first by RBS (figure 7.2). The stoichiometry 
of the samples grown by PLD as well as by HSD have been determined to be Lao.66Sro.33Mn0 3 _§ 
within the uncertainty of the method (about 5% ). However, by this method only the ratio 
between the metal elements can be checked. Due to the small atomic mass of oxygen, the 
error bar on the oxygen value is much larger indicated by the 5 in the chemical formula. Thus 
oxygen deficiencies (or excess) can not be detected by this method. By rotating the sample an 
incident direction was found for which the RBS signal is drastically suppressed (blue data points 
in figure 7.2). This “channeling“ can only occur for single crystalline samples, if the incident 
direction is along one of the crystal axis. A suppression down to about 5 % of the signal along a 
random direction confirms the good crystal quality of the sample (see also XRD characterization
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7.1 Preparation o f stoichiometric LSMO single and LSMO/STO bilayers

Even though layer thicknesses can in principle be extracted from the RBS data as well, XRR 
was applied to determine layer thicknesses and roughnesses of the samples more accurately. The 
data has been modeled using Parratts formalism discussed in chapter 1 [79,103|. In order to 
find a good agreement with the experimental data, the fitting procedure tries to minimize the 
following expression (Figure of Merit (FOM ))

1 N
F O M  =  N E ( lo g (D i )  -  log(S i))2 (7.1)

i

where D i are the N  experimental intensity data points. Si are the corresponding simulated 
intensity values. This particular FOM is suitable, if the data points span over several orders of 
magnitude. The differences of the logarithms ensures that small values are not underrated. This 
FOM will also be used in the following to estimate the quality of the fits.
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Figure 7.3: Motivation for the two additional aspects introduced to fit the XRR data
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7 Results and Discussion I: Lao.eeSro.jjMnOjs/SrTiOj

Since the stoichiometry of the layers already is confirmed by RBS, the scattering length densities 
are not fitted, but kept fixed at the bulk values of LSMO and STO. Therefore, the only free 
parameters are the layer thicknesses and the roughnesses of the layers and the substrate. For 
all samples this simple model was not sufficient to represent the data by the simulations. The 
two adjustments needed to obtain satisfying results will be discussed in the following. Their 
influences on the simulations can be seen in figure 7.3.

The first adjustment needs to be done on the surface of the sample (figure 7.3a). Due to the large 
difference in the scattering length densities of air and sample material, the XRR data is extremely 
sensitive to the structure of the surface of the sample. Therefore, it often is not sufficient to model 
the surface by just the rms-roughness parameter of the top layer. To overcome this problem a 
thin surface layer (around Inm ) with an additional roughness parameter is introduced for all 
samples. Figure 7.1 illustrates, how different density profiles, i.e. differences in the structure 
of the surface roughness, can be obtained depending on the choice of the two rms-roughness 
parameters at the surface. For all samples, the scattering length density of the surface layer was 
significantly smaller than the one for the material o f the top layer. This is in accordance with 
the interpretation of this layer being a region that is only partially filled by top layer material 
to model the surface roughness. The thickness of this region is added to the thickness of the 
underlying layer scaled by the density of the surface region: e.g. if the fit for a LSMO single 
layer gives a 8 A surface region with 50 % of the density of LSMO, 1 A are added to the fitted 
value of the LSMO layer to obtain the total LSMO layer thickness of the sample (figure 7.1).

“  70 80 90 100 110 120 130
Thickness |Ä|

Figure 7.4: Three different profiles for the surface of a LSMO layer of a total thickness of 100 A.
Red: 100 A LSMO with rms-roughness .5 A and no additional surface layer. For the simulations of the 
XRR measurement this simple model of the surface is not sufficient to represent the data. Green: 96 A 
LSMO layer with rms-roughness 3 A and a 8 A surface layer with rms-roughness 7 A. The density of the 
surface layer is 0 0 %  resulting in a total LSMO layer thickness of 100 A. Blue: 96 A LSMO layer with 

rms-roughness 8 A and a 8 A surface layer with rms-roughness 3 A.

The second aspect, which is taken into account, are thickness inhomogeneities (figure 7.3b). 
As discussed in chapter 5, especially samples prepared by PLD usually reveal some thickness 
distribution: due to the inhomogeneous plasma particle beam coming from the target, the de
position rate is highest in the center of the substrate. As a result the thickness oscillations in 
a XRR experiment smear out. The assumption of thickness inhomogeneities is supported by 
the comparison of a PLD and a USD LSMO 'STO bilayer of similar layer thicknesses: from 
the data in figure 7.5a and b it can be seen, that the oscillations in the USD sample are more 
pronounced suggesting more homogeneous layer thicknesses as expected. Detailed information 
on how the layer inhomogeneities are modeled can be found in |97|. For the samples in this
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7.1 Preparation o f stoichiometric LSMO single und LSMO/STO bilayers

work it turned out that it is a sufficient assumption that the amount of thinner thicknesses than 
the maximum layer thickness - which is expected to be reached in the center of the sample - 
are distributed Gaussian like. In this way, the width of the Gaussian <Jinhom is a measure for 
the thickness inhomogeneities. As expected, the simulations reveal a larger <Jjnhom and hence 
thickness iiihomogeneitv for the PLD sample than for the HSD samples (table 7.1).
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(c) Single layer grown by HSD at 0.8 mbar
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(d) Single layer grown by HSD at 0.6 mbar

Figure 7.5: XRR data of the four samples under detailed investigation in this work. The thicknesses 
indicated are determined by the simulation of the reflectivity data. Detailed results can be found in table

7.1

In this work, the data of four samples will be discussed in detail: One sample grown by PLD 
and three samples grown by HSD at different oxygen pressures. The PLD sample and the HSD 
sample grown at 1.0 mbar are LSM O /STO  bilayers, whereas the two HSD samples grown at 
0.8 and 0.6 mbar arc LSMO single layers. The corresponding XRR data and the fits arc shown 
in figure 7.5. With the two adjustments discussed before a very good agreement between the 
experimental data and the simulations was obtained. The results of the fits can be seen in 
table 7.1. The layer roughnesses for both bilayers are very small ranging between 2 and 5Â . 
The roughness of the LSMO layers in the HSD samples increase up to 19 Â  with decreasing
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Figure 7.6: AFM measurements of the surfaces of (a) the bilayer grown by PLD and (b) the LSMO 
single layer grown by USD at O.Smbar. The histograms of the height distrubition for both samples is 
shown in (c) and (d), respectively. Higher roughnesses and asymmetric height distribution is visible for 
the USD sample, which probably is the reason for the necessity of introducing a surface layer in the XRR 

experiments: the surface roughness cannot be simulated by a single rms roughness parameter.

oxygen pressure during deposition, which could have several reasons: first of all the LSMO layer 
thicknesses also increase from about 90 A to almost ISO A. And the thicker a epitaxial thin film 
gets the higher normally the surface roughnesses become. Secondly, as mentioned before, the 
deposition rates have been oxygen pressure dependent. Even though they have been very small 
for all samples, the higher rates at lower oxygen pressures might result in a higher fraction of 
island growth mode.

For all samples the surface roughnesses determined by X R R  show the same dependence like the 
roughnesses determined by AFM (figure 7.6): the lower the oxygen pressure during USD growth, 
the higher the surface roughness becomes (table 7.1). The AFM measurements also give some 
indication, why the introduction of the surface layer for simulating the XRR data is especially 
important for the USD samples: compared with the PLD bilayer (figure 7.6c) the surface height 
distribution of the USD samples (figure 7.6d) are asymmetric and deviate from a Gaussian 
distribution. Similar parallels have also been found for other thin film systems |97|. Therefore, 
it is not possible to model the surface roughness by a single rms roughness parameter.

The errors on the fitted parameters given in table 7.1 are estimated by determining their influence
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7.2 Sizeable Exchange Bias induced by oxygen deficiencies

on the simulation by varying the parameters. This becomes difficult for parameters that are 
coupled to each other like some of the roughness parameters. Since the layer thicknesses are 
almost independent of all other parameters and due to the very good agreement between data 
and simulations, the thicknesses can be determined very accurately. This is important for the 
analysis o f the PNR data (section 7.3).

Summarizing, single crystalline Lao.66Sro.33Mn03-6  single and Lao.66Sro.33Mn0 3 -6/S rT i0 3  bilay
ers have been prepared by both, PLD and USD. The stoichiometric ratios between Ls, Sr and 
Mn have been proofed to agree with the nominal values within the experimental error of the 
RBS measurements. The structural properties (layer thicknesses, roughnesses, inhomogeneities) 
have been determined XRR and AFM.

Tabic 7.1: Summary of the XRR measurements 
Listed are the rms-roughnesses a and layer thicknesses d of the substrate (sub), the LSMO layer, the STO 
layer and of the surface layer (surf). In addition, the surface roughnesses determined by AFM and the 
width of the Gaussian to model the thickness inhomogeneity are listed. ainhom is given in percent of the 
total layer thickness. The FOM has been calculated from formula (7.1). For all additional parameters

see Appendix, section A.

P L D
1.0 mbar

H SD
0.8  mbar 0.6  mbar

aSub [A] ^ 2,1 (5) 3.0 (5) 4.4 (5) 2.0 (5)
dLSMO [A] 85 (2) 87 (2) 105 (1) 177 (2)
OLSMO [A] 2.0 (5) 4.5 (5) 16 (2 ) 21 (3)
dSTO [A] 72 (2) 60 (2 ) - -
a STO [A] 2.5 (5) 4.4 (5) - -
asurf [A] 4.2 (5) 12 (1 ) 3.3 (5) 2.0 (5)
a AFM [A] 2.2 (1 ) 10.1 (4) 22 (1 ) 25 (1)
ainhom [%] 6.8 (4) 5.0 (3) 5.6 (4) 3.9 (3)
F O M  [10-3 ] 0.66 1.95 2.69 2.93

7.2 Sizeable Exchange Bias induced by oxygen deficiencies

Since it is very hard to determine the oxygen stoichiometry of samples accurately - especially by 
a non-destructive method - information on the oxygen content can only be obtained indirectly. 
One possible way is to analyze the crystal structure and compare it with stoichiometric samples. 
For LSMO thin films it is well known, that oxygen deficiency leads to a shift o f the pseudo-cubic 
out-of-plane lattice constant1 to larger values [104], which can in principle be determined by 0/20 
scans. However, there are some obstacles in determining the out-of-plane lattice constant of a 
single LSMO thin film deposited on STO. Due to the very similar lattice structure and lattice 
parameters (bulk STO: 3.905 A, pseudo cubic lattice constant of bulk LSMO: 3.875 A), the thin 
film Bragg reflections always are close to a substrate reflection. Since the Bruker reflectometer 
offers the highest incident x-ray intensity of the three instruments used in this work, it would 
in general be the first choice to measure the weak out-of-plane reflections of the single LSMO 
thin films. But the proximity of the layer reflections to the substrate peaks makes the analysis

1 In what follows, all notations and discussions of the LSMO thin films refer to the pseudo-cubit unit cell structure.
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7 Results and Discussion I: Lao.eeSro.jjMnOjs/SrTiOj

impossible on a instrument without monochromator: the out-of-plane layer reflection vanishes 
in the huge background created by Bremsstrahlung (figure 7.7). Therefore, the out-of-plane 
parameters have been measured 011 the Bruker four-circle-dilTractometer located at CNM. The 
measurements with the monochromatic Cu K a radiation uncover the layer reflections, which first 
of all gives the important information that the layers have been grown epitaxially. However, it 
comes for the prize of a drastically reduced incident intensity (almost three orders of magnitude) 
compared to the reflectometer. I11 addition, to separate the substrate and layer peak as much 
as possible, reflections at high Q values should be investigated, wiiich further diminishes the 
intensity. Hence the signal-to-noise-ratio of the layer reflection is reduced to values as small as
2 for some samples (figure 7.7 blue curve), which increases the measurement time significantly. 
Furthermore, any additional thickness oscillations can not be revealed, as they vanish in the 
background. Using formula (4.2) it still is possible to simulate the 0 /20 scans taken 011 the CNM 
diffractometer and determine the out-of-plane lattice constant of the single layers. Due to the 
superposition with the additional reflection from the STO cap layers, the simulation is more 
difficult for the PLD and USD bilayers, which so far hinders the determination of the lattice 
constants.

Q . [Â- 1]

Figure 7.7: 0/20-scan around the (004) reflections of STO and LSMO. Red: data taken on Bruker 
reflectometer without monochromator. Blue: data taken on Bruker diffractometer with monochromator

Figure 7.8 shows the results of the fits for the two single layers grown by USD at 0.8 and 0.6 mbar 
of the STO and LSMO (001) reflections (solid lines). The LSMO layer peak is clearly shifted 
to smaller Qz values for the sample grow’ii at 0.6 mbar and strongly merges wTith the substrate 
reflection. The increase of the out-of-plane lattice constant has been reported numerous times for
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7.2 Sizeable Exchange Bias induced by oxygen deficiencies

oxygen deficient manganite films [104-107]. It is generally attributed to the change of the Mn3+ to 
Mn4+ ratio: in oxygen deficient films Mn4+ is substituted by Mn3+. Thus, the larger Mn3+ ions 
cause the lattice to expand resulting in the larger out-of plane lattice constant [105|. Therefore, 
the XRD measurements indicate that the oxygen content in the LSMO layers can be controlled 
by the oxygen pressure during the USD growth. The fits give out of plane lattice parameters of 
3.876(4) A and 3.841(4) A for the samples grown at 0.6 and O.Smbar, respectively. In addition, the 
width of the reflection is determined by the layer thickness of LSMO. It gives 72(2) A and 136(5) A 
for the two samples. Both values are significantly smaller than the thicknesses determined by 
X R R  (105 A and 177 A, respectively). A possible explanation for the discrepancy might be that 
only a part of the layers is scattering coherently. This can occur due to lattice imperfections 
or also a different strain and hence lattice parameter in the region of the layers, that do not 
contribute to the main Bragg reflection. Therefore, a possible scenario for the diffraction from 
the single layers is that the peaks are caused by the major part of the layer, which is at least 
partially relaxed. In the data of the sample grown at 0.6 mbar one finds another hint supporting 
this explanation: there is additional intensity at higher Qz values that cannot be represented 
by the simulation of the 136 A LSMO layer. The simulation of a roughly 40 A LSMO thin film
- which is the missing thickness to the total measured LSMO layer thickness by XRR - with a 
smaller lattice constant of 3.84 A fits quite well to this additional signal. Hence the observed data 
might be explained by a 177 A LSMO layer grown on STO, where the first 40 A are under larger 
compressive strain and the remaining 136 A exhibit a larger out-of-plane lattice constant due 
to relaxation. Of course, the relaxation in the sample probably does not occur in this step like 
manner. It can be expected though, that even a more gradual transition might lead to similar

Qz
not visible. However, the main reflection already is much weaker than for the 0.6 mbar sample 
and also ‘'missing1' thickness compared with X R R  is smaller, which probably causes the signal to 
vanish in the background even if it is present like in the other sample.
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Figure 7.8: 0/20-scans around the (004) reflections of STO and LSMO. Fits are obtained by using 
the plot.py data evaluation software [108]. Left: LSMO single layer grown at 0.8 mbar. The fit yields 
an out-of-plane lattice constant of 3.840 A. Right: LSMO single layer grown at 0.6mbar. The fit yields 
an out-of-plane lattice constant of 3.876 A (solid line). The corresponding positions of the LSMO (004) 
reflections are indicated, which seem to be shifted to higher Qz values due to the merging with the 
substrate reflection. A possible explanation for the additional intensity at higher Qz is a strained LSMO

region at the STO interface (dashed line).

To analyze the in-plane lattice parameters, (IIKL) reflections with non zero II or K need to be
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Figure 7.9: (OKL)-maps of a (a) LSMO, STO multilayer with .5 periods grown by PLD under the same 
ronditions like the PLD bilayer dismissed in this work and (b) a thick ("1500 A) LSMO single layer grown 
by HSD. The K and L indices refer to the lattice parameter. In (a) the substrate reflection is splitted in 
a Cu-Kal and Cu-Ka2 reflection. The strong background in K  =  L direction is due to Bremsstrahlung. 
In (b) the splitting between Cu-Kal and Cu-Ka2 is not resolved, but the Bremsstrahlung background 
is visible as well. For both samples, the thin film reflection reveals the same K value - and hence the 
same in-plane lattice parameter - like the STO substrate indicating epitaxial growth. The L values are 
about 2.04 and 3.04 in (a) and (b), respectively. Data was taken on the Iluber diffractometer without

monochromator.

investigated. Since these reflections usually are weaker than the out-of-plane peaks - especially at 
the large Q values needed to separate the layer reflection from the substrate peak - quantitative 
analysis of the single and bilayers discussed in this work was not possible. However, measurements 
on two other samples lead to the conclusion, that the LSMO layers take on the in-plane lattice 
components of STO (figure 7.9): the (021) reflection of a multilayer prepared by PLD at the 
exact same conditions like the bilayer under investigation in this work, only with 5 periods of 
LSMO 'STO, exhibits the same in-plane lattice parameter as the STO substrate. The same is 
true for a thick (about 1500 A) LSMO single layer prepared by USD. Both measurements suggest 
that also the samples under investigation are grown epitaxially by adopting the in-plane lattice 
constants of the STO substrate. The data shown in figure 7.9 has been taken on the Iluber 
diffractometer, which is possible, since the LSMO reflections with in-plane component no longer 
are superimposed by the Bremsstrahlung. However, for the analysis of the single layers the 
intensity still is not sufficient, as it is some orders of magnitude smaller than the intensity of the 
Bruker reflectometer without monochromator.

Additionally to the determination of the lattice constants, the crystal quality of the LSMO 
single layers grown at 0.8  and 0.6  mbar can be estimated from the width of the rocking curves 
measured at the (001) reflection of the LSMO layers (figure 7.10). Good agreement to the 
measured curves was obtained by fitting Gaussian functions to the peaks. The obtained full- 
width-half-maxima (FWIIM) for the samples grown at 0.8 and 0 .6mbar are 0.0160(1)° and 
0.0187(3)°, respectively. These values are only about three times larger than the width of the 
substrate reflections, indicating a high crystal quality for both samples. It is also evident that 
the oxygen stoichiometry does not influence the structural quality of the samples drastically. It 
should be mentioned that even though a Gaussian function fits the peaks of the measurements 
very well, a broad low intense Lorentzian needs to be added to the Gaussian to model the broad 
background of the peaks. This additional contribution most probably is caused by the nearby 
substrate reflection.
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7.2 Sizeable Exchange Dias induced by oxygen deficiencies

0

Figure 7.10: Rocking curves (0-scans) around the (004) reflections of the LSMO single layers grown at 
0.8 and 0.6 mbar. Small FWIIM indicate high crystalline quality for both samples. The broad Lorentzian- 

shaped background is probably caused by the nearby substrate reflection.

Besides the influence of the crystal structure, it is also well known, that oxygen deficient ferromag
netic manganites exhibit lower Curie-temperatures T c than stoichiometric samples [59,109,110], 
Ju and Sohn [109| interpret this effect on the basis of magnetic inhomogeneities in the LSMO 
layer. Instead of having a continuous ferromagnetic magnetization below the Curie tempera
ture, they propose that different ferromagnetic regimes (spin clusters) are not aligned perfectly 
parallel and are maybe even separated by nonmagnetic regions, where Mn3+ ions accumulate. 
This inhomogeneous structure then gives rise to a smaller magnetic coupling and hence a lower 
Curie temperature. Since these inhomogeneities only occur in oxygen deficient LSMO layers, 
the determination of Tc is another reliable method to detect deficiencies indirectly. Therefore, 
temperature scans from 5 to 310 K in 0.5 mT during heating after cooling in a magnetic field of
1 T  have been performed in the Quantum Design PPMS device. The temperature scans reveal 
a strong dependence of the Curie-Temperature T c  on the oxygen pressure during preparation: 
For the PLD grown samples and the sputtered samples grown at high oxygen pressure T c  is 
approximately 320 K. With decreasing oxygen pressure during sample preparation T c  decreases 
continuously down to 57K  for the sample grown at 0 .6mbar (figure 7.11). The values for Tc 
have been estimated by linear extrapolation to the x-axis. In addition to the decreasing Curie- 
temperature the temperature dependent behavior below T c  for the samples grown at 0.8 and
0.6 mbar differ from typical ferromagnetic materials. Similar effects have been observed for oxy
gen deficient LaCaMnOj films, which according to the authors showed spin-glassy behavior and 
again can be interpreted on the basis of the inhomogeneity model [109,110).

Even though the temperature dependent behavior seems to differ from standard ferromagnetic 
behavior for the samples grown at low oxygen pressures, all samples are dearly ferromagnetic 
below T c : All samples show ferromagnetic hysteresis loops at low temperatures. Figure 7.12(b) 
compares the hysteresis curves at 5 K for the different samples. Two important results can be
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Figure 7.11: Temperature scans at 0.5 mT. The magnetic moment has been normalized to the moment 
at 5K. T0 drops significantly with decreasing oxygen pressure during growth.

extracted from the hysteresis measurements: First of all we observe an increase of the coercive 
field with decreasing oxygen pressure during sample growth from 5 mT for a sample grown by 
PLD to 120 mT for the sample grown by sputtering at a oxygen pressure of 0.6 mbar. The 
increase in coercivity is a further well known effect not only in oxide systems, but in general 
inhomogeneous ferromagnets [111. 1121. The second result is the presence of an exchange bias 
effect in the samples grown at oxygen pressures of 1 mbar or smaller. Samples grown at higher 
pressures and the PLD samples do not exhibit an EB effect. Similar to the coercive fields, the 
exchange field He - i.e. the shift of the hysteresis curves - becomes bigger with decreasing oxygen 
pressure: It increases from 6 mT for the sample grown at 1 mbar to 29 mT for 0.6 mbar. Table 
7.2 gives an overview of the results of the obtained values for the coercive and EB fields. The 
errors on the coercive and EB field values correspond to the accuracy of the instrument given by 
Quantum Design. Compared to these values the statistical errors of the measurement are much 
smaller.

Similar to the trm scans, there are also indications in the hysteresis measurements for deviations 
from purely ferromagnetic behaviour, the hysteresis curves suggest that the samples consist of 
different regions with different magnetic hardness: even though the coercive fields are smaller 
than 150 mT for all samples, it takes much higher fields (between 500 and 1000 mT) to saturate 
the samples. Even the not exchanged biased sample grown by PLD reveals such anomalous 
behaviour: at low fields soft and weak ferromagnetism can be seen, but at higher fields the 
hysteresis curves opens. These observances might also be explained by inhomogeneities in the 
magnetic structure of the LSMO layers. In different regions the ferromagnetic coupling might 
be weaker or stronger. It is also possible that regions, which order antiferromagnetically at low 
fields, are forced to order ferromagnetically at higher fields.

The temperature dependence of the coercive and EB field has been analyzed by taking hysteresis 
curves at different temperatures. Before each hysteresis measurement, the sanple has been cooled
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Figure 7.12: Hysteresis rurve measurements, (a) Comparison of the hysteresis rurves taken at 5K of 
the sampies grown at different oxygen pressure measured after field fooling in IT . (b) The same data 
shown with a smaller field range to highlight the shift of the hysteresis rurves. IIo and IIu values ran be 
seen in table 7.2. (r) Temperature dependenre of the roerrive and EB field of the sample grown by USD 
at 0.8 mbar. Before earh hysteresis rurve the sample has been fooled down in from room temperature 
in a field of IT . Hr and Hu values are listed in table 7.3. H^ vanishes around 50K romparable to the 
results of Zhu el al flj. (d) Hysteresis rurve measured several times at 5K  for the sample grown by USD 

at 0.8mbar after field fooling in 1 T. A subsequent deray of the l i t  is visible (training effert).
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Tabic 7.2: Results of the VSM rh arafteriza tion .

Pressure jmbar| MoHe [mT] Mo He [mT] Tc[K|
PLD 0 (1) 5(1) 320(2)
1.0 6 (1) 31(1) 252(3)
0.8 7(1) 65(1) 219(3)
0.6 29(1) 119(1) 57(5)

down from room temperature in a field of I T  with a rate of 2K /m in  (figure 7.12(c)). The data 
are in agreement with the results reported by Zhu et al. The EB field occurs at temperatures 
below 50 K and increases with decreasing temperature (table 7.3). The samples also shown the 
well known training effect as can be seen in figure 7.12(d), where the hysteresis curve is measured 
several times at 5 K. The EB field decreases subsequently, but is still not vanished completely 
after 5 measured cycles.

Tabic 7.3: T eperature dependence of the exchange bias and roerrive fields of the sam ple grown by HSD 
a t 0 .8 m bar. The rorresponding hysteresis curves are shown in figure 7.12(f).

Temperature [K| MoHe [mT] Mo He [mT]
80 1 (1 ) 81(1)
10 8 (1 ) 209(1)
20 20 ( 1) 391(1)
10 53(1) 120 ( 1)
5 111( 1) 716(1)

In summary, XRD  and PPMS data both reveal typical results for oxygen deficient LSMO layers. 
The size of the oxygen deficiencies can be controlled by the oxygen pressure during USD. However, 
changing the oxygen content does not influence the structural quality of the layers. Furthermore, 
it was possible to reproduce the results reported by Zhu et al and link them to the oxygen 
deficiencies present in the samples. Several hints similar to the results by Ju and Sohn have been 
observed which possibly are due to an inhomogeneous ferromagnetic structure in the LSMO 
layers. However, the question still remains, how the EB effect can be present in a system with no 
nominal antiferromagnetic material especially since it has not been observed in oxygen deficient 
bulk LSMO.

7.3 Drastically reduced magnetization at L S M O /S T O  interfaces 
in EB samples

In order to obtain an EB effect an antiferromagnetic region needs to be present somewhere in 
the samples. Therefore, the magnetic depth profile has been analyzed depth dependent by the 
two complementary experimental techniques PNR and XRMS (for the theoretical description see 
chapter 1.3, the instruments are introduced in chapter 6.3).

PNR data has been taken at two different temperatures: at 310 K, i.e. above the Curie temper
ature, and at 5 K after field cooling in 1 T. During the measurements a field of 1 T  was applied

58



7.3 Drastically reduced magnetization at LSMO/STO interfaces in ED samples

Qz

Figure 7.13: Overview of the SNS data reduction procedure. Top left: raw data picture on the 2
dimensional position sensitive detector. The angle of reflection can be calculated from the x-pixel position 
(the farther to the left, the larger the angle of reflection). The red rectangle indicates the reflected signal, 
the green one the direct (the part of the primary beam which passes the sample) and diffracted beam. 
The direct beam is mostly shaded by the beamstop (white rectangle). Top right: the same raw data set, 
but shown in x-pixel versus TOF (first angle, 6 =0.2"). Also shown are the measurements at the two 
other angles 6 =0.4" and 6 =0.8". In the first angle picture the diffracted beam can clearly be seen. In 
the third angle measurement thickness oscillations already are visible in the reflected signal. An error 
signal is caused by the instruments electronics and is related to the chopper rotation speed (therefore, 
it always is at the same TOF pixel). This error signal is eliminated by subtraction of the data to the 
background. The region of interest (ROI) is shown for all three angles. Bottom: the raw data within the 
ROI for every angle is reduced and transferred to the corresponding Qz values. The measurements at 
different angles can be combined by matching them in the overlap regions to obtain a single reflectivity

curve.

59



7 Results and Discussion I: Lao.eeSro.jjMnOjs/SrTiOj

to saturate the magnetization of the sample. As discussed in the experimental chapter, the de
sired Qz range can not be covered at one incident angle due to the limitation of the neutron 
wavelength distribution of 3 A. Therefore, at each temperature the reflected intensity has been 
measured time resolved at three different incident angles (9 =0.2, 0.4 and 0.8°). Figure 7.13 
gives an overview of the data reduction procedure. The neutrons are detected spatially resolved 
in x-direction (which is related to the reflection angle) and y-direction as well as time resolved as 
a function of the time-of-flight from the moderator to the detector. A region of interest (ROI) is 
chosen in x-direction that covers the reflected signal. The angle of reflection is calculated from 
the center position of the reflection in x-direction. For every single time point the intensities 
within the ROI are summed up along the x-direction (data reduction). The corresponding Qz 
value is calculated from the TOF and the angle of reflection (which is equal to the incident

Qz
By combining the data sets taken at different incident angles with the correct scaling factors

Qz
Qz Qz

of the measurement at the third incident angle.

Figure 7.14 shows the PNR. data for both temperatures 310 and 5 K of the LSM O 'STO  bilayer 
prepared by PLD which did not show an EB effect in the macroscopic data analysis. Since the 
measurement at 310 K was performed above the Curie temperature of the sample, no difference 
between different spin channels was expected. Hence, to increase the incident neutron beam 
intensity in order to save time, the measurements at 310 K have been performed with an un
polarized beam. There are hardly any thickness oscillations visible in both, the experimental 
data and the simulation. This is not surprising, since above the Curie-temperature the contrast 
between the materials simply is the difference in nuclear scattering length densities. For bulk 
LSMO and STO these values are 3.68 A - 2  and 3.-53 A -2 , respectively, hence the contrast is very 
small. Even though this fact makes it impossible to determine the chemical layer thicknesses 
in the sample from the high temperature measurements, the big advantage is that at low tem
peratures all thickness oscillations are caused by the magnetic profile in the sample. The high 
temperature data can be used to some extend to determine the nuclear scattering length densities 
in the sample: the critical edge for total reflection in the samples under investigation in this work 
is mostly determined by the nuclear scattering length density of the substrate. This is different 
to XRR, where the density of the top layer of the sample determines the position of the critical 
edge. The reason for the difference is the much smaller interaction potential for PNR in addition 
to the very thin layers in the samples used in this work2. Therefore, the nuclear scattering length 
density of the STO substrate is determined by the critical angle. This value then also determines 
the NSD for the layer materials, as they need to be close enough to the substrate value to avoid 
thickness oscillations to become visible. Hence, the high temperature measurement can only be 
used to check, whether the substrate NSD and subsequently all other NSD are in agreement with 
the bulk values. Since the layer thicknesses also cannot be determined by the high temperature 
data, in fact the low temperature data has been analyzed first. Then by setting the magnetic 
scattering length densities to zero, it has been checked, whether the structural results (chemical 
layer thicknesses and roughnesses) are in agreement with the data at 310 K as well.

The experimental data at 5 K and the corresponding simulations for the bilayer grown by PLD 
are shown in figure 7.14(b). There is a strong difference between the R++ Mid R  channel 
at this temperature caused by the magnetic profile of the sample. Oscillations are visible from 
which the FM layer thickness can be deduced. The best fit to the data is obtained for a 86 A

"K oto that the situation might be different for thick layers and especially for multilayer systems. In these cases 
there might be so much material on top  o f the substrate that the critical edge for total reflection is influenced 
significantly by the scattering length densities o f  the layer materials.
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Figure 7.14: PNR data of the PLD sample. Top: 340 K data measured with an unpolarized beam at 
IT . Bottom: 6 K data taken at IT . The thicknesses indicated are determined by the simulation of the 
low temperature reflectivity data. The arrow indicates a layer with non zero magnetic scattering length 
density, where the number to the right gives the fraction of the maximum theoretical value. Detailed

results can be found in table 7.4.
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7 Results and Discussion I: Lao.eeSro.jjMnOjs/SrTiOj

thick FM layer having a magnetic scattering length density close to the bulk value of LSMO
(90%) and a 66 A thick (macroscopically) nonmagnetic layer on top. Even though we can not
clearly identify the chemical interfaces between LSMO and STO by PNR. the ferromagnetic layer
thickness matches perfectly the LSMO layer thickness determined by XRR. From that we can
conclude that the complete LSMO layer is ordered ferromagnetically at 5 K and 1 T. In addition.
the thickness of the nonmagnetic layer on top of the FM layer is slightly smaller, but very close
to the STO thickness resulting from the X R R  experiment. The roughnesses determined by PNR
are slightly higher than for XRR. but still ranging around 1 nm. It also needs to be mentioned
that the error on the roughnesses is much higher than for the XRR data, since the PNR data
are much less sensitive on these parameters. The nuclear scattering length densities are not kept
fixed at the bulk values as it was done for the X R R  analysis. They seem to be slightly smaller in
general - a fact which is true for all further samples as well: For all fits the values range between
3.1 A -2  and 3.5 A -2  which looks like a rather large discrepancy to the bulk values. However
similarly to the roughnesses, the error on these values is rather large: The angle of reflection is
calculated from the x-pixel where the center of the ROI for the data reduction is located. If for
example the center of the ROI is shifted by just one channel for the smallest angle measurement,

-2

order to keep the contrast constant, the NSD for the layers will shift accordingly. The setting of
the center of the ROI is not the only possible source for an systematic error on the NSD: The
incident angle (or angle of reflection) is calculated from the center of the ROI and the position
of the primary beam. The channel number of the center of the primary beam is determined
before the beamtime and underlies the same reading error as the center of the ROI. Even though
it has been checked from time to time during the beamtime the primary beam position might

-2

to the systematic error on the NSD. Taking these considerations into account, the determined 
differences of the NSD to the bulk values are within the errorbars of the experimental data.

Summarizing, in the LSMO 'STO bilayer grown by PLD which does not exhibit an EB effect, a 
completely ferromagnetically ordered LSMO has been found at 5 K by PNR. All other parameters 
are in good agreement with the XRR results and show the expected behavior. The data taken 
above the Curie-temperature can be simulated with exactly the same parameters by just setting 
the magnetic scattering length density of the ferromagnetic layer to zero (figure 7.11(a)).

The PNR data taken at 5 K of the single layer grown by USD at 0.8 mbar is shown in figure 7.15. 
In contrast to the results for the bilayer grown by PLD the best fit for this sample results in a 
ferromagnetic layer thickness which is about 10 A smaller than the LSMO thickness determined 
by x-ray-refleetometry (95 and 105 A, respectively). Due to the almost equal NSD of LSMO and 
STO, again we can only conclude by comparison with the XRR result that about 10 A of LSMO 
at the interface to the STO substrate are not ordered ferromagnetically, but are macroscopically 
nonmagnetic - which does not rule out an antiferromagnetic order. In order to emphasize that 
this effect is significant and detectable by PNR, figure 7.15(b) shows the best possible fit for the 
case of a 105 A ferromagnetic LSMO layer. The data also reveals that the ferromagnetic layer 
is on top of the LSMO layer and the nonmagnetic layer at the interface to the STO substrate. 
The other way around - i.e. a non magnetic layer on top of a 95 A ferromagnetic layer of LSMO
- also leads to a clearly different situation. This can also be shown by comparison of the F O M  
parameters for the different models. Like for XRR, the same expression for the F O M  has been 
used to fit the data (formula (7.1)). A value of 6.61 is obtained for the best fit. In contrast, the 
smallest F O M  for a completely ferromagnetic LSMO layer is 13.7. For a non magnetic layer on 
top of the LSMO layer the best fit yields a F O M  of 16.0, which means that for both alternativ 
models the F O M  is more than two times larger than for the best fit. The F O M  values obtained 
for the ONR data are in general larger than the ones determined by X R R  due to the larger
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(b)

Figure 7.15: PNR data of the HSD sample grown at 0.8mbar. The R data are divided by 10 for 
better visibility. Top: 6 K data taken at 1 T. The thicknesses indicated are determined by the simulation 
of the PNR data. The arrow indicates a layer with non zero magnetic scattering length density, where the 
number to the right gives the fraction of the maximum theoretical value. Detailed results can be found in 
table 7.4. Bottom: Two alternative simulations are shown to emphasize the significant difference to the 
best fit profile: one for a completely ferromagnetic LSMO layer (solid line) and one for a nonmagnetic 

LSMO layer on the top of the LSMO layer at the interface to air (dashed line).
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statistical error bars on the experimental data.

Like for all other samples the NSD of LSMO and STO are slightly smaller than the bulk values, 
but within the errorbars as discussed before. The roughnesses again are slightly higher than the 
XRR results. The magnetization of the ferromagnetic part of the LSMO layer is significantly 
smaller than for the PLD sample. It is reduced to about 70 % of the bulk magnetic scattering 
length density. Besides the effects caused by oxygen deficiencies that have been discussed in 
the macroscopic sample analysis section, the reduction of the average magnetization is a further 
result known for oxygen deficient LSMO layers. It can also be explained in the framework of the 
cluster model for a magnetically non homogeneous LSMO layer [ 109).

The analysis of the other two USD samples, the bilayer grown at 1.0 mbar and the single layer 
grown at 0 .6mbar, is much harder due to the smaller sample size of only 5 x 5 mm2 compared 
to the size of the two other samples of 10xlO m m 2. This automatically reduces the signal-to- 
noise-ratio of the PNR experiment by a factor of 1. Therefore, from the data taken on the 
bilayer grown at 1.0 mbar it is not possible to deduce, whether the entire LSMO layer is ordered 
ferromagnetically or not (figure 7.16). The F O M  for the two cases are almost the same (12.3 
and 11.9, respectively). The reason is that the significant points of the reflectivity curve, where 
both models could be distinguished, already are too close to the background level. A small 
difference between both simulation can only be seen around 0.05 A -1  in the R ++ channel, which

Qz
sample this region still might be well above the background enabling to distinguish between both 
cases.

-1

Figure 7.16: PNR data of the HSD sample grown at l.Ombar taken at 6 K and 1 T. The R data are 
divided by 10 for better visibility. The simulation of a rompletely ferromagnetir LSMO layer (solid line) 
and a non-magnetir LSMO layer at the interfare to STO (dashed line) are shown. Due to the smaller 

signal-to-noise-ratio both rases ran not be distinguished.

Even though the intensity problem also holds for the LSMO single layer grown at 0.6 mbar, 
there are some indications in the PNR data for a interface layer similar to the sample grown at
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7.3 Drastically reduced magnetization at LSMO/STO interfaces in ED samples

0.8 mbar (figure 7.17): The data - especially the R  channel - is best resembled by a 140 Â 
thick ferromagnetic layer (figure 7.17(a)), i.e. the difference to the chemical thickness of the 
LSMO layer determined by X R R  (170 A) is even larger in this sample. In comparison to the 
single layer grown at 0.8  mbar the magnetic scattering length density of the ferromagnetic layer 
is further reduced to 35 % of the bulk value of LSMO. In addition to the intensity problem due 
to the sample size, the weak magnetic scattering and hence less pronounced oscillations further 
increases the problem of a weaker sensitivity to the magnetic depth profile. But even if the 
situation is not as clear as for the sample grown at 0.8  mbar. the simulation for a completely 
ferromagnetic LSMO layer does not reproduce the shape of the reflectivity curve as accurate 
as the fit with a thinner ferromagnetic layer. For the NSD and the layer roughnesses the same 
tendencies are found as for the previous samples. Since the macroscopic analysis already suggests 
that the oxygen deficiency of this sample is bigger than for the sample grown at 0.8  mbar. it is no 
surprise that the magnetic scattering length density of LSMO is further decreased down to only 
35 % of the bulk value of LSMO. Some fraction of this reduction might also be due to the fact 
that this sample is not yet fully saturated at 6 K (figure 7.11). Even though the R  channel 
indicates the presence of a non-magnetic interface region, it neds to be mentioned that the R++ 
channel is better reproduced by a completely ferromagnetic LSMO layer. This results in an 
almost identical F O M  for the two cases (82.0 for the non-magnetic interface region, 81.7 for the 
completely ferromagnetic layer). It is therefore hard to tell from the PNR, how the situation 
exactly looks like in this sample. The much larger F O M  compared to the other samples are 
mostly due to the larger statistical errors on the data points caused by the lower intensities.

Although a significant difference between the magnetic profiles in the samples without EB com
pared to the sample with EB grown at 0.8 mbar has been detected by PNR, XRMS measurements 
have been conducted as a complimentary method in order to confirm the small interface effects 
for the PLD sample and the USD samples grown at 0.8 and 0.6 mbar. Data has been taken at 
about 20, 30 and 150 K to check the temperature dependence of the magnetic depth profile. At 
each temperature the reflected intensity of both, right and left circular polarized light, has been 
measured for three different angles of reflection, namely 6 =5, 10 and 15 °. At each angle the 
incident energy has been scanned from 630 to 660 eV. This energy range coveres both, the L jj 
and L jj j  edges of Mil. Since there alwTay is a small difference between the initial intensities of 
the incident LCP and RCP x-ray beam, each measurement is performed at two opposing fields,
1.e. at +  Mid —50mT. By subtracting the XM CD signals of both measurements, the difference 
between the initial intensities is eliminated (see section 8.3). As presented in chapter 1.3.1, the 
sum of the reflected intensities of an incident LCP and RCP x-ray beam has been used to model 
the chemical structure of the samples (similar to non-resonant X RR). Thereafter, simulations 
including the magnetic structure of the samples have been done to reproduce the difference of 
both intensities, i.e. the reflected XM CD signal, according to formula (1.35). For the simulation 
indices of refraction n (E ) and magneto-optical constants Q (E ) have been used which have been 
determined from a LSMO "standard sample1', a 60mil thick LSMO film (the data can be seen 
in jl02|). It was seen before, that no information on the chemical structure of the samples can 
be extracted from the PNR data due to the small contrast in nuclear scattering length densities. 
The huge advantage of the XRMS data is that it is very sensitive to both, the chemical and 
magnetic sample profile, at the same time.

In figure 7.18 the temperature dependence of the XMCD signal is shown for the measurements 
6 =

signal decreases with increasing temperature. This corresponds to the drop of the total magnetic 
moment of the sample with increasing temperature (figure 7.11). A quantitative comparison of 
the VSM and XRMS data dependence is difficult due to the fact that the temperature in the 
XRMS chamber is not measured at the sample position. Especially at low temperatures, this
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Figure 7.17: PNR data of the HSD sample grown at 0.6mbar and IT . Top: best fit to the 6 K data. 
The R data are divided by 10 for better visibility. The thicknesses indicated are determined by the 
simulation of the reflectivity data. The arrow indicates a layer with non zero magnetic scattering length 
density, where the number to the right gives the fraction of the maximum theoretical value. Detailed 
results can be found in table 7.4. Bottom: Alternative simulation for the case of a completely FM layer.

Especially the thickness oscillation visible in the R channel is shifted to too small Q z values.
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Energy jeV|

Figure 7.18: Temperature dependence of the XRMS signal at 6 =10" of the LSMO single layer grown 
by USD at 0.8 mbar and 0.05 T. Like for all other XMC’D plots, the reflected XMC’D signal (difference of 
reflected intensities for an incident LCP and RCP x-ray beam) is given in percent of the average signal 

(sum of reflected intensities for an incident LCP and RCP x-ray beam

results in quite a large errors on the temperature values up to ±10 K given in this work. This 
hinders an accurate comparison of the temperature dependences determined by both methods. 
However, what can be said, is that the shape of the XM CD signal only changes marginally in
dicating that the magnetic depth profile apart from the scaling of the average moment remains 
the same3. The same results have been found for all other samples at all incident angles. There
fore, in the following only the data taken at 30 K will be discussed for the determination of the 
magnetic profile.

For the simulations a slab structure of the sample is defined representing the different layers. In 
addition to LSMO and STO layers, interface roughnesses and surface roughnesses can be modeled 
by introducing layers with a mixed index of refraction n (E ) (and possibly magneto optical 
constant Q (E )). For example an interface roughness between an LSMO and an STO layer can 
be represented by a layer having an averaged index of refraction n (E ) =  (nlsmo(E) +  nsto(E ))/2 . 
This is possible due to the fact that XRMS similar to X R R  and PNR is not sensitive to the 
microscopic structure of the sample. In analogy, a surface roughness is introduced by averaging 
the index of the refraction of the top layer material with the value for air, i.e. nair (E ) =  1. In 
principle such surface and interface layers can be subdivided in several slabs in order to model 
concentration or roughness gradients, but for all samples under investigation in this work it turned 
out that this does not influence the simulated intensities significantly. Hence, a single surface 
layer was sufficient to model the experimental data. All results presented in this section have been 
determined by simulating the experimental data for all three incident angles simultaneously with 
the same chemical and magnetic structure for the respective sample. An overview and summary 
of the fit results for the LSMO layers obtained by XRR, PNR and XRMS for all samples is given 
in table 7.1.

As an example for the simulations of the average reflectivity - i.e. the sum of the reflected 
intensities for incident LCP and RCP x-rays - experimental data and simulations for the LSMO 
single layer grown by USD at 0.8 mbar are shown in figure 7.19. The simulations yield an LSMO 
layer thickness of 91 A. The layer thickness is composed of a 85 A continuous LSMO layer plus

Vhr sensitivity o f the X M C D  stuns to changes in the magnetic depth can be seen in figure 7.23
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Figure 7.19: Average signal - i.e. sum of reflected RCP and LCP incident x-rays - of the LSMO single 
layer grown by HSD at 0.8 mbar for all three incident angles. The maxima at around 641 and 652 eV 
correspond to the L j j j  and L j j j  absorption adges, respectively. The slab structure of the sample for the

simulations is shown in the bottom right.
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half o f the thickness of the surface layer consisting half LSMO and half air. This calculation of 
the total layer thickness is done in analogy to the case of X RR and PNR. where the thickness of 
the interface region defined by the interface roughness is added partly to the bottom and partly to 
the top layer at both sides of the interface. The simulations show a strong sensitivity to the total 
layer thickness. The introduction of the surface layer is necessary as well to obtain the quality 
of the fit shown in figure 7.19. However, the simulations are hardly sensitive to the interface 
structure at the LSM O 'STO  interface, i.e. introducing an interface roughness does not change 
the simulations compared to a perfectly smooth interface as long as the total layer thickness 
remains constant. This result holds for all other samples as well. Therefore, no roughness is 
introduced at the interface between the STO substrates to the LSMO layers. Compared to the 
X R R  results the chemical LSMO layer thickness determined by XRMS is about 11A smaller. 
Even though the discrepancy is biggest for this sample, this is a common result for all following 
simulations and it is not fully understood, where the difference originates from. A possible 
source for deviations in the layer thicknesses might be the different sample areas where the data 
is taken: whereas the entire sample is illuminated by the x-ray beam during an XRR laboratory 
experiment and also by the neutron beam in a PNR experiment, the beamsize of the beam at the 
Sector 4 during the synchrotron experiment is something about 1 x 1mm2. If the beam does not 
hit the sample in the exact center, the thickness inhomogeneities might result in different layer 
thicknesses obtained by both methods. The difference especially for the sample grown at 0.8 mbar 
seems to be a bit to high, though, to be explained just by the thickness inhomogeneities.

After finding the best agreement between the experimental and simulated data of the average 
signal, the XM CD signal is fitted by including the magnetic structure of the sample. The results 
for the PLD sample without EB effect are shown in figure 7.20. Except some differences in the 

6 =
obtained. Apart from the slightly smaller layer thicknesses, the same results on the magnetic 
profile is found like in the PNR experiment: the entire LSMO layer is ordered ferromagnetically. 
Compared to PNR, where the average magnetic moment per Mil atom was slightly smaller than 
the maximum theoretical value of 3.66 p B, the magnetic moment extracted from the XRMS data 
matches the theoretical value. Only a thin interface and surface layer needs to be introduced in 
agreement with the small interface and surface roughnesses determined by the other reflectivity 
methods.

In a very similar way, the XRMS experiments also reproduce the magnetic profile determined by 
PNR for the LSMO single layer grown by USD at an oxygen pressure of 0 .8mbar (figure 7.21): 
at the LSMO 'STO interface a 10 A layer with reduced net magnetic moment is detected. At 
first sight, this seems to be in contrast to the PNR results presented above, where the interface 
layer has a zero net magnetization. However, the case of a reduced magnetic moment can not be 
excluded by the PNR data either. In figure 7.22 a simulation of the PNR data is shown with a 
magnetic profile similar to the one obtained by XRMS. By slightly adjusting the roughnesses and 
NSD, this yields a similar good agreement with the experimental data (F O M  for non magnetic 
interface layer (figure 7.15(a)): 6.64; F O M  for slightly magnetic interface layer (figure 7.22): 
7.26). However, the value for the magnetization of the interface layer is limited to some value 
smaller than a third of the magnetization of the rest o f the LSMO layer. Otherwise the simulation 
approaches the case for a layer with a homogeneous magnetization shown and discussed before 
(figure 7.15(b)). On the other hand, it is not possible to obtain a good simulation for the XRMS 
data with a macroscopically non magnetic layer at the interface. In fact, the XRMS simulation 
prove to be very sensitive to even small changes in the magnetic and also the chemical profile 
of the sample. To get an impression on these effects, some alternative simulations for the data

6 =
figure 7.23. Therefore, the magnetic depth profile resembling both experimental data sets, PNR
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Figure 7.20: XMCD signal of the LSMO/STO bilayer grown by PLD for all three incident angles taken 
at 30 K in a field of 0.05 T. The slab structure of the sample for the simulations is shown in the bottom 
right. The thicknesses indicated are determined by the simulation of the reflectivity data, The arrow 
indicates a layer with non zero magnetic scattering length density, where the number to the right gives 

the fraction of the maximum theoretical value. Detailed results can be found in table 7.4.
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Figure 7.21: XMCD signal of the LSMO single layer grown by HSD at 0.8 mbar for all three incident 
angles taken at 30 K in a field of 0.05 T. The slab structure of the sample for the simulations is shown 
in the bottom right. The thicknesses indicated are determined by the simulation of the reflectivity data. 
The arrow indicates a layer with non zero magnetic scattering length density, where the number to the 

right gives the fraction of the maximum theoretical value. Detailed results can be found in table 7.4.
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and XRMS, is an interface with an drastically reduced, but non zero average magnetic moment. 
The average magnetization of LSMO at the interface to STO is reduced to at least one third of 
the magnetization of the rest of the LSMO layer. The magnetization of the main part of the 
LSMO layer is found to be slightly smaller with XRMS compared to the PNR result (60 % and 
70 %, respectively). The difference can be explained by the different temperatures at which both 
experiments have been conducted: whereas the PNR data was taken at 6 K, the XRMS scan was 
performed at about 30 K. The temperature dependent macroscopic PPMS measurements already 
revealed that the total magnetization of the sample grown at 0.8 mbar is slightly reduced at 30 K 
(figure 7.11). Another possible origin fo different results in the magnetic profiles is the different 
treatment of roughnesses in both experiments: in PNR the rms roughnesses parameter modelles 
a gaussian-like transition from one to the next layer in the scattering length densities. In the 
XRMS models, the interface and surface layers only represent a step like transition. However, 
as mentioned before, a more differentiated interface region modelled by more than one interface 
layer did not change the XRMS simulations significantly. Therefore, one interface layer seems to 
be sufficient for the XRMS data simulations to take layer roughnesses into account.

Figure 7.22: Alternate simulation for the PNR data at 6 K of the LSMO single layer grown by HSD at 
0.8 mbar. A similar good agreement compared to the fit presented in figure 7.15(a) can be found with a 
small net magnetization at the LSMO/STO interface. This alternate magnetic profile is identical to the

one found by XRMS.

Since the PNR results for the HSD sample grown at 0.6 mbar are afflicted with quite big uncer
tainties, the XRMS data is needed most for this sample in order to get a more trustful picture of 
the magnetic depth profile. The resulting simulations and simulation parameters are shown in 
figure 7.24. The resulting LSMO layer thickness adds up to 163 Â which again is slightly thinner 
than the X R R  thickness. The magnetic profile is very similar to the one found for the sample 
grown at 0.8 mbar: At the interface to the STO substrate a region of strongly reduced - i.e. 25 % 
of the rest of the LSMO layer - magnetic moment is present. However, the thickness of this 
interface near layer of 30 Â is much larger than the one obtained for the previous sample. The 
average magnetic moment in the main part of the layer is only 20 % of the value determined by

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Figure 7.23: Alternate simulations to the XMCD data taken at 6 =15" of the LSMO single layer grown 
by HSD at 0.8 mbar in order to emphasize the sensitivity of the XMCD signal to small changes in the 
magnetic and/or chemical profile of the sample. All parameters are kept identical to the parameters 
obtained by the best fit shown in figure 7.21 except for the following changes, a) Simulation for a 5 A 
thick interface layer and 80 A rest layer (instead of 10 A and 75 A, respectively), b) Simulation for a 15 A 
thick interface layer and 70A rest layer (instead of 1 0A and 75 A, respectively), c) Simulation for an 
LSMO layer having a homogeneous magnetization of 60 % of the theoretical bulk value, d) Simulation 

for a 10 A interface layer with no net magnetic moment.
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PNR. This again can be explained by the different temperatures during the experiments. For 
this sample (Curie temperature of 57K) the reduction is much more drastic due to the sharp 
drop of the total magnetic moment from 6 to 30 K (figure 7.11).

Summary o f the PNR and XRMS results

The results for the LSMO layers of the PNR and XRMS simulations of the different samples 
are summarized in table 7.1. For the PLD bilayer. PNR at GK yields a ferromagnetic layer 
thickness, which is identical (within the errorbars) with the chemical LSMO layer thickness 
determined by XRR. The chemical layer thickness can not be extracted from the PNR data, but 
from the combination of both measurements it can be concluded that the complete LSMO layer 
is ordered ferromagnetically. By the same argumentation, a region with a drastically reduced 
magnetization was detected for the two samples grown by USD at 0.8 and 0.6 mbar at the 
interface to the STO substrate. It can not be clarified by PNR. whether this interface region 
is macroscopically non magnetic or exhibits a small net magnetic moment. The XRMS data 
evaluation however yields a non zero magnetization for the interface region somewhere around 
20 to 30 % of the magnetization of the rest of the LSMO layer. The thickness of the interface 
increases with increasing oxygen deficiency from 0 A for the PLD sample to about 10 A for the 
single layer grown at 0.8 mbar and finally up to 30 A for the sample grown at 0.6 mbar. All 
parameters, i.e. scattering length densities (or indices of refraction), roughnesses and magnetic 
profiles, are in agreement for the results obtained from the three experimental techniques. XRR. 
PNR and XRMS. The only discrepancy is the slightly smaller layer thicknesses determined by 
XRMS. As discussed before, the layer inhomogeneities are a possible reason for the differences.

Tabic 7.4: Summary of all reflectivity measurements for the fit parameters of the LSMO layers. The 
PNR results correspond to the measurement at 5K. aIsmo gives the rms-roughnesses obtained by XRR 
and PNR. For XRMS instead the thickness of the surface or interface layer is listed. dIsmo is the chemical 
layer thickness of the LSMO layer, The index fm  refers to parameters of the ferromagnetic part of the 
LSMO layers, nm to the region of strongly reduced magnetic moment, d are the corresponding layer 

m
maximum expected theoretical value mth =3.66 ßB per Mn atom. Like for XRR, the FOM of the PNR 
fits is given by formula (7.1). Since the XRMS data has only been simulated, but not fitted, a FOM is 

not determined. For all additional parameters see Appendix, section A.

XRR
P L D
PNR XRMS XRR

3.8 m bai
PNR XRMS X RR

3.6 m bai
PNR XRMS

alsmo[Â] 2(5) 6 (6 ) 8 (1 ) 16(2) 15(2) 12(3) 21(3) 17(3) 11(3)
dlsmo\^\ 85(2) - 76(2) 105(1) - 91(2) 177(2) - 163(3)
d/m[A] - 86(3) 76(2) - 95(1) 75(2) - 110(10 ) 126(5)
mfm/mth - 0.91(6) 1 .0 (1 ) - 0.71(5) 0.60(1) - 0.23(3) 0.08(3)
dnm [Â] - - 1 (1 ) 0 (2 ) - 10(5) 10 (2 ) - 37(12) 30(5)
m nm /m th - - - - 0.15(2) 0.20(3) - 0.01(5) 0 .0 2 (2 )
F O M
[ io - 3]

0.66 11.3 - 2.69 6.61 - 2.93 82.1 -

On behalf of the XRMS data evaluation, one additional fact needs to be reminded: As mentioned 
before, for the simulation indices of refraction n(E ) and magneto-optical constants Q( E)  have 
been used which have been determined from a LSMO "standard sample1', a 60 nm thick LSMO
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Figure 7.24: XMCD signal of the LSMO single layer grown by HSD at 0.6 mbar for all three incident 
angles taken at 30 K in a field of 0.05 T. The slab structure of the sample for the simulations is shown 
in the bottom right. The thicknesses indicated are determined by the simulation of the reflectivity data. 
The arrow indicates a layer with non zero magnetic scattering length density, where the number to the 

right gives the fraction of the maximum theoretical value. Detailed results can be found in table 7.4.
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7 Results and Discussion I: Lao.66Sro.33MnOs-i/SrTi03

film. Since there is 110 detailed study on how the values for n(E)  and Q( E)  change with the 
oxygen level in a LSMO film, it is not clear to what extend it is valid to use the values of the 
standard sample for the simulations of the oxygen deficient layers. However, extracting oxygen 
from a LSMO layer basically lias the same effect like changing the La/Sr ratio to the La rich 
direction: The Mii4+ /M n 3+ ratio gets smaller. This means oxygen deficient Lao.f>r>Sro.33Mn03_5 
can be assumed to have the same Mn4+ /M n 3+ ratio - and hence the same XMCD signal - like a 
fully oxidized Lai^SivMuOs with a La/Sr ratio larger than 2. The influence of the Sr doping x 
and the oxygen deficiency S on the Mn4+ /M n3+ ratio is described quantitatively by the following 
chemical formula (oxygen vacancy model [113,114]):

L ai_ :rSrrMnJ+r+2SMn4r+ 2S0 3- S (7.2)

Since the dependence on the Sr doping of the index of refraction around the L j j  and L j j j  has 
been shown to be very small [115], the used n(E)  and Q( E)  values can be assumed to be a 
very good approximation for the true values of the different samples analyzed in this work. In 
addition, the fact that the XRMS data yield results in agreement with the PNR data can be 
taken as an indication that the n(E)  and Q( E)  values of the standard sample are close to the 
true values. Furthermore, one can expect that simultaneous fitting of data for three different 
angles is not possible with ’’wrong“ n(E)  and Q( E)  values. So in total there is strong evidence 
that it is justified to use the indices of refraction and magneto optical constants determined from 
the standard LSMO sample for the samples investigated in this work.

X

Figure 7.25: Strain vs. doping phase diagram of LSMO. The information for the doping range between 
x =  0.2 and x =  0.6 is taken from [116] and [63]. The phase boundary between FM and A-AFM 
region for a doping level smaller then 0.2 is an assumption or rather an interpolation between the last 
calculated point in [116] for x=0.2 and the known fact, that bulk LSMO with x=0.1 exhibits the A-AFM 
structure [52], Even though the doping level is kept at 0.33 for the samples under investigation, one can 
still ’’move“ through the phase diagram by oxygen deficiencies (according to formula (7.2)) and strain 
and reach the A-AFM region. The 5 values give' the necessary oxygen deficiency to reach the samt' 

Mn4+ /M n 3+ ratio as a fully oxygenated LSMO with a doping level at the corresponding position.
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7.4 Possible explanation of EB effect in the L S M O /S T O  thin film  
system

After the data analysis, the question now remains, how an EB effect can be present in the 
LSMO 'STO system. The combination of macroscopic magnetic characterization and the scat
tering experiments leads to the following interpretation: First of all the presence of an EB effect 
in the samples indicates that a somehow antiferromagnetically ordered region must be present in 
the sample coupled to the ferromagnetic part of the LSMO. Both, the PNR and XRMS measure
ments reveal a - if not vanishing - at least drastically reduced magnetization in the LSMO layer 
at the interface to the STO substrate in the samples exhibiting the EB effect. Since we can not 
resolve the magnetic structure on an atomic length scale with grazing incidence scattering, it is 
very likely that this macroscopically nonmagnetic region is in fact ordered antiferromagnetically. 
Similar to the magnetic inhomogeneities present in oxygen deficient LSMO layers in general, the 
small net magnetization could also be explained by small ferromagnetic grains in the interface 
region. The EB effect then can be caused by coupling between the (mostly) antiferromagneticaly 
ordered interface region and the ferromagnetic part of the LSMO layer. The occurrence of the 
EB effect in our samples can be understood by looking at the strain-doping phase diagram of 
LSMO (figure 7.25). In principle, one could also expect that the ferromagnetic part of the LSMO 
itself is the origin for the EB effect: since the exact microscopic structure of the oxygen deficient 
LSMO is not fully clarified, but expected to be "magnetically inhomogeneous1', even in this part 
of the LSMO layer antiferromagnetic regions (grains) could be present causing an EB by coupling 
to the ferromagnetically ordered regions. However, if this was the case, it would have been seen 
previously in oxygen deficient bulk LSMO. It therefore is very likely that the interface region 
causes the EB effect and that the necessary antiferromagnetic order is established in this part of 
the LSMO layer.

An explanation for a formation of an antiferromagnetic order of LSMO at the interface to STO 
can be given by the strain versus doping level phase diagram proposed theoretically by Fang 
et al. |116| and experimentally by Konishi et al. |G3|. The structural characterization by x- 
ray-scattering and also the VSM measurements dearly indicate oxygen deficiencies in the LSMO 
layer. Furthermore we can adjust the oxygen content by varying the oxygen pressure. Effectively 
this leads to the same result like changing the La/Sr ratio to a lower Sr content in the LSMO 
layer: The M il1' content and thus the charge carrier density is decreased, which results in a shift 
in the phase diagram in figure 7.25 to the left according to formula (7.2) even though x might 
still be equal to 0.33. This alone seems not to be sufficient in our samples to reach the AFM 
region, as we still see a ferromagnetic order for the majority of the LSMO layer. But at the 
interface in addition to the change in charge carrier density we also have a compressive strain 
mediated by the STO substrate which is equivalent to a shift in the diagram downwards. To 
the best of my knowledge, there are no theoretical calculations nor experimental reports on a 
strain phase diagram for doping levels smaller than 0.2. The reason for this probably is, that 
the bulk phase diagram already becomes very complicated for these doping levels. However, it is 
well known for bulk LSMO that for doping levels smaller than 0.16 the antiferromagnetic A-type 
structure (A-AFM ) is established |52|. By combining this information with the calculations (and 
experimental data) for larger doping levels, one can assume that the phase diagram between 
x =  0.1 and 0.2 looks something like shown in figure 7.25. In this case, a combination of oxygen 
deficiency and compressive strain can result in an antiferromagnetic order at the STO interface. 
After relaxation a ferromagnetic order is established in the rest o f the layer. This interpretation 
can only be valid, if the samples exhibiting an EB effect have a oxygen deficiency large enough
to result in a Mn4+ /M n 3+ ratio smaller than 0.25 (which corresponds to a Sr doping of x ..0.2 for
fully oxydized LSMO), as for larger Mn4+ /M n 3+ ratios a bigger strain than for the fully oxidized
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7 Results and Discussion I: Lao.eeSro.jjMnOjs/SrTiOj

LSMO with x 0.33 is needed in order to reach the A-AFM  phase (see phase diagram between 
x 0.2 and x 0.33). Therefore, according to formula (7.2) an oxygen deficiency larger than 
5 =0.07 is needed. The fact that the antiferromagnetic layer gets thicker with increasing oxygen 
deficiencies also supports the assumption that the oxygen deficiencies are in the range between 
5 =0.07 and 0.1: in this region a sample with higher oxygen deficiencies need a smaller strain to 
reach the AFM phase. Therefore, a region at a certain strain that is ordered ferromagnetically in 
the sample grown at 0.8  mbar might be ordered antiferromagnetically at the same strain in the 
sample grown at 0.6 mbar due to the larger oxygen deficiency. Thereby, for the sample grown at 
0.6 mbar a bigger relaxation is needed to end up in the FM region, resulting in a thicker AFM 
layer.

To finally proof this interpretation, a more detailed analysis of the relaxation process in the 
samples and on which length scale it occurs needs to be done. Some indication for the strain 
relaxation has been extracted from the x-ray diffraction data and at least for the single layer 
grown at 0.6 mbar the thickness of the strained region is very similar to the thickness of the AFM 
region (about 30 to 10 A). Another way of proving our interpretation would be the investigation 
of multilayers by neutron diffraction: Magnetic reflections caused by an antiferromagnetic order 
could be detected by this method. Neutron diffraction is not possible for the samples discussed 
here, as the diffracted intensity would be too small. For the single and bilayers dicussed in 
this chapter, X-ray Magnetic Linear Dichroism (XMLD) is a promising experiment. Since the 
XMLD signal is proportional to the square of the magnetic moments, one is also sensitive to 
antiferromagnetic structures. By combining XM CD and XMLD data, it might be possible to 
deduce the ferromagnetic contribution to the XMLD signal and obtain the XMLD signal caused 
by antiferromagneti regions in the samples. By performing the experiments in reflectometry 
geometry one would again be able to analyze the magnetic profile - including antiferromagnetic 
regions - depth dependent.
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8 Results and Discussion II: 
L a o . 5 S r o . 5 M n 0 3 / B a T i 0 3

8.1 Preparation of stoichiometric and epitaxial L S M O /B T O  
bilayers by O M B E

Lao.sSro.sNlnOa/BaTiOa Mayers have been prepared by OMBE on monoerystalline (001) ori
ented conducting Nb doped SrTiOj substrates provided by Orystec (doping level 2 at%). The 
substrates have been cleaned first in acetone, then in iso-propanol and then in deionized water. 
After that the surface has been cleaned by putting the substrates in buffered hydrofluoric (IIF) 
acid (10 NII.iF:l IIF) for 25 sec. By this process not only the organic residues are removed, 
but also the surface gets T i0 2  terminated, since the etching process removes all SrO from the 
surface |117|. The clean substrate is first annealed in the preparation chamber of the OMBE 
device to 100 °C before transferring it to the main chamber. In the main chamber a base pressure 
in the low 10~9 mbar region is reached for all samples. Ozone is distilled from a ozone-oxygen 
mixture created by an ozone generator. Prior to the rate calibration and the film deposition, 
the pure ozone is delivered to the main chamber from a water cooled nozzle pointing at the sub
strate. A constant ozone pressure of 2.0 • 10~6 mbar is established at the position of the sample. 
Before the layer deposition, the rates for each effusion cell needed for one material, e.g. La, Sr 
and Mn for LSMO, is monitored for 20 minutes by the QCM one after another (figure 8.1). By
subtracting the background level measured with all shutters dosed, the true deposition rates are 
determined. Based on this calibration measurement, it is calculated for each of the elements, how 
long it takes to get enough material for one unit cell of the material, which should be deposited. 
Since the rates cannot be monitored during the growth - the QCM needs to be driven out of 
position to give room for the manipulator with the substrate -, the error on the stoichiometry 
of the deposited material is determined by the stability of the rates. In order to minimize this 
error, the rate for the element with the least stable effusion is taken last to minimize the time 
between the determination of the rate and the deposition. After taking the deposition rates, 
the manipulator is driven to the sample position and the substrate is heated to the deposition 
temperature of 650 °C. Typically, 30 minutes are needed after finishing the rate determination 
to start the growth. The substrate temperature is controlled by a pyrometer with emissivity 
correction. During the growth, the shutters for the effusion cells are opened accordingly to the 
sputter rates determined by the QCM to obtain one unit cell o f the layer material. Typical shut
ter opening times are 10 to 60 sec. Between each unit cell an annealing step of 30 sec is inserted 
to allow the deposited material to settle and form a smooth surface. After the deposition the 
sample is cooled down in the ozone atmosphere to avoid oxygen deficiencies. Afterwards the rates 
of each element are taken again to check the stability of the effusion cells, this time in opposite 
order than before the deposition, i.e. the least stable effusion cell is measured first. Since the 
sample cooling takes longer than the heating, the rates can be taken again about 60 minutes 
after finishing the deposition. The difference between the rates before and after the deposition 
yields the drift of the evaporation rates, which gives an estimate of the possible deviation from 
the desired stoichiometry of the grown layer. The drift in the evaporation rates are usually 
significantly smaller than 1.0%. /hr for La and Ti and around 1.0%. /hr for Ba and Mn. The
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Sr effusion cell is the least stable one with respect to evaporation rates having a average drift 
of about 2.0%. 'hr. Since the LSMO layers grown in this work have a thickness of 15 u.c., the 
deposition times are less than half an hour. By adding the 30 minutes needed for the substrate 
heating, one therefore can expect that the deviations of the evaporation rate during deposition 
is not significantly bigger than 1 %. Since the other rates are much more stable, this is the 
dominant contribution to the error on the stoichiometry of the deposited layer.

time j min I

Figure 8.1: Deposition rate calibration measurement for the growth of an LSMO layer. For each of the 
required elements the background level is measured first for a couple of minutes followed by the deposition 
rate, if the shutter for the corresponding effusion cell is opened. The true deposition rate is obtained by 
the difference of the two rates. The first three measurements are taken before the layer growth with the 
least stable rate taken last (Sr). The three last measurements are taken after the growth (the time for 

the growth is left out in the plot) to check the drift of the evaporation rates.

The growth of each layer has been in-situ observed by RIIEED. Figure 8.2 shows the RIIEED 
pattern at different stages during a deposition of a BTO layer on a Nb:STO substrate. A very- 
sharp RIIEED pattern with point-like reflections is found before the deposition resulting from 
the atomically smooth and clean substrate surface (figure 8.2(a)). A change to more stripe like 
reflections is observed after deposition of the first few monolayers of BTO (figure 8.2(b)). With 
increasing layer thickness the reflections become broader due to a slight increase in the surface 
roughness (figure 8 .2 (c)). However, no additional peaks appear on the fluorescence screen until 
the end of the deposition indicating that the entire film grows in layer-by-layer growth mode.

This is confirmed by the analysis o f the peak intensities of the specular (central spot'stripe in 
figure 8 .2 ) and first order (spots'stripes to the left and right of the central spot) reflections (figure
8.3) during the layer growth: the integrated intensities of all three spots oscillate with a period 
matching the shutter times for the growth of one unit cell. These oscillations are often used 
to count the unit cells and hence to stop the deposition exactly at the desired layer thickness 
(chapter 6.1.2). In the growth procedure used for the samples in this work, the maxima of the 
oscillation of the specular reflection do not necessarily correspond to completed unit cells. During 
the annealing step after each deposition of one (calculated) unit cell, the surface gets smoother 
and therefore the specular intensity increases even if the unit cell might not be completed, yet 
(or the next one might already be started). In figure 8.3 the annealing periods can be identified 
with the time ranges where the intensity of the specular reflection slowly approaches a maximum 
value. When t-he shutters are opened for the deposition of the next unit cell, the intensity drops

80



8.1 Preparation o f  stoichiometric and epitaxial LSMO/BTO bilayers by OMBE

(a) (b) (<:)

Figure 8.2: RHEED patterns during a deposition of a BTO thin film, a) pifture of the flean Nb:STO 
substrate, b) RHEED pattern after deposition of 8 unit fells of BTO. f) RHEED pattern after deposition

of 36 unit fells of BTO.

again and tlie next oscillation begins. Although it is not possible to exactly count the deposited 
unit cells, the fact that the oscillations are visible throughout the deposition of all layers grown 
in this work confirm the layer-by-layer growth and the high crystalline quality of the thin films.

As discussed in the introduction on this system (chapter 3.2). there are certain requirements and 
restrictions, which need to be taken into account, and which determine the structure chosen for 
the samples analyzed in this work. It is the aim of this work to investigate the theoretically 
predicted dependence of the interface near magnetic structure of LSMO on the direction of the 
electric polarization in BTO |2|. Therefore, the samples should be suitable to be analyzed by 
the interface sensitive scattering methods, which have also been used for the previous system 
discussed in chapter 7. Hence, especially for PNR, but also for XRMS, the area of the samples 
should be as big as possible. On the other hand, the BTO layer thickness should be very small: 
in case that the BTO layer is below the LSMO layer, the BTO thickness should be smaller than 
15 u.c. to avoid relaxation, since the size of the predicted interface effect can be expected to 
scale with the size of the electric polarization of BTO at the interface. If the BTO layer is 
deposited on top of the LSMO layer, the thickness should be kept very small as well. Otherwise 
the sensitivity especially in a XRMS experiment to the magnetic structure at the LSMO 'BTO  
interface is drastically reduced. Both requirements to the BTO layer - the large area and the thin 
thickness - conflict with the well known leakage problem in BTO: the larger the film area and 
the thinner the film thickness, the larger becomes the probability for leakage currents through 
the BTO layer, which inhibit that the electric polarization can be switched by an applied electric 
field. In fact it seems to be impossible to grow a 15 u.c. or thinner BTO layer with an area of at 
least 1mm2 (which still would be too small for PNR), where the polarization can be controlled 
by an electric field, if it is placed in direct contact to a top and bottom electrode. Therefore, 
the following two sample structures are proposed here to cover all the discussed requirements 
(figure 8.1): for both samples a Nb:STO substrate is used as the bottom electrode. It also 
has a suitable lattice constant of 3.905 A to allow for epitaxial growth of both, LSMO and 
BTO. Furthermore it mediates a compressive in-plane strain to BTO, which therefore grows in a 
tetragonal structure with elongated out-of-plane lattice constant. This results in an out-of-plane 
electric polarization, which is needed in the theoretical model to influence the magnetic structure 
of LSMO. A 100 mil gold layer sputtered on top of the samples after the sample preparation in 
the OMBE serves as the top electrode. Between the two electrodes both samples contain of a 
LSMO • . I SI'O • . bilayer, one of having LSMO on top of BTO and vice versa for the other 
sample. The reason for the preparation of both configurations is the much higher sensitivity of 
XRMS to the magnetic structure at the top interface of a layer compared to the bottom interface. 
Therefore, by having both configurations the magnetic profile in LSMO at the LSM O 'BTO
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Time [min]

Figure 8.3: RHEED oscillations during a growth of a BTO thin film on Nb:STO. The plot shows the 
last 26 oscillation of a nominal 116 u.c. thick BTO layer. The RHEED measurement proves layer-by-layer 
growth for the entire layer. The specular intensity corresponds to the central peak in figure 8.2, the 1st 

order intensities to the peaks to the left and right of the central reflection in figure 8.2.
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Figure 8.4: Sketch of the LSM O/BTO samples prepared for this work.
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interface can be analysed best in the sample where BTO is deposited on top of LSMO by XRMS 
with energies around the Mil L jj and L jj j  edges. In the other sample, by XRMS with energies 
around the Ti L jj and L jj j  edges it can be checked, whether a magnetic moment is induced on 
Ti at the BTO /LSM O  interface as has been predicted for example theoretically for Fe3 0 4/B T 0  
interfaces [ 731. Finally, to get a sufficient spacing between the top and bottom electrode an 
additional layer of an insulating material is destined in both samples. For the sample with the 
BTO layer on the bottom this layer needs to be between the substrate and BTO. Hence, for 
this sample a 100 u.c. thick noil-doped STO layer is deposited first on top of the conducting 
substrate, which remains the lattice constants unchanged for the LSMO 'B TO  bilayer. For the 
sample with BTO on top of LSMO the insulating layer needs to be deposited on top of BTO. 
In order to allow for the XRMS measurement, this layer is not grown in the OMBE chamber. It 
rather is deposited afterwards in a sputter chamber with a mask to leave a gap of about 1 mm in 
the middle of the sample, where the x-ray beam can be reflected. For this sample a SO nm thick 
S i0 2 is used as the insulating layer. The gold electrodes for both samples are deposited in the 
same sputter chamber with the same mask.

In the following, the structural characterization by XRR and XRD  will be presented. Those 
measurements have been performed before the deposition of the sputtered top layers. The 
results are listed in table 8.1. Figure 8.5 shows the X R R  measurements and simulations for 
both samples. The simulations have been done the same way as described in chapter 7 and also 
the results are in general very similar: good agreement with the data was found with the bulk 
values of the scattering length densities. The layer thicknesses are almost exactly matching with 
the nominal thicknesses for 15 u.c. LSMO and BTO layers and the 100 u.c. STO layer. Taking 
into account the out-of-plane lattice constants determined by XRD (see below and figure 8 .6 ), 
the LSMO layer thicknesses correspond rather to 13 to 11 u.c. and the BTO layer thicknesses to 
about 16u.c.. But since the oscillations visible in both data are due to the bilayer thickness, the 
single layer thicknesses can be determined less accurately. The bilayer thickness is very close to 
the nominal value. The rms-roughnesses for all interfaces are very small with values below 5 A. 
For the sample with the BTO layer on top an additional 6 A surface layer needs to be introduced 
as discussed in the previous chapter to model the surface structure more accurately. As expected 
for the OMBE growth, no layer inhomogeneities need to be taken into account to model the 
data.

In contrast to the LSMO 'STO bilayers of the previously discussed system, the XRD data of the 
LSMO 'BTO  bilayers can be modeled quite well (figure 8 .6 ). The reason for this is that the BTO 
has a sufficiently different out-of-plane lattice constant in comparison to the substrate. Therefore, 
the (002) reflection of the BTO layers is separated from the STO reflection and its position can 
be determined very accurately. For the LSMO reflection the same problem seems to be present 
as for the LSMO 'STO bilayers. But in contrary to the LSMO 'STO samples besides the LSMO 
(002) reflection, thickness oscillation are visible. First of all, this is an indication for a higher 
crystalline quality of the OMBE grown samples. Secondly, the thickness oscillation modulate the 
shape of the BTO reflection. From this modulation the position of the LSMO reflection can be 
extracted very accurately. In addition to the LSMO and BTO reflections, in the measurement 
of the sample with the LSMO layer on top the STO reflection of the 100 u.c. thick insulating 
layer deposited first on the Nb:STO substrate is visible at the position of the substrate reflection. 
Since it is very hard to model the contribution of this extra layer due to the strong merging with 
the substrate reflection, it has not been taken into account in the simulations. This does not 
affect the results for the LSMO and BTO lattice constants, since it has much shorter thickness 
oscillations, which would not affect the shape o f the LSMO and BTO peaks. The layer thicknesses 
obtained from the XRD  simulations are only reduced by 6 % with respect to the X R R  results 
indicating that almost the entire layers scatter coherently. The resulting lattice constants are

8.1 Preparation o f  stoichiometric and epitaxial LSMO/BTO bilayers by OMBE
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Figure 8.5: XRR measurements of both samples. The layer thicknesses resulting from the simulations 
are given in the sample sketches. Detailed results are listed in table 8.1
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Figure 8.6: XRD measurements of both samples around the (002) reflections of the layers and the sub
strates. The given values for the out-of-plane parameters c are obtained by the peak positions resulting 
from the simulations. Simulations have been done by using the plot.py data evaluation software [108].De

tailed results are listed in table 8.1.
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8 Results and Discussion II: Lao.$Sro.$h-IuOj/DaTiOj

listed together with the XRR results in table 8.1. There is a significant difference in the BTO 
lattice constants of both samples: whereas the simulation yields 1.10 A for the sample with the 
BTO layer below the LSMO layer, a value of 1.18 A is obtained for the other sample. This can 
be due to a different strain mediated to both BTO layers due to the fact that it is deposited 
once directly on STO and once on LSMO. This explanation only can be true, if the LSMO layer 
is at least partly relaxed at the surface, since it otherwise would still have the same in-plane 
lattice constants as the Nb:STO substrate. If it relaxes, it has an even smaller lattice constant 
than the 3.905 A of STO, resulting in a larger strain for the BTO and hence a larger out-of-plane 
lattice constant for the BTO layer deposited on LSMO. Another reason for the difference might 
be a slightly different stoichiometry in both BTO layers. In contrast, the lattice constants of 
the two LSMO layers are almost identical considering the error bars. A slightly smaller value 
for the LSMO layer deposited on BTO again can be explained by a slightly relaxed BTO layer 
underneath.

Tabic 8.1: Summary of the XRR and XRD characterization 
Listed are the rms-roughnesses ct, layer thicknesses d and out-of-plane lattice constants c of the substrate 
(sub), the LSMO layer, the BTO layer and of the surface layer (surf). The FOM has been calculated 

from formula (7.1). For all additional parameters see Appendix, section A.

BTO/LSM O LSM O/BTO

CTsurf [A] - 6.1 (6 )
ctlsm o  [A] 1.0 (5) 3.8 (1)
dLSMO [A] 51 (2 ) 52 (2)
cLSMO [A] 3.79 (2) 3.81 (3)
ctbto  [A] 2.5 (1) 2.0 (3)
dßTO [A] 66 (2 ) 68 (2 )
CBTO [A] 1.10 (2 ) 1.18 (2 )
CTsto [A] 3.5 (5) -
dSTO [A] 391 (2) -
CTsub [A] 2.7 (5) 3.2 (3)
F O M  [1Q-3] 1.16 2.56

In summary, LSMO 'B TO  bilayers of very high crystalline quality and smooth interfaces have 
been grown by OMBE. The in-situ RIIEED characterization revealed layer-by-layer growth 
throughout the deposition of every single layer. The layer thicknesses are very close to the 
nominal values of 15u.c. for both, LSMO and BTO layers. A significant difference in out-of
plane lattice constants of BTO deposited on STO and LSMO has been measured, which can be 
due to a different strain mediated by the different layers underneath or in a small variation of 
the stoichiometry.

8.2 Macroscopic magnetic and ferroelectric characterization

The characterization of the two samples has been done by performing temperature scans in a 
magnetic field of 0.5 mT from 5 to 310 K after cooling in a field of 1 T  (figure 8.7). Both samples 
differ strongly in their magnetic behavior. The sample with the LSMO layer on top of the BTO 
layer dearly shows an antiferromagnetic temperature dependence. This is in agreement with the 
results found for 300 A thick layers of LSMO having a nominal La/Sr ratio equal to one prepared
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8.2 Macroscopic magnetic and ferroelectric characterization

in the same OMBE device [61], In contrast, the sample with the opposite stacking order exhibits 
rather a ferromagnetic shaped temperature scan. However, the measured saturated moment at 
low temperatures of 4 ■. 10-8  Am 2 corresponds to a magnetic moment per Mn atom of 0.85 \x.b - 
This is significantly smaller than expected for a perfect ferromagnetic order. In addition, a kink is 
visible in the temperature scan around 100 K, which also indicates a ‘lion-perfect” ferromagnetic 
behavior. The most likely explanation for the deviation from the antiferromagnetic ordering is 
probably a deviation of the stoichiometry from the nominal values. A 300 Â LSMO layer with 
a nominal doping level of x  =  0.44 has been found to be ferromagnetic with a moment per Mn 
atom of 1.5 u s [61]. Therefore, the doping level in the sample with the LSMO layer below the 
BTO layer might be somewhere between x  =  0.44 and x  =  0.5. Since the Sr effusion cell shows 
drifts of the evaporation rate around 2 % /hr, a reduction of the rate after the rate calibration 
until the start of the film growth might result in a ferromagnetic LSMO layer. There is another 
possible explanation for the different magnetic behavior of both samples: even if they have 
exactly the same stoichiometry, the different strain mediated by the underlying layer - which in 
one case is tlie Nb:STO substrate, but in tlie other case the BTO thin film - might result in a 
different magnetic ordering. For doping levels close to, but smaller than x  =  0.5, bulk LSMO is 
ferromagnetic. But a small tensile in-plane strain is sufficient to change the order to an A-tvpe 
antiforromagnct (see strain versus doping level pase diagram (figure 2.5(b), [63,116]). Assuming 
that both samples have a stoichiometry in this doping level range, the LSMO layer deposited 
on BTO might slip in the antiferromagnetic phase due to the larger in-plane strain. However, 
we have seen in the previous section, that the out-of-plane lattice constants are only slightly 
different.

0 50 100 150 200 250 300

T  [K]

Figure 8.7: Temperature scans at 0.5 mT after cooling in a field of 1 T for both samples.

Even though the samples show clearly different magnetic properties, it needs to be emphasized 
that both LSMO layers haven been grown one after another at the same day at the same growth 
conditions. Hence, there possibly is a small difference in the stoichiometry of both layers, but 
it is limited by the drifts of the evaporation rates. Therefore, the strong differences for LSMO
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8 Results and Discussion II: Lao.$Sro.$h-IuOj/DaTiOj

samples with equal or at least very similar stoichiometry show, that both LSMO layers have 
exactly the intended properties: they have a stoichiometry close to the phase boundary between 
the antiferromagnetic and ferromagnetic phases of LSMO.

The only missing requirement to the LSMO 'B TO  bilayers in order to investigate the theoretical 
predictions is for the BTO layers to be ferroelectric and the possibility of switching the polar
ization by an electric field. Not surprisingly, this has been proven to be a difficult task for the 
samples under investigation in this work with the very thin BTO layers. Indeed, the ferroelectric 
characterization is far from being completed and further work needs to be done in this part of 
the work (see also chapter 9 (outlook)). So far, it has been tried to analyze the ferroelectric prop
erties with a commercial Radiant Precision LC apparatus (section 6.2.2). As mentioned before, 
a 80 nm S i0 2 film was deposited on the sample with the BTO layer on top of the LSMO layer. 
Afterwards, 100 nm thick gold electrodes have been sputtered on top of both samples to serve 
as a top electrode. Both electrodes have been contacted by bonding a wire on top of the gold 
pads and to the Nb:STO substrates. The wires have then be connected to the Radiant tester. 
In order to estimate the voltage needed to switch the polarization in a 15 u.c. ferroelectric BTO 
layer, the dielectric constants e of the materials between the electrodes need to be compared: as 
the voltage U applied to a capacitor is inversely proportional to the capacitance C, for the ratio 
Ui /U2 of the voltages dropping at the two layers in the samples follows:

U1 _  C  _  e2A /d 2 _  e2di
U2 Ci eiA/di eid,2

where A  is the area of the sample and d are the layer thicknesses. Since the two layers between 
the electrodes can be treated like a serial connection of two capacitors, the total voltage applied 
to the sample, i.e. between the gold pad and the substrate, adds up to U _  Ui +  U2 . The 
required voltage to switch a BTO layer placed in a capacitor without additional material has 
been found to be about 3 V  independent of the layer thickness and the dielectric constant of

2
has a very small dielectric constant of 1 , this results with the thicknesses in the sample with 
the BTO layer 011 top of the LSMO in rather high voltages somewhere in the range between 10 
and 100 V  in order to get a sufficient voltage drop over the BTO layer. Since such high voltages 
can not be applied with the available Radiant tester, the measurements have been performed 
only for the sample with the LSMO layer 011 top. Due to the much higher dielectric constant of 
STO (e _  200), it can be expected that more than half of the voltage applied between the top 
and bottom electrode of the sample drops at the BTO layer. Therefore, voltage well below 10 V 
should be sufficient to switch the ferroelectric polarization in BTO, if it behaves ferroelectric. In 
order to reduce the leakage currents, the sample has been cooled down to 70 K in the PPMS by
placing it 011 a resistivity puck, which can be contacted from outside the cooling chamber.

Hysteresis curves have been measured with different voltage ranges up to 5 V  and varying mea
surement times (1 to 100 ms). All Q versus V  curves show the similar shape shown in figure 
8 .8 . The measurements reveal the typical hysteretic artefacts known for lossy dielectric materi
als. The opening of the curve and the remanent Q value at zero voltage do not correspond to 
ferroelectric behavior, but are due to the second term in formula 6.7, which describes the leakage 
currents. Therefore, 110 ferroelectric behavior could be detected by using the Radiant tester up 
to now. In principle there are two possible reasons for this. The ferroelectric signal might be too 
weak to be clearly visible compared to the stronger dielectric loss signal caused by both, the STO 
and BTO layer. Secondly, the leakage currents could be too strong and avoid the switching of the 
electric dipole moments. In order to get a more accurate picture of the ferroelectric properties, a 
more detailed analysis o f the reasons for the dielectric loss currents needs to be done. The most 
likely one to cause the leakage currents probably is the too extreme sample dimensions, especially
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the BTO layer thickness. A study of smaller area capacitors of the same layer structure might 
reveal a the maximum possible values for the sample dimensions. It is also planned to analyze 
the samples by Piezo-Force-Microscopy in order to check the ferroelectric properties 011 smaller 
length scales and to obtain information on the domain sizes.

8.3 Analysis o f  the magnetic depth proßle

Figure 8.8: (a) Exemplary electrical characterization measurement, of the sample with the LSMO layer 
on top of the BTO layer measured in 1 ms. No clear ferroelectric behavior is visible. The shape of the 
Q(E) curve looks very similar to a mixture of the well known hysteresis artefacts caused by linear ((b) 
top sketch) or nonlinear ((b) bottom sketch) lossy dielectric. The sketches in (b) are taken from [119].

Even though the analysis of the ferroelectric properties of the BTO thin films still remains a 
challenging task to be done, the magnetic depth profile of the samples has been analyzed by 
XRMS measurements. The experimental setup has been used as described for the experiments 
in chapter 7. The samples have been mounted and adjusted in a way that the incoming and 
reflected x-ray beams pass through the gap left in the gold electrodes. By this, the strong 
absorption, which would result from the gold layer, is avoided, and the top two layers seen by 
the x-ray beam are the BTO and LSMO layers of the samples. In order to apply electric fields 
to the sample, small amounts of indium have been attached on the gold pads of the samples. 
To the indium thin copper wires have been compressed, which are lead out of the cryostat to 
a Keit.hley voltmeter. Data has been taken for both samples at 50: 100 and 150 K. At each 
temperature energy scans have been performed around the Mn L j j  and L j j j  edges from 630 to 
660 eV for three different incident angles 0 =  5 ,1 0  and 20 °. Like for the LSM O/STO system 
discussed in the previous chapter, each measurement was done twice at opposite magnetic fields. 
The two resulting XMCD data sets are subtracted to eliminate a, possible error signal caused by 
a difference between the initial intensities of the incoming LCP and RCP beam.

An exemplary set of temperature dependent XMCD measurements for the sample with the BTO 
on top of the LSMO layer is shown in figure 8.9. Similar to the LSM O/STO system in the 
previous chapter, 110 significant temperature dependence of the shape of the XRMS signal is
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8 Results and Discussion II: Lao.$Sro.$h-IuOj/DaTiOj

visible. Only the magnitude of the signal decreases with increasing temperature corresponding 
to the drop of the total magnetic moment of the samples.

is

Energy jeVj

Figure 8.9: Temperature dependence of the XRMS signal at 6 =10" of the sample with the BTO layer
on top of the LSMO layer.

A possible influence of an electric field on the magnetic profile has been investigated for a variety 
of different conditions for the sample with the BTO layer on top of the LSMO sample. An 
interface effect on the magnetic profile is expected to have a much stronger influence on the 
experimental data for this sample than for the one with the LSMO layer on top, since the 
LSMO 'B TO  interface is the top interface of the LSMO layer. As discussed before, the XRMS 
data is much more sensitive to changes at the top interface of the magnetic layer. Data has been 
taken again at 50, 100 and 150 K. The XMCD signal was measured at a lot of different applied 
electric fields up to 5 V, also at 0 V  after applying +5 or —5 V. In addition the field dependent 
measurements have been taken in the maximum magnetic field of 0.05 T  and at zero field, since 
it is not obvious under witch condition the magnetic profile would be easier to manipulate. Data 
was also taken after field cooling and zero field cooling the sample to 50 and 100 K. No change in 
the magnetic profile has been detected for any of the described experimental conditions. In figure
8.10 three scans are shown for zero, maximum and negative maximum applied electric voltage 
at 50 K. The only difference visible is a change of the magnitude of the signal. However, this can 
not be due to an interface effect, since the shape and thus the magnetic profile remains the same. 
It seems to be unlikely, that an applied voltage changes the magnitude of the magnetic moment 
of the entire LSMO layer. It needs to be clarified, whether the difference in the scaling is an 
experimental artefact caused by the voltage. One possible reason could be a slightly different 
sample temperature, but, since the high voltage data shows the strongest signal, the temperature 
needs to be smaller at applied fields. A heating of the sample by the electric current would rather 
be expected.

Even though a reduced sensitivity to a change in the magnetic profile at the LSMO 'B TO  interface 
is expected, the electric field dependence was also checked for the sample with the LSMO layer
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8.3 Analysis o f  the magnetic depth profile

Energy jeVj

Figure 8.10: Elertrir field dependence of the XRMS signal of the sample with the BTO layer on top of 
the LSMO layer at 50 K for an incident angle of 6 _  10".

Energy jeV|

Figure 8.11: Average (LCP plus RCP) and XMCD signal measured around the Ti L/ I  an L/ I I  edges 
on the sample with the LSMO on top of the BTO layer at 50 K and an incident angle of 5 "
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on top of the BTO layer. As mentioned in the previous section, higher electric fields are expected
2

sample, up to voltages of 8 V  110 influence 011 the XMCD data was detected. Unfortunately, a 
dielectric breakdown occured after applying 10 V  resulting in a short circuit thorugh the sample, 
even though this voltage was expected to be well below the breakdown voltage. Therefore, 
further investigation was not possible. However, this sample was used to analyze a possible 
induced magnetization 011 Ti at the LSMO 'B TO  interface. I11 contrast to the magnetic profile 
in LSMO, this sample is better suited for the analysis o f the BTO at the interface to LSMO. For 
this purpose energy scans at maximum field have been performed around the Ti L jj and L jjj 
edges from 450 to 475 eV. The measurement at 50 K and an incident angle 6 _  5 deg is shown in 
figure 8.11. Within the resolution of the experiment, 110 induced moment has been detected 011 
Ti (the XMCD signal in the plot has already been multiplied by 10).

Since there is 110 dependence of the data visible 011 neither temperature nor electric field, in the 
following only the data taken at 50 K will be discussed in order to analyze the magnetic profile 
of the LSMO layer for both samples quantitatively. The biggest obstacle for the simulations is 
the fact that 110 indices of refraction and magneto-optical constants are available for the LSMO 
with doping level x _  0.5. It has been tried to determine the data by measuring the XMCD 
fluorescence signal o f a thick LSMO standard sample of the same composition. However, the 
data was too noisy to extract reliable parameters for the N (E )  Mid Q (E ) values. Therefore, the 
indices of refraction and magneto-optical constants for LSMO with doping level x _  0.33 have 
been used for the simulations. It has been seen in the previous chapter that the error made by 
using the ‘'wrong" parameters is not too big, since good agreement to the PNR data was obtained 
even for samples with supposably different Mn3+ /M n 4+ ratios.

The results for the sample with the BTO layer 011 top, which showed a ferromagnetic like behavior 
in the PPMS characterization, is shown in figure 8.12. Even though, there are some differences

6 =
XMCD signal is reproduced very well by the simulations. It can be assumed, that the majority of 
the discrepancies is caused by using the N (Q ) Mid Q (E ) values for a doping level o f x _  0.33. In 
spite of this, the results obtained from the best fit are in agreement with the general tendencies 
found 011 the LSMO 'STO system and the macroscopic sample characterization: similarly to the 
results 011 the LSMO 'STO samples in chapter 7, the best simulations yield slightly thinner layer 
thicknesses than obtained by X R R  (about 5 %). Since 110 or only small thickness inhomogeneities 
are expected for the samples grown by OMBE (which was also proven by X R R ), there must be 
an additional reason for the tendency of thinner layer thicknesses determined by XRMS. Apart 
from that, the parameters obtained from the fit are in agreement with the previous sample 
characterization. A homogeneous magnetization is found for the majority of the LSMO layer. 
The value for the size of the magnetization is about 30 % of the bulk value for LSMO having a 
doping level of x _  0.33. This conforms to a magnetic moment per Mil at0111 of roughly 1 p._g. In 
addition, there is indication for slightly reduced magnetic moment at the interface to the Nb:STO 
substrate. Due to the strongly reduced magnetic moment compared to the maximum value for 
a purely ferromagnetic ordering, we already assumed from the PPMS measurements that the 
sample has a strong tendency to an antiferromagnetic order. The reduced magnetic moment at 
the interface could again be caused by the tensile in-plane strain caused by the substrate which 
favors the antiferromagnetic a-type order. From the magnetic profile given in figure 8.12 one can 
calculate an average magnetic moment of 0.94 per Mn atom. This value is slightly higher 
than the one obtained from PPMS. There are (at least) two possible reasons for the difference: 
If by XRMS only a smaller than the real chemical thickness is measured, but the total magnetic 
moment is determined correctly, one obtains a higher moment per M11 atom. Secondly, the size 
of the sample of 7.5 x 7.5 mm2 can cause a systematic error in the PPMS measurement: the more
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Figure 8.12: XMCD signal of the sample with the BTO layer on top of the LSMO layer for all three 
incident angles. The slab structure of the sample for the simulations is shown in the bottom right. Only 
the BTO and LSMO layer of the sample are shown. The thicknesses indicated are determined by the 
simulation of the reflectivity data. The arrow indicates a layer with non zero magnetic scattering length 
density, where the number to the right gives the fraction of the maximum theoretical value of LSMO

having a doping level of x =  0.33.
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a sample deviates from a point-like shape in the direction of the sample vibration, the more does 
the resulting moment deviate to smaller values.

The best fit for the sample with the LSMO top layer are shown in figure 8.13. First of all, it can 
be seen, that the XM CD signal is about 20 times smaller than for the previous sample. From 
the PPMS measurement the strong reduction was expected due to the antiferromagnetic like 
behavior of the sample. There is still a clear XM CD signal visible. For an antiferromagnetic 
material this can be explained by canted moments due to the applied magnetic field during the 
measurement. There is an additional factor that hampers the data evaluation: It was discussed 
before that there is a small difference between the incident intensities for the LCP and RCP 
x-ray beam. This results in an erroneous contribution in the XMCD data after subtracting the 
LCP from the RCP measurement. This error signal can be eliminated by measuring opposite 
fields and subtracting both XM CD signal from each other. This works very well in general, 
but it might cause additional uncertainties to the data of the antiferromagnetic sample: Since 
the error signal has a relative strength compared to the average signal, i.e. LCP plus RCP, 
of 0.5 to 0.7% , it is almost negligible for ferromagnetic samples, but it is stronger than the 
true XMCD signal of the antiferromagnetic sample discussed here (figure 8.11). Even though 
the elimination of the signal seems to work, it might add some variation to the resulting data. 
Despite all this, it was possible to reproduce most features of the data fairly good. Again the 
thicknesses are slightly smaller as compared to the XRR data, but reduced by the same amount 
as for the previous sample. The magnetic profile shows a very small magnetic moment in general 
having a value of 1.2%. for the first 32 Ä of the LSMO layer and 0.2%. for the top 16 Ä. The 
size of the magnetization seems to be reasonable for a canted antiferromagnet. The reduction 
of the moment at the surface might be due to a hindered canting by the reduced dimensionality 
compared to the rest of the layer. It needs to be clarified, that the absolute values obtained for 
thicknesses and magnetic moments have much bigger uncertainties than for the other sample or 
for the data evaluation of the LSMO 'STO system. However, the magnetic profile is fairly fixed 
by the shape of the XMCD data. Therefore, at least the significant reduction of the average 
magnetic moment at the interface is a robust qualitative result even though the absolute values 
might not be as accurate as for the previous samples. This is a very important fact, since similar 
subtleties are probably not, but definitely not in the same amount of time detectable by PNR. It 
therefore shows the possible application of XRMS for determining even detailed magnetic profiles 
of samples with small average magnetic moments.
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Figure 8.13: XMCD signal of the sample with the LSMO layer on top of the BTO layer for all three 
incident angles. The slab structure of the sample for the simulations is shown in the bottom right. Only 
the BTO and LSMO layer of the sample are shown. The thicknesses indicated are determined by the 
simulation of the reflectivity data. The arrow indicates a layer with non zero magnetic scattering length 
density, where the number to the right gives the fraction of the maximum theoretical value of LSMO

having a doping level of x =  0.33.
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6 =  15" (b). Plotted are the XMCD signal determined at +500Oe and —500 Oe in green and blue, 
respectively. The average of both measurements (black solid line) gives the error signal. The difference 

(red) is the true XMCD signal shown in figure 8.13.

96



9 Sum m ary ,  Conc lus ion  and O u t lo o k

In this work single crystalline thin films of oxide materials have been prepared and analysed. 
The results for both systems will be summarized and an outlook for possible future experiments 
will be given in the following.

L a o .6 6S r o .3 3 M n 0 3 _ s / S r T i 0 3

The aim for the analysis of this system was a deeper understanding of the unusual occurence of 
an Exchange Bias effect (EB) in this system reported by Zhu et al. jl| even though there is no 
nominal antiferromagnetic material present. Single crystalline Lao.66Si'o.33Mn03-6  (LSMO) single 
and Lao.66Sro.33Mn0 3 _6/SrTi0 3  (LSM O/STO) bilayers have been prepared by High Oxygen 
Pressure Sputter Deposition and Pulsed Laser Deposition on (001) oriented SrTiOs substrates. 
The stoichiometry of the layers was confirmed by RBS except for the oxygen content, since the 
sensitivity of the RBS measurement is not sufficient to check the amount of oxygen contained in 
the layers.

It was possible, to reproduced the EB effect in samples grown by sputter deposition by varying 
the oxygen pressure during the growth. Whereas samples grown at oxygen pressures higher 
than 1.0 mbar showed symmetric ferromagnetic hysteresis curves, samples grown at lower oxygen 
pressures revealed an exchange bias effect. With decreasing oxygen pressure, the exchange bias 
field was increasing. Additionally, very strong indications have been found that the samples 
grown at lower oxygen pressures are oxygen deficient: enhanced out-of-plane lattice constants 
and reduced Curie temperatures have been detected. Both effects are well known consequences 
of oxygen deficiencies in LSMO or other manganite thin films. Furthermore, increasing coercive 
fields and reduced magnetic moments per Mil atom are also in accordance with previous findings, 
where they have been explained by inhomogeneities in the magnetic structure of the LSMO 
films jl0 9 ,1101.

In order to understand, whether and how the oxygen deficiencies are linked to the exchange bias 
effect, the magnetic depth profiles in the samples have been determined by combining X-ray 
Reflectometry (X RR), Polarized Neutron Reflectometry (PNR) and X-ray Resonant Magentic 
Scattering (XRMS). The analysis o f the experimental data taken by the two complimentary 
methods yield a completely ferromagnetically ordered LSMO layer in the sample without exchang 
bias effect. In contrary, in the samples grown at lower oxygen pressures, a region with strongly 
reduced magnetization was detected at the interface to the STO substrate. The thickness of this 
interface region is increasing with increasing exchange bias effect.

The results of the various experimental techniques lead to the following interpretation of the 
origin of the exchange bias in this system on the bases of the strain versus doping phase diagram 
established by Fang et al. |116| and Konishi et al. |G3|: By a combination of oxygen deficiency and 
strain, the interface-near LSMO can shift to the antiferromagnetic region of the phase diagram. 
The major part of the LSMO layer, where the strain is released completely - or at least partly 
-, then orders ferromagnetically. In this way, the antiferromagnetic region in the sample can 
define the preferred orientation for the magnetization in the ferromagnetic part of the LSMO
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layer, which is needed in order to create an exchange bias effect. It is important to note that 
since the EB effect is purely due to the LSMO layer and the STO substrate is only needed to 
mediate the strain, one is not limited to having to chose an antiferromagnet on the one side and 
a ferromagnet on the other side of the chemical interface to create an EB effect. This opens up 
the opportunity of choosing the second material independently as long as it sets the right strain 
to the magnetic layer. As in our case, one layer need not to be magnetic at all, but could have 
other properties, which possibly create completely new and more versatile functionalities.

Even though the single results can be put together to a comprehensive picture of the origin of 
the exchange bias effect in the LSMO single and LSMO 'STO bilayers, there are open questions, 
which are of big interest for future investigations: In order to proof that the reduction of the 
magnetization at the interface is caused by strain, a detailed analysis o f the lattice parameters in 
the LSMO needs to be done depth resolved. Since the intensity at laboratory x-ray instruments 
is not sufficient for this purpose, these experiments need to be performed at a synchrotron source. 
Instead of analyzing the existing samples, preparing a set of very thin LSMO layers of varying 
layer thicknesses under the same growth conditions might be an alternate way to approach this 
question. In these samples it might be easier to investigate the evolution of the out-of-plane lat
tice constant as a function of the distance to the STO interface. Secondly, it might be interesting 
to analyze, how the properties of the samples alter after annealing them in vacuum and oxygen 
atmosphere, respectively. It has been reported by other groups |120| that the oxygen stoichiom
etry can be influenced by annealing even after the preparation of the samples. Therefore, one 
should investigate, whether the size of the exchange bias can be shifted to larger or smaller val
ues by such annealing treatments. Finally, the exact magnetic structure on a microscopic length 
scale - especially in the near interface region - needs to be resolved. Information on the proposed 
inhomogeneous magnetic structure of the LSMO layers could be analysed by off-specular PNR. 
In addition, Polarized Neutron Diffraction could be applied in order to detect additional mag
netic reflections, which are caused by a possible antiferromagnetic structure in the samples. E.g. 
an layered antiferromagnetic order would give rise to half-integer reflections due to the doubling 
of the unit cell. Both neutron experiments require the preparation of LSMO 'STO superlattices, 
since the expected intensities are too small for single or bilayer samples. Another promising 
experiment to reveal antiferromagnetic regions in the samples might be the application of X-ray 
Magnetic Linear Dichroism (XMLD): since the XMLD signal is proportional to the square of the 
magnetic moments, it is also sensitive to antiferromagnetic structures. By subtracting the contri
butions of the ferromagnetic part of the sample to the XMLD signal, one may be able to provide 
evidence for antiferromagnetic ordered regions in the sample. By performing the experiment 
in reflectometry geometry - similar to the XM CD experiments in this work -, it might even be 
possible to gain depth resolved information on the antiferromagnetic structure of the sample and 
thus get a more detailed picture of the overall magnetic structure in the LSMO 'STO system. By 
this, it might not only be possible to proof, to what extend the interface region is ordered antifer
romagnetically. On might also gain information, whether the ferromagnetic part of the layers is 
ordered homogeneously or whether there are also antiferromagnetic regions present in this part 
of the layer. This might lead to a deeper understanding of the proposed inhomogeneities in the 
oxygen deficient LSMO layers, which are believed to cause the experimental results discussed in 
chapter 7.2 (enhanced coercive fields, lower Curie temperatures, lower saturation moments).

Lao.5Sro.5M n03/B a T i03

Burton et al. proposed the possibility of creating an artificial multiferroic material by arranging 
Lao.sSro.sMnOa and BaTiOj in a thin film system |2|. Their theoretical calculations resulted 
in the possibility of changing the magnetic structure of LSMO at the interface by switching
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the electric polarization in the BTO layer. Therefore, Lao.sSi'o.jMnOa/BaTiOa bilayers have 
been prepared by Oxide Molecular Beam Epitaxy (OMBE). The stoichiometry of the samples 
has been controlled by evaporation rate calibration prior and after the deposition. Epitaxial 
layer-by-layer growth was confirmed by in-situ RIIEED analysis. The Nb doped STO substrate 
and a gold layer sputtered on top of the sample have been used as a bottom and top electrode, 
respectively, for the electrical contacting. The intention to analyze the magnetic depth profile 
by XRMS and PNR limited the thicknesses of the LSMO and BTO layer to values smaller than 
15 u.c.. Therefore, in order to minimize the leakage currents of the samples, when an electric field 
is applied, an additional insulating layer was placed between the top and bottom electrode.

Atomically smooth interfaces and high crystalline quality have been detected by XRR and XRD. 
The macroscopic magnetic properties of the samples have been shown to be strongly depen
dent on the stacking order of the BTO and LSMO layers: whereas the sample with the BTO 
layer on top of the LSMO layer showed ferromagnetic behavior, the sample with the opposite 
arrangement revealed antiferromagnetic signature in the temperature dependent magnetization 
measurements. Since both sample have been grown under the same conditions, this prooves that 
the stoichiometry of the LSMO films is very close to the desired value, namely at the border in 
the phase diagram between the ferromagnetic and antiferromagnetic region. The characterization 
and controlling of the electric polarization of the thin BTO layers remains the major problem in 
this system. So far no clear proof o f ferroelectricity was obtained in the thin film samples.

The XRMS measurements did not reveal any influence of the application of an electric voltage 
between the top and bottom electrodes of the samples on the magnetic profile of the LSMO 
layer, which can be due to two reasons: in contrary to the theoretical predictions, the switching 
of the polarization in BTO in the samples does not cause a change in the magnetic profile at the 
interface. Or, secondly, the thin BTO layer is not ferroelectric at least not on the large length 
scales, which have been used in this work. However, it was possible to analyze the magnetic 
profiles of the samples quantitatively by simulating the experimental data. The results are in 
agreement with the macroscopic magnetic characterization: a much larger ferromagnetic moment 
was detected for the ferromagnetic sample than for the antiferromagnetic one. The small non
zero net magnetization in the antiferromagnetic sample probably is caused by tilted magnetic 
moments due to the applied magnetic field during the measurement. The tilting seems to be 
suppressed at the interface to air. Especially the analysis of the antiferromagnetic sample proofs 
the strength of the XRMS experimental technique: Even in samples with very weak magnetic 
signal - like antiferromagnetic ordered thin films - it is possible to analyze the magnetization 
depth dependent, which is much harder e.g. by PNR.

Future investigations of this system definitely need to priorize the characterization of the fer
roelectric properties of the BTO in order to be able to switch the polarization reliably. This 
can be done on the one hand by applying additional experimental techniques like Piezo-Force- 
Microscopy. On the other hand, since the leakage currents in BTO are a well known problem, 
one might think about alternate ferroelectric materials even though the theoretical calculations 
have been done for BTO. Alternatively, the use of different substrates might reduce the leakage 
currents as has been seen in previous works j l l 8 |.
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A. F i t  results o f  the  X R R  and P N R  data  
eva lua t ion

In this section all parameters and results will be listed for the best obtained fits to the experi
mental X R R  and the PNR data taken at 5 K. The statistical errors are determined as discussed 
in the result sections. Parameters indicated as ‘'fixed" have been kept constant during the fitting 
procedure. Layer thicknesses and rms roughness are given in A. scattering length densities (SLD) 
in 10- 6 A - 2 . In chapter 7 and 8 the thicknesses of the surface layers have been added to the 
thicknesses of the top material as described in the discussion.

A . l  Lao.66Sro.33Mn03_s/SrTi03 

A .1.1 XRR

L S M O /S T O  bilayer grown by PLD:

Surface layer thickness 8.0 (fixed)

Surface layer SLD real part 3.6 (6)

Surface layer SLD imaginary part 0.16 (3)

Surface layer rms roughness 4.2 (5)

STO layer thickness 70 (2)

STO layer SLD real part 15.0 (fixed)

STO layer SLD imaginary part 0.68 (fixed)

STO layer rms roughness 2.5 (5)

LSMO layer thickness 85 (2)

LSMO layer SLD real part 18.0 (fixed)

LSMO layer SLD imaginary part 1.88 (fixed)

LSMO layer rms roughness 2 (5)

STO substrate SLD real part 15.0 (fixed)

STO layer SLD imaginary part 0.68 (fixed)

STO substrate rms roughness 2.4 (5)

Layer inhomgeneity parameter ['/,] 6.8 (4)

Figure of merit (xlOOO) 0.66
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L S M O /S T O  bilayer grown by HSD at 1.0 mbar:

Surface layer thickness 8.0 (fixed)

Surface layer SLD real part 5.2 (6)
Surface layer SLD imaginary part 0.23 (3)

Surface layer rms roughness 12 (1)

STO layer thickness 60 (2)

STO layer SLD real part 15.0 (fixed)

STO layer SLD imaginary part 0.68 (fixed)

STO layer rms roughness 4.4 (5)

LSMO layer thickness 87 (2)

LSMO layer SLD real part 18.0 (fixed)

LSMO layer SLD imaginary part 1.88 (fixed)

LSMO layer rms roughness 4.5 (5)

STO substrate SLD real part 15.0 (fixed)

STO layer SLD imaginary part 0.68 (fixed)

STO substrate rms roughness 3.0 (5)

Layer inhomgeneity parameter ['/,] 5.0 (3)

Figure of merit (xlOOO) 1.95

LSM O single layer grown by HSD at 0.8 mbar:

Surface layer thickness 8.0 (fixed)

Surface layer SLD real part 9.0 (8)
Surface layer SLD imaginary part 0.9 (1)
Surface layer rms roughness 3.3 (5)

LSMO layer thickness 105 (1)
LSMO layer SLD real part 18.0 (fixed)

LSMO layer SLD imaginary part 1.88 (fixed)

LSMO layer rms roughness 16 (2)

STO substrate SLD real part 15.0 (fixed)

STO layer SLD imaginary part 0.68 (fixed)

STO substrate rms roughness 4.4 (5)

Layer inhomgeneity parameter ['/,] 5.6 (4)

Figure of merit (xlOOO) 2.69
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LSM O single layer grown by HSD at 0.6 mbar:

Surface layer thickness 10 (2)

Surface layer SLD real part 9.4 (8)
Surface layer SLD imaginary part 1.0 (1)
Surface layer rms roughness 2.0 (5)

LSMO layer thickness 177 (2)

LSMO layer SLD real part 18.0 (fixed)

LSMO layer SLD imaginary part 1.88 (fixed)

LSMO layer rms roughness 21 (3)

STO substrate SLD real part 15.0 (fixed)

STO layer SLD imaginary part 0.68 (fixed)

STO substrate rms roughness 2.0 (5)

Layer inhomgeneity parameter [*/,] 3.9 (3)

Figure of merit (xlOOO) 2.93

A .1.2 PNR a t 5 K

Since the chemical interfaces can not be resolved by PNR due to the very similar nuclear SLD 
of STO and LSMO, the layer with a non-zero magnetic SLD is denoted as *'FM layer" in the 
following lists. One has to keep in mind that the layers in the following lists do not necessarily 
correspond to the true chemical layers, but to regions of different magnetic SLDs. For details 
see discussion in chapter 7.

L S M O /S T O  bilayer grown by PLD:

STO layer thickness 66 (3)

STO layer SLD real part 3.5 (3)

STO layer SLD imaginary part 0 (fixed)

STO layer rms roughness 10 (7)

FM layer thickness 86 (3)

FM layer SLD real part 3.5 (3)

FM layer SLD imaginary part 0 (fixed)

FM layer magnetic SLD 1.35 (8)

FM layer rms roughness 6 (6)

STO substrate SLD real part 3.3 (3)

STO layer SLD imaginary part 0 (fixed)

STO substrate rms roughness 5 (5)

Figure of merit (xlOOO) 11.3
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LSM O single layer grown by HSD at 0.8 mbar:

FM layer thickness 95 (4)

FM layer SLD real part 3.5 (3)

FM layer SLD imaginary part 0 (fixed)

FM layer magnetic SLD 1.06 (8)

FM layer rms roughness 15 (7)

STO substrate SLD real part 3.4 (3)
STO layer SLD imaginary part 0 (fixed)

STO substrate rms roughness 5 (5)

Figure of merit (xlOOO) 6.64

LSM O single layer grown by HSD at 0.6 mbar:

LSMO layer thickness 140 (10)

LSMO layer SLD real part 3.1 (3)

LSMO layer SLD imaginary part 0 (fixed)

LSMO layer magnetic SLD 0.34 (4)

LSMO layer rms roughness 24 (10)

STO substrate SLD real part 3.3 (3)

STO layer SLD imaginary part 0 (fixed)

STO substrate rms roughness 5 (5)

Figure of merit (xlOOO) 82.1

A .2 Lao.5Sro.5Mn03/BaTi03 

A.2.1 XRR

L S M O /B T O  bilayer with LSM O on top of B T O :

LSMO layer thickness 51 (2)

LSMO layer SLD real part 17.6 (fixed)

LSMO layer SLD imaginary part 1.62 (fixed)

LSMO layer rms roughness 4.0 (5)

BTO layer thickness 66 (2)

BTO layer SLD real part 16.8 (fixed)

BTO layer SLD imaginary part 1.82 (fixed)

BTO layer rms roughness 2.5 (4)

STO layer thickness 391 (2)

STO layer SLD real part 15.0 (fixed)

STO layer SLD imaginary part 0.68 (fixed)
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STO layer rms roughness 3.5 (5)

Nb:ST0 substrate SLD real part 15.8 (4)
Nb:ST0 layer SLD imaginary part 0.72 (2)
Nb:ST0 substrate rms roughness 2.7 (5)

Layer inhomgeneity parameter ['/,] 6.8 (4)

Figure of merit (xlOOO) 1.16

L S M O /B T O  bilayer with BTO  on top of LSM O:

Surface layer thickness 6 (2)
Surface layer SLD real part 6.2 (2)
Surface layer SLD imaginary part 0.23 (3)
Surface layer rms roughness 6.1 (6)

BTO layer thickness 66 (2)
BTO layer SLD real part 16.8 (fixed)

BTO layer SLD imaginary part 1.82 (fixed)

BTO layer rms roughness 2.0 (3)

LSMO layer thickness 52 (2)
LSMO layer SLD real part 17.6 (fixed)

LSMO layer SLD imaginary part 1.62 (fixed)

LSMO layer rms roughness 3.8 (4)

Nb:ST0 substrate SLD real part 15.4 (4)
Nb:ST0 layer SLD imaginary part 0.70 (2)
Nb:ST0 substrate rms roughness 3.2 (3)

Layer inhomgeneity parameter ['/,] 5.0 (3)

Figure of merit (xlOOO) 2.56
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