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CHAPTER 1 

INTRODUCTION 
 

We live in an information based society made possible by technology that progresses with nanoscale 
fabrication methods. The development of new solid-state devices to meet the increasing demands on 
miniaturization and functionalities keeps material science in constant growth. In particular, improving storage 
densities for the relentlessly increasing data receives much attention from the scientific community. In turn, 
advances in nanotechnology trigger the enthusiasm for unexplored opportunities of theoretical and 
experimental physicists with both academic and industrial purposes in mind. Spintronics, a new field that 
brings together basic physics, materials science and nano-science, births new technologies capable to improve, 
among others, the current strategies for low consumption random access memories (RAM). 

In this chapter, we contextualize this thesis in the Spintronics scenario and describe some of the most 
important challenges met by Spintronics in recent years. Following the improvements in data storage and 
RAM applications as guidelines we describe the evolution of Spintronics from the use of magnetic fields and 
spin-polarized currents in the early years to the current approaches related to multiferroic materials and 
magnetoelectric coupling. At the end of the chapter the main motivations of this work are presented as well as 
the choice of the materials and the contribution of this thesis to the field of Spintronics and materials science. 

  

 

SPINTRONICS 
Spintronics is currently one of the most exciting and active research areas in condensed-matter physics 
[Sinova2012, Steil2013, Fert2013, Xue2013]. It is based on the control of the electron spins in addition to 
charges – hence, the name spin-transport electronics. Important applications of Spintronics run from spin field 
effect transistors to spin quantum computers. In particular, a highly successful result of Spintronics is the 
fabrication of devices such as read-heads that enable high density information management, with more Tbytes 
each year at lower cost. The key for novel Spintronics applications takes advantage of the exotic behavior 
appearing in nanomagnetic systems at ultrafast time-scales or under non-equilibrium configurations 
[Smart2011, Winpenny2013]. The success of giant magnetoresistance (GMR) and its broad application and 
commercial impact on information technology – which awarded Albert Fert and Peter Grünberg the Nobel 
Prize in Physics in 2007 [Fert2008, Grünberg2008] – boosted the interest of the scientific community in these 
systems over the past two decades. The discovery of GMR in 1988 is considered the starting point of 
Spintronics.  

Recent discoveries in Spintronics have enabled the control and manipulation of magnetic moments in diverse 
manners [Bader2010]. Figure 1 shows some of the most important of these approaches classified according to 
the variable used to control and manipulate the spins in a magnetic specimen, that is,  photonic, magnetic or 
electric fields as well as spin-polarized currents. In processes such as tunnelling magnetoresistance (TMR), 
spin transfer torque (STT) [Tay2013, Locatelli2013, Saidaoui2013, Stiles2002] and devices such as racetrack 
memories [Trinh2013, Parkin2008, Chappert2007], control is achieved through spin-polarized currents. Other 
control mechanisms are those found in topological insulators [Winpenny2013, Hasan2010, Cava2013, 
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modified through the piezoelectric effect of a ferroelectric substrate. In general, combining piezomagnetism, 
piezoelectricity (linear), magnetostriction or electrostriction (cuadratic), artificial magnetoelectric materials can 
be fabricated [Vaz2010, Eerenstein2006, Livesey2011]. Several examples of these systems are nano-patterned 
heterostructures [Lu2011], composites [Wang2011] or epitaxial multilayers [Li2009, Eerenstein2007, 
Moya2012, Thiele2007, Vaz2012].  

As far as ferromagnetic layers on ferroelectric substrates are concerned, changes in the magnetism of the 
ferromagnetic layer are mediated by the piezoelectric effect of the substrate via magnetoelastic coupling (ME). 
Magnetoelasticity is a phenomenon in which the dimensions of a magnetic material – and its preferred 
direction of magnetization – change due to the applied stress.  

Magnetoelectric coupling at the interface of a ferromagnetic/ferroelectric heterostructure may also involve 
changes in the magnetocrystalline anisotropy near the interface when an electric field is applied [Wang2013]. 
Since the magnetic anisotropy determines the preferential direction of the magnetization in a magnetic thin 
film, this phenomenon may allow switching the magnetic moment and, therefore, is interesting for 
applications. 

INTERFACE RECONSTRUCTION 
Interfacial electronic reconstruction based magnetoelectric coupling occurs at the ferromagnet/insulator 
interface due to spin-dependent screening: at the interface, an applied electric field induces accumulation or 
depletion of spin-polarized electrons resulting in a change of the interface magnetization [Tsymbal]. Interface 
magnetoelectric effects may involve magnetic reconstruction, i.e. a change in how magnetic moments are 
ordered near the interface, leading to a significant change of the interface magnetization [Tsymbal2009, 
Dagotto2012, Sohrab2012].  

Good examples of the interface reconstruction-based mechanism of magnetoelectric effect are Fe/BaTiO3 or 
Co/BaTiO3 multilayers [Bea2008]. In these heterostructures, the bond fluctuation at the 
ferroelectric/ferromagnetic interface modulates the interfacial magnetization upon polarization reversal due to 
the interface bonding sensitivity to the atomic displacements there.  

 

MOTIVATION AND AIMS OF THIS THESIS 
From a practical point of view, the study of new suitable materials and heterostructures for multiferroic 
systems is of great relevance [Wu2013, Streubel2013, Lahtinen2012, Perks2012], and the strategy of 
electrically modifying magnetic orders emerges as a good alternative for the needs of modern information 
technologies.  

Presently, many of the actively studied multiferroic heterostructures combine different types of complex 
oxides, which comprise two or more transition metal cations (usually 3d) and oxygen [Spaldin2010, Bea2008, 
Bibes2007]. The interest in these materials resides in the highly localized electrons that lead to the so-called 
strong correlation physics, which, in consequence, lead to unusual magnetic and electronic phenomena, such as 
metal insulator transitions, superconductivity or half-metallicity, often used in technological applications.  

In this thesis, we studied a particular case of multiferroic heterostructures consisting of a ferromagnetic thin 
film layer (La0.7Ca0.3MnO3 manganite) grown on ferroelectric BaTiO3 substrates. The choice of these materials 
is motivated by their similar perovskite structure (see Fig. 5) and lattice parameters, which allows epitaxial 
growth and, more importantly, by their intrinsic properties. Optimal doped manganite La0.7Ca0.3MnO3 is a 
strongly correlated compound well known for exhibiting CMR effect. This manganite is particularly prone to 
phase separation [Dagotto2003] and, therefore, susceptible of being strongly affected by substrate strain and 



 
 

‐ 11 ‐

ferroelectric polarization. On the other hand, BaTiO3 is one of the most studied ferroelectric materials of the 
perovskite class [Shirane1993]. Bulk properties of La0.7Ca0.3MnO3 and BaTiO3 as well as the ferromagnetic 
and ferroelectric properties in these compounds will be reviewed in Chapter 2. 

In thin film geometry, interfacial electronic reconstruction and strain mediated processes (magnetoelastic 
coupling) appearing between substrate and thin film (or between thin films in multilayers) drastically modifies 
the compound properties. As discussed before, taking advantage of these processes is the key in the design of 
new devices. Whether these effects alter the magnetic order of the whole thin film (magnetic anisotropy, 
electronic transport…) or are localized in the interface (interface reconstruction), the starting point is to study 
the properties of one single interface, and, later, the implementation in multilayered or more complex nano-
patterned devices.  

An important aim of this thesis is to explore the interfacial effects in La0.7Ca0.3MnO3//BaTiO3 ultra-thin films 
that arise from the interaction between the ferroelectric and magnetic orders at the discontinuity between thin 
film and substrate. In La0.7Ca0.3MnO3//BaTiO3, the effect of the substrate is prominent and the way to enhance 
the observation of interfacial effects is through reducing the thickness of the thin film. The other way is to 
explore the magnetoelectric effect in La0.7Ca0.3MnO3//BaTiO3 by modifying the magnetic phase via the 
polarization of the ferroelectric (electric field control of magnetization). The results shown throughout this 
thesis reveal new, unexpected, physics that are ultimately related to strong magnetoelastic coupling between 
substrate and thin film. This magnetoelastic coupling is also responsible for the strong magnetoelectric effects 
observed in La0.7Ca0.3MnO3//BaTiO3 systems.  

 

THESIS OUTLINE 
 

 Chapter 2: An introduction to the main properties of La0.7Ca0.3MnO3 and BaTiO3 bulk compounds is 
given, highlighting those characteristics relevant to the rest of the thesis.  

 Chapter 3: The experimental techniques used throughout the thesis is reviewed 

 Chapter 4: The structural characterization of La0.7Ca0.3MnO3//BaTiO3 is discussed. The presence of 
ferroelectric domains and surface corrugation in BaTiO3 bulk results in enhanced interface effects with 
the ferromagnetic thin film. X-ray diffraction and atomic force microscope topography techniques 
reveal the characteristics of La0.7Ca0.3MnO3//BaTiO3 heterostructures. 

 Chapter 5: The magnetic properties of La0.7Ca0.3MnO3//BaTiO3 are presented. Magnetism suggests 
strong magnetoelastic coupling in La0.7Ca0.3MnO3//BaTiO3 systems and magnetic granularity. 
Matteucci magnetic loops observed in La0.7Ca0.3MnO3//BaTiO3 in ultra-thin films are described in this 
chapter. 

 Chapter 6: In this chapter we study transport properties in La0.7Ca0.3MnO3//BaTiO3 heterostructures. 
Magnetotransport, electro-resistance and poling effect of the substrate are studied. Hints of an 
antiferromagnetic phase near the interface with BaTiO3 are given. 

 Chapter 7: This chapter deals with magnetoelastic coupling in La0.7Ca0.3MnO3//BaTiO3. Here, a two-
layer model to describe ferromagnetic resonance experiments is proposed. This model is supported by 
Polarized Neutron Reflectometry results. 
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 Chapter 8: Finally, magnetoelectric coupling in La0.7Ca0.3MnO3 thin films on poled and unpoled 
BaTiO3 substrates is studied. 
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CHAPTER 2  

MATERIALS OVERVIEW 
 
  
 
 
 
 
In this chapter, a brief introduction to manganites (specifically La0.7Ca0.3MnO3) and BaTiO3 is given. The first 
part is focused on the key concepts of phase separation and cooperative effects (from the Zener double 
exchange model to the Jahn-Teller effects) that lead to coexistence of metallic and ferromagnetic phases in the 
ferromagnetic La0.7Ca0.3MnO3. In the second part, the bulk properties of the ferroelectric BaTiO3 substrates are 
considered (bulk structure, ferroelectricity and piezoelectricity at all temperatures) emphasizing the origin of 
corrugation and surface morphology. The purpose of this chapter is to review the basic phenomenology of 
these materials that lead to the complex behavior presented later in this thesis. 
 
 
 
 

MANGANITE OXIDES. La1-XCaXMnO3 
The family of materials with chemical composition A1-xRxMnO3 is named manganites, where A ≡ La, Pr, Nd… 
and R ≡ Sr, Ca, Ba… They were first described in 1950 by Jonner and van Santen [vanSanten1950, 
Kresin2004]. In manganites the ferromagnetic phase is only found at a finite doping, x ≠ 0 and the Curie 
temperature in which this transition occurs coincide with a transition from an insulating to a metallic phase. In 
La1-xCaxMnO3 manganites, for example, the FM phase is found in the interval 0.2<x<0.5. This is a fundamental 
property of manganites and was explained for the first time by Zener in 1951 [Zener1951]. In his paper, the 
connection between the metallic and the ferromagnetic phase was explained in terms of the Double Exchange 
mechanism. The second fundamental property of manganites is the colossal magnetoresistance effect, 
discovered by Jin et al. in 1994 [Jin1994].  
Manganite compounds are members of a broader set of compounds known as strongly correlated systems. One 
of the basic properties of these systems is the generation of energy gaps different than the band gaps that lead 
to insulating behavior in other materials. For example, cooperative effects may take place conditioning the 
appearance of phase transitions.  
As we will see two key concepts become relevant in manganites: 1) competition between phases and 2) 
inhomogeneously distributed carriers resulting from phase competition. In this theoretical framework, the 
fundamental properties of manganites have been studied [Dagotto2003] in order to understand the rich phase 
diagrams (exhibiting unusual spin, charge, lattice and orbital orders) and colossal magnetoresistance. 
 
 

PARENT COMPOUNDS 

The zero doping parent compound of manganites is LaMnO3 [Dagotto2003, Salomon2001], with perovskite 
structure (see Fig. 1) in which the Mn ion is in the center of an oxygen octahedron.  The electronic 
configuration of the Mn ion is [Ar]3d54s2. Due to the crystal field splitting, the five d electron levels are 
separated in 2 degenerated sets: 2 orbitals of higher level, denoted as eg (dz

2, dx
2
-y

2) and three orbitals denoted as 
t2g (dxy, dyz, dzx). Mn3+ has 4 electrons in d-orbitals. Three of them occupy the t2g orbitals according to Hund’s 
coupling with spin S = 3/2. The remaining eg electron is free to hop in the crystal. Manganites are classified as 
large, intermediate and low bandwidth, according to the magnitude of the hopping amplitude of the eg electron. 
As the hopping amplitude increases more metallic (and ferromagnetic) the manganite will be. 
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Consequently, the mechanism of piezoelectricity in the rhombohedral phase of BaTiO3 in engineered domain 
configuration can be understood as a two-steps process (see Fig. 17). In the first step (step A), piezoelectricity 
is due to either intrinsic contribution or to 71º domain switching (extrinsic contribution). In this step, the 
change in strains reached is relatively low. Then, before electric breakdown of the substrate, with high enough 
electric fields [Bell] a phase transition to a tetragonal phase can be induced [Park1997, Fu2000, Fu2000b, 
Bellaiche2001, Damjanovic 2006] and the polarization vector rotated to be parallel to the applied electric field. 
In this case, longitudinal piezoelectric strains as high as 2% are expected [Fu2000b] 
 
 
 
In summary, in this section we described bulk BaTiO3 properties. The basic structural characterization and the 
ferroelectric properties of this compound at room temperature are well known for decades. However, the 
complexity derived from the multi-domain formation (and quality loss) complicate the proper characterization 
at low temperature. One example of this is the disparity found in the literature of the piezoelectric coefficient 
of BaTiO3, affected by the predominant mechanism of switching. 
The scenario appearing in the rhombohedral phase has been described. In this phase, the polarization vector is 
directed along the longest diagonal of the pseudocubic unit cell. The resulting corrugation angle is 0.3º and the 
formation of 71º and 109º domain walls is expected. The ferroelectric switching in the rhombohedral phase is 
affected by several factors (domain, wall and polarization rotations) that depend on the domain configuration 
and sample history. Finally, the piezoelectric response appearing when applying the electric field along axes 
different than the ground state polar axis has been studied. This will be of great interest for future discussion in 
Chapter 8 of this thesis. 
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CHAPTER 3  

CHARACTERIZATION METHODS 
 

 

SAMPLE PREPARATION 
Samples were prepared by sputter deposition [Dam1996]. Sputtering is used extensively in industry and 
material science research to deposit high quality thin films. In this process atoms are ejected from a solid target 
material due to bombardment by, most typically Ar+ atoms from a plasma. The ejected atoms diffuse through 
the plasma towards a substrate where the thin-film is deposited.  

Deposition took place inside a chamber in which a high vacuum of around 10-6 mbar was previously realized 
using a turbo-molecular pump supported by a roughing pump. For oxide thin film deposition, the sputtering 
process was realized in high O2 partial pressure to guarantee the proper stoichiometry as well as the oxide thin 
film quality. The flow of oxygen was controlled by a system of needle valves. The pressure of the highly 
oxidizing plasma was of 3.4 mbar and the constant growth temperature was of 1173 K. The sputtered material 
came from a target of manganite with the stoichiometry desired, La0.7Ca0.3MnO3. The result of the deposition 
strongly depends on the magnetron, target, plasma and substrate conditions and, therefore, several parameters 
influence the growth of the epitaxial thin film such as the temperature of the substrate, the applied power and 
the pressure inside the chamber. Sample batches were annealed in situ in 700 mbar O2 during 1 hour at 1173 K. 
The deposition rate was 5 Å/min. 

In this thesis we used two different substrates: unpoled and/or poled BaTiO3, nominally (001)-oriented, and 
SrTiO3, (100)-oriented. Samples in both cases where grown simultaneously in exactly the same conditions. All 
substrates come from MaTeck and are one side polished, cut along (100) edges. Unpoled BaTiO3 were used for 
samples described in Chapters 4-7. These substrates exhibit “a”-domains and “c”-domains in the tetragonal 
phase (see Chapter 2), resulting in a highly corrugated interface. 

In addition, poled BaTiO3 were used for the magnetoelectric coupling experiments described in Chapter 8. 
During fabrication, BaTiO3 crystals are poled, and then sliced in pieces of 5x5x1 mm3. This process ensures 
the best single crystal quality possible (see Chapter 2). In the tetragonal phase, poled BaTiO3 exhibit mainly 
either “c”-type or “a”-type (but not both) ferroelectric domains, as confirmed with XR diffraction and atomic 
force microscopy. Through this text, we denote these substrates as “pre-poled” BaTiO3. 

 

STRUCTURAL CHARACTERIZATION 

X-RAY DIFFRACTION 

X-Ray diffraction is a fundamental technique to characterize the crystallographic structure of any solid state 
material and is indispensable in epitaxial thin films characterization.  This technique gives information of all 
the important parameters that describe these systems: epitaxy, lattice parameter, relaxation ratios, strains, 
structural domain size, etc. 
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contact mode. In this mode cantilever is set to oscillate near its resonance frequency, at distance typically 
below 30nm from the sample surface. The forces between tip and sample are thus sensed by measuring the 
changes produced in the cantilever´s oscillation amplitude, frequency and phase when the tip gets close to the 
sample.  

In the RT-AFM system, this is achieved with the beam deflection method in which a laser beam is focused on 
the rear side of the cantilever and its reflection detected by a Position Sensitive Photodiode [Meyer1990]. On 
the contrary, our LT-AFM employs optical interferometry in order to detect changes in cantilever´s oscillation 
due to tip-sample interaction [Rugar1989]. Upon comparing the signal measured (amplitude, in this work) with 
a user-specified set-point, and electronic feedback systems sends a signal to a piezoelectric tube located under 
the sample, to retract or expand in order to re-establish the value of the set-point. Such contractions/expansions 
are registered and when plotted as a function of the scanning area represent the topography image of the 
sample. The piezoelectric tubes mentioned above control not only the z movement, but also the xy scans. 
Maximum scan area at RT is 100µm x 100µm. At low temperatures this value decreases to 18µm x 18µm at 
4.2K. 

Cantilevers with integrated tips are commercially produced by standard microfabrication techniques, mostly 
from silicon or silicon nitride. The later use of a coating layer allows producing tips with different surface 
properties (conductive, magnetic…). In this work, sharp silicon AFM probes from Nanosensors (tips radii 
below 10nm) have been used with force constants, k, around 2.8N/m and resonance frequencies in the 150-180 
kHz range.  Prior to imaging, samples were systematically cleaned with acetone and isopropanol in an 
ultrasonic bath. Image processing was done using the WSxM commercial software[Horcas2007]. 

 

POLARIZED NEUTRON REFLECTOMETRY 
Polarized neutron reflectometry (PNR) is a widely used technique in the study of magnetic surfaces and 
interfaces [Majkrzak2004]. In the general sense, measuring reflectivities implies measuring the variation of the 
intensity of a reflected beam in a process that varies with the depth dependent refractive index of the material. 
When using polarized neutrons [Squires2012], the interaction of the magnetic moment of the neutron with the 
magnetic moments in the specimen allows the magnetic characterization and the magnetic depth profiles can 
be obtained. In these magnetic profiles the lateral dimensions are averaged. PNR can measure magnetic 
densities as small as 30 emu/cm3 and it is sensitive to fractions of nanometer [Majkrzak2005]. For this reason, 
PNR is of great interest in the study of magnetic thin films as the heterostructures studied in this thesis.  

Neutron reflectometry is studied in terms of the reflection of neutrons by the scattering potential of the 
material, which includes two interactions: nuclear interaction (Vn) and the interaction with the atomic 
magnetism (Vm) of the material. This second interaction is fundamental in PNR and it is expressed as Vm=

B , where  is the magnetic moment of the neutron and B is the magnetic induction which is related to the 

intensity of the magnetization in the material by  
0 B H M . The sign of this interaction is chosen to be 

negative (positive) when the neutron spin is parallel (antiparallel) to the laboratory magnetic field of reference 
(H).  

The neutron scattering length density (ρ, in Å-2) is expressed as the sum of two terms, nuclear and magnetic. 
When using polarized neutrons two cases can be encountered depending of the relative orientation of the 
magnetization of the material: non-spin-flip (NSF) and spin-flip (SF) scattering potentials. In the first case, the 
neutron magnetic moment is either parallel or antiparallel to M and no rotation of the neutron spin occurs, then, 
the cross sections are R++ and R-- (see Fig. 4). If the magnetization of the material forms an angle θ with the 
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When measuring moment vs. temperature curves at very low magnetic fields (ZFC or FC at 100 Oe, for 
example) the accurate determination, previous to the experiment, of Hoffset is essential. Figure 9 shows a way to 
do this correction. By following the same magnetic field path and exact sweeping speeds it is possible to set 
the desired magnetic field with an error of just 3 Oe. For example, for a ZFC measurement, setting the 
magnetic field to zero implies setting the field to Hoffset after following a path as the one described in Fig. 9. 
This path is not unique and may be adapted according to the interest of the measurement desired. 

 

ELETRONIC AND MAGNETIC TRANSPORT 

Characterization of electronic transport in manganites is essential since in these compounds ferromagnetism 
and conductivity are strongly related (see Chapter 2). In this sense, transport measurements are an excellent 
macroscopic probe to study the microscopic magnetic ordering in La0.7Ca0.3MnO3 thin films due to the high 
sensitivity to conducting paths that may appear in the phase segregated manganite.  

Electronic transport and magnetoresistance were characterized by measuring the resistance of the film in plane 
with the van der Pauw method [Pauw1958], with contacts placed in the four corners of the square shaped 
samples and using PPMS systems for low temperature and high magnetic fields experiments. When required 
due to high resistance of the thinner samples, a Keithley 2410 source meter connected to the PPMS was used. 
Magnetoresistance (MR) was calculated by normalizing to the zero-field resistance. 

In electroresistance measurements, we used a Keithley 6221 (low AC and DC current source) to apply a dc 
excitation current alternating its direction to eliminate thermoelectric voltages, in combination with a Keithley 
2182A nanovoltmeter to measure the voltage. Furthermore, readings were taken quasi-simultaneously, with the 
excitation current passed along one or the other perpendicular edges of the sample, parallel to the applied 
magnetic field. In order to discern and eliminate Joule-heating effects, at several temperatures, pulsed I-V 
curves were recorded. Electroresistance (ER) was calculated from the nonlinear I-V curves as described in 
Chapter 6. 

 

EXPERIMENTAL SET UP FOR CONVERSE MAGNETO-ELECTRIC 

EFFECT MEASUREMENTS 
Magnetic measurements of the converse magnetoelectric effect were performed using the VSM-PPMS as 
described before. For the application of external voltages, we built a sample holder and sample rod modified 
accordingly: two wires of Manganin® alloy were attached along the rod with dental floss and contacted to the 
sample with silver paint. Voltages up to 500 V/mm were applied externally using a Keithley 2410. To avoid 
electric currents and sparking, the PPMS sample chamber was put at high vacuum when applying the voltages. 
Figure 10 shows a sample holder and a sample attached to it. Silver paint or epoxy was used to contact the 
bottom and top of the sample to the Manganin® wires.  

 



 

Fig.10. View
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CHAPTER 4 

La0.7Ca0.3MnO3//BaTiO3 STRUCTURAL 
CHARACTERIZATION 

 

 

In this chapter we concentrate on the structural characteristics of La0.7Ca0.3MnO3//BaTiO3 thin films and we 
compare them with La0.7Ca0.3MnO3//SrTiO3 control samples. 

As described in Chapter 2, BaTiO3 substrates are ferroelectric at all temperatures below the Curie point, Tc = 
393K, in the tetragonal, orthorhombic and rhombohedral phases. Misfit strain due to differences in lattice 
parameters between the La0.7Ca0.3MnO3 layer and the substrate, ferroelectric domain walls, corrugation at the 
interface, and a manganite especially prone to phase separation, trigger new magnetic and transport 
phenomena. The microscopic properties described in this chapter are at the origin of the strong magnetoelastic 
and magnetoelectric coupling studied later in this thesis. 

 

STRUCTURE AT ROOM TEMPERATURE 
In the following, we summarize the room temperature characterization of La0.7Ca0.3MnO3//SrTiO3 and 
La0.7Ca0.3MnO3//BaTiO3 heterostructures as published in Ref. [Alberca2012]. In this text, we follow the 
terminology and definitions found in Ref. [Pietsch2004], unless indicated otherwise, for all the variables 
considered.  

We first start with samples grown on SrTiO3 substrates. SrTiO3 bulk has a cubic perovskite structure above 
105 K (space group 3Pm m ), with unit cell parameter a = 3.905 Å. Below that temperature, a transition to 
tetragonal phase takes place. The maximum tetragonality is found at the lowest temperature measured (~10K) 
with lattice parameters a = 3.897 Å and c = 3.903 Å, and tetragonality c/a = 0.15% [Loetzsch2010].  

Room temperature reciprocal space maps of La0.7Ca0.3MnO3//SrTiO3 samples are shown in Fig. 1 for two 
different reflections: near the symmetric (200) and near the asymmetric ( 103 ). La0.7Ca0.3MnO3 grows 
epitaxially on SrTiO3 and exhibits a large degree of spatial coherence. The full width at half maximum 
(FWHM) in the H-direction for the La0.7Ca0.3MnO3 peak near the (200) reflection is limited by instrument 
resolution, indicating the quality of these thin films, and the FWHM of the L-direction allow us to determine 
the thin film coherence length [Pietsch2004] in the out of plane direction which is 120Å, that is, basically the 
thickness of the thin film. The asymmetric ( 103 ) reflection [Fig. 1(b)] shows the La0.7Ca0.3MnO3 peak aligned 
along the SrTiO3 crystal truncation rod, at H = -1. The in-plane parameter of the thin film is exactly the 
substrate parameter, resulting in a fully constrained sample with R = 0. R is the relaxation coefficient, defined 
as R = (aL - aS)/(aP - aS) with aL the layer in plane lattice parameter, aP the bulk parameter and aS the substrate 
in plane parameter [Pietsch2004]. 
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Coherence lengths are rather small when compared with control samples grown on SrTiO3, with typical grain 
size of around 200 x 200 x (70-90) Å3. La0.7Ca0.3MnO3 thin films are partially relaxed, with relaxation 
coefficients between R = 0.2-0.7. La0.7Ca0.3MnO3//BaTiO3 topography has also been explored by means of 
atomic force microscopy, allowing us to characterize the corrugated surface of BaTiO3 and compare it with 
SrTiO3. 

These two techniques allow us to establish the following picture: first, there is a highly corrugated interface 
between BaTiO3 and La0.7Ca0.3MnO3 that contributes to the small coherence lengths observed, second, the 
lattice mismatch between substrate and thin film bulk parameter, that results in high strains and, third, 
La0.7Ca0.3MnO3 is magnetoelastically coupled to BaTiO3 since the thin film adapts to the substrate lattice 
parameter. As we shall see in the next chapters, the implications of these three characteristics in the magnetic 
and transport properties will be crucial. 

 

REFERENCES 
[Alberca2011] Alberca, A., et al. "Exotic magnetic anisotropy map in epitaxial La0.7Ca0.3MnO3 films on 

BaTiO3." Physical Review B 84.13 (2011): 134402. 
[Alberca2012] Alberca, A., et al. "Ferroelectric substrate effects on the magnetism, magnetotransport, and 

electroresistance of La0.7Ca0.3MnO3 thin films on BaTiO3." Physical Review B 86.14 
(2012): 144416.  

[Billinge1993] Kwei, G. H., et al. "Structures of the ferroelectric phases of barium titanate." The Journal of 
Physical Chemistry 97.10 (1993): 2368-2377.  

[Loetzsch2010] Loetzsch, R., et al. "The cubic to tetragonal phase transition in SrTiO3 single crystals near its 
surface under internal and external strains." Applied Physics Letters 96.7 (2010): 071901-
071901.  

[Pietsch2004] Pietsch, Ullrich, Vaclav Holy, and Tilo Baumbach. “High-resolution X-ray scattering: from 
thin films to lateral nanostructures”. Springer, 2004. 

[Wang2011] Wang, Y. L., et al. "Unusual dielectric behavior and domain structure in rhombohedral phase of 
BaTiO3 single crystals." Journal of Applied Physics 110.1 (2011): 014101-014101. 

  



 
 

‐ 50 ‐

CHAPTER 5 

MAGNETISM IN La0.7Ca0.3MnO3//BaTiO3  

ULTRA-THIN FILMS  
 

 

 

In this chapter, the magnetic characterization of La0.7Ca0.3MnO3//BaTiO3 ultra-thin films is addressed. As we 
did in the previous chapter, we compare La0.7Ca0.3MnO3 samples grown under the same conditions on BaTiO3 
and SrTiO3 substrates. 

La0.7Ca0.3MnO3//BaTiO3 show anomalous magnetic hysteresis between 40 K and 150 K. This hysteretic 
behaviour, named Matteucci magnetic loops, display extremely unusual features: after switching at coercivity, 
the magnetization overshoots the eventual high-field value. Also, the temperature dependence of the 
magnetization exhibits large irreversibilities between the zero field cooled (ZFC) and field cooled runs and 
blocking temperature pointing towards a magnetic granular behavior. These observations are compatible with 
the picture of a non-uniform strain field in La0.7Ca0.3MnO3 on BaTiO3, caused by the corrugation of the 
ferroelectric domains in the rhombohedral phase of BaTiO3. 

Magnetic characterization can be summarized in two main results: 1) Matteucci-like magnetic loops in the 
range 40K-150K, and, 2) magnetic granularity. We propose a basic model of two magnetic moment 
populations with different magnetoelastic anisotropy. The relative weight of both populations is estimated 
from the comparison with twin reference samples of La0.7Ca0.3MnO3 films on non-ferroelectric SrTiO3. Then, 
the observed magnetization overshoot may result from differences in the magnetostriction balance as the 
applied magnetic field increases. Finally, we consider the effect thin film thickness. 

We explain our main findings in terms of the intrinsic phase separation tendency of La0.7Ca0.3MnO3 enhanced 
by elastic effects resulting from an inhomogeneous strain map present in the ferroelectric substrate. 

 

MAGNETISM IN La0.7Ca0.3MnO3//BaTiO3 THIN FILMS 
 

MAGNETIC GRANULARITY 

Obvious differences between La0.7Ca0.3MnO3//SrTiO3 and La0.7Ca0.3MnO3//BaTiO3 (120 Å, unpoled substrate) 
are apparent the ZFC and FC measured at 100 Oe and appearing in Figure 1 (a) and (b). The Curie 
temperature, Tc, is depressed from the 270 K bulk value to about 180 K in La0.7Ca0.3MnO3//BaTiO3 and, to 150 
K for SrTiO3 samples. For La0.7Ca0.3MnO3//BaTiO3, the temperature dependence of M exhibits strongly 
diverging zero field cooled (ZFC) and field cooled (FC) curves with a broad maximum (Blocking temperature, 
TB) centred at 120 K [Fig. 1(b)] while in the case of La0.7Ca0.3MnO3//SrTiO3 system the closure temperature 
(Tcl, temperature in which ZF and ZFC overlap) is around 50K.  
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respectively. Relying on the comparison with the more uniformly stressed La0.7Ca0.3MnO3//SrTiO3 sample we 
estimate xnon = [1 − Ms (La0.7Ca0.3MnO3//BaTiO3) / Ms(La0.7Ca0.3MnO3//SrTiO3)] from the corresponding high 
field magnetizations at each temperature (see Fig. 6). The relevance and implications of this estimation will be 
discussed in more detail in Chapter 7, nevertheless, some remarks are in order here. First, we have seen that in 
thicker layers (t > 200 Å, Fig. 8) the saturation magnetization at low temperatures is almost the theoretically 
expected value 3.7 µB/Mn. It is obvious then that the depressed magnetization observed in very thin layers is 
an interface effect only noticeable when the total magnetic volume is reduced. Second, the presence of a dead 
layer, which is known to exist in La0.7Ca0.3MnO3//SrTiO3 samples, may be present in our BaTiO3 layers too, 
especially considering the topography. Therefore, as indicated above, we consider the non-aligned population 
as the difference with La0.7Ca0.3MnO3//SrTiO3 saturation moments. 

The magnetoelastic anisotropy free energy, F, is given by the sum of the contributions from both magnetic 
moment populations: 
 

M ,align align M,non nonF=F x +F x   [1] 

Where F, expressed in function of the spherical coordinates, is given by: 
 

  2 2
M t o pF = K cos2 +K sin2 sin θ+K cos θ    [2] 

In this notation, the coefficients Kt, Ko and Kp refer to contributions arising from tangential and orthogonal (in 
plane) and perpendicular (out of plane) M components, respectively, with respect to H and are defined as Kt = 
B1 (ε11 – ε22 )/2, Ko = B2ε12/2 and Kp = B1[1 + c11/(2c12)]ε33 with B1 = 3λ100 (c12 − c11)/2 and B2 = −3λ111c44 
[O’Donnell1998, Seikh2004] 

For a thin film, shape anisotropy would favour θ = 90º and an optimal value for φ determined by the ratio 
Kt/Ko. However, it should be kept in mind that our La0.7Ca0.3MnO3//BaTiO3 sample exhibits characteristics 
proper of a kind of inhomogeneous magnetic granular system, and therefore the restriction imposed by the 
shape anisotropy may be relaxed. (ε12 ≈ 3.5 × 10−3), Ko is small and so F is almost insensitive to the in-plane 
angle, φ. Thus, we set φ = 0 and are left with the Kt and Kp terms to analyse the contributions of aligned and 
nonaligned populations to system stabilization. We will see in Chapter 7 how this approximation is, in fact, a 
good approximation. 
 
Furthermore, we assume that nonaligned spins lay close to the interface with BaTiO3, although some 
contribution from in-plane segregation might also be conceivable. This is a plausible assumption given the 
limited out-of-plane structural coherence of our film (70 Å). We then characterize the La0.7Ca0.3MnO3//BaTiO3 
interface with a biaxial in-plane strain state with values for ε11 and ε22 taken directly from BaTiO3 GIXD 
measurements and ε33 derived from the biaxial strain field as ε33 = −(c12/c11)(ε11 + ε22), a reasonable assumption 
for epitaxial growth. The aligned population is characterized by θ = 90◦ and its strain field determined from 
La0.7Ca0.3MnO3 GIXD measurements. The resulting in a non-uniform strain field in our thin La0.7Ca0.3MnO3 
film indicates higher relaxation away from the La0.7Ca0.3MnO3//BaTiO3 interface (compare full triangles and 
open triangles in Fig. 7 in Chapter 4). Evaluating [1] with the above-mentioned assumptions and the literature 
value for the magnetostriction of λ100 = +7 × 10−5 [O’Donnell1998] for both aligned and nonaligned 
populations, we obtain only a marginal stabilizing effect from the aligned population contribution to F, 
irrespective of the fraction of nonaligned moments: with our strain fields and positive magnetostriction, an out-
of-plane nonaligned population does not contribute to system stabilization (since B1 > 0) 
Within the limitations of our model, such stabilization can only be introduced by a change of sign in B1 for the 
nonaligned population. This sign reversal may result from a negative value of the saturation magnetostriction λ 
or, away from cubic symmetry, from a change in the orientation of the La0.7Ca0.3MnO3 cells (a, b, c) closer to 
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the BaTiO3 interface with respect to the (x, y, z) laboratory axes or by a combination of both effects. Since our 
experimental input comes from macroscopic magnetic and averaged structural magnitudes, we cannot identify 
on microscopic grounds the mechanism operating in La0.7Ca0.3MnO3//BaTiO3. However, if our model is 
evaluated with B1 < 0 for the nonaligned population, for example by taking λ100 (nonaligned) = −λ100 (aligned), 
the perpendicular (Kp) stabilizing effect of a very small fraction of nonaligned moments (1%) results in F < 0 
with wide minima around θ = 0°, which becomes deeper with increasing xnon. Thus, fractions of nonaligned 
moments close to xnon = 0.43, the value registered at 100 K at the peak of the anomalous effects, would 
contribute to the system stabilization. Negative values of the magnetostriction through Villari reversal are not 
uncommon in systems showing Matteucci and inverse Wiedemann effects like metallic glasses under torsion 
stress along the applied field axis [Hernando1975]. In manganites, a sign reversal in the magnetic anisotropy 
with (110) easy axis was reported by Ziese et al. [Ziese2002] 
 

By analogy with the Matteucci systems and bearing in mind the stabilizing effect of the Kp term for such a 
population of nonaligned moments at saturation (high fields), we suggest that noncollinear arrangements of 
magnetic moments occur in our thin La0.7Ca0.3MnO3//BaTiO3 films that are responsible for the anomalous 
magnetization hysteresis cycles. Furthermore, since corrugation imposed by ferroelectric domains is expected 
in the rhombohedral phase of BaTiO3, noncollinear (for instance helical, in view of the Matteucci-like 
magnetic hysteresis phenomenology) arrangements can be expected to be located at the peaks and valleys 
generated at the BaTiO3 interface by the corrugation where two different ferroelectric domains meet. These 
highly frustrated regions would be responsible for the time-dependent behavior observed in the magnetic 
response. Note that the particular distribution of ferroelectric domains is unique for each sample and varies 
with its thermal history. We have observed the same effect reported here in a variety of samples (as prepared, 
poled, and annealed), with small sample-dependent details but with the same basic phenomenology.  

The existence of regions dominated by Kt and Kp would explain the limited structural coherence of the epitaxy 
and the observed magnetic granular behavior of La0.7Ca0.3MnO3//BaTiO3. Excess magnetization, ΔM, as shown 
by La0.7Ca0.3MnO3//BaTiO3 in the temperature range 40 K < T < 120 K would result from the in-plane 
alignment of a majority of magnetic moments immediately after the application of the coercive field. As the 
applied field increases, the growth of the aligned domains is hindered by the strong pinning to BaTiO3 
ferroelectric domains, triggering the switch to out-of-plane orientations of a substantial fraction of the 
moments and thus increasing the number of moments involved in magnetic domain walls exhibiting helical 
arrangements.  

The high-field balance of this competition of magnetostriction effects would be established, as described by 
our model, with a substantial fraction of the moments lying out of plane, stabilizing the system, and giving rise 
to a depressed in-plane magnetization. We address the question of whether the observed phenomenology 
matches what is expected for the phase segregation scenario, given the strong tendency of La0.7Ca0.3MnO3 to it. 
Phase segregation in the interface of La0.7Ca0.3MnO3 grown on different substrates is apparent around TC (TMI) 
and evolves steadily to a predominantly single phase system as the temperature is lowered. However, the 
anomalous behaviour in the La0.7Ca0.3MnO3//BaTiO3 magnetization cycles is maximum around 100 K, well 
below TC and far apart from the region where conventional phase segregation is maximal. Therefore, 
conventional phase segregation as that observed in many La0.7Ca0.3MnO3 systems (see for instance Ref. 
[Paranjape2003] on phase segregation of La0.7Ca0.3MnO3 on SrTiO3 and NdGaO3) cannot be considered at the 
root of the observed behaviour in La0.7Ca0.3MnO3//BaTiO3, but only in a very broad sense of the term. The 
magnetic properties of La0.7Ca0.3MnO3//BaTiO3 arise from an inhomogeneous structural scenario within the 
epitaxial film resulting in different magnetic interactions and magnetic orderings. In this sense, our 
magnetically granular system can be considered as a kind of phase-segregated system driven by strain 
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[Millis2000]. This is in contrast to what is observed in La0.7Ca0.3MnO3//SrTiO3, a system for which a canonical 
phase segregation scenario is ascribed.  

 

CONCLUSIONS 
In summary, thin epitaxial films of La0.7Ca0.3MnO3//BaTiO3 systematically exhibit anomalous Matteucci-like 
hysteresis loops around 120 K, the crossover temperature in ZFC magnetization. As in granular systems, this 
temperature signals the set in of a dominant anisotropy: nonuniform strains in La0.7Ca0.3MnO3 generate a 
significant out-of-plane magnetic anisotropy. The observed phenomenology cannot be explained in terms of 
conventional phase separation. Helical arrangements of the spins, similar to those exhibited by Matteucci 
systems may be responsible for the anomalous magnetic loops. Their precise location and origin are hard to 
determine solely from macroscopic magnetic measurements, and so, at this point were unanswered. 
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CHAPTER 6 

ELECTRONIC TRANSPORT IN 

La0.7Ca0.3MnO3//BaTiO3 ULTRA-THIN FILMS 
 

 

 
In this chapter, we describe transport and magnetostransport results regarding La0.7Ca0.3MnO3//BaTiO3. As 
before, we compare these results with La0.7Ca0.3MnO3//SrTiO3 control samples. Transport properties are deeply 
linked to the magnetic ordering in manganites and very sensitive to octahedral distortions due to extrinsic 
factors such as strain induced by the substrate. For these reason, electronic transport and magnetotransport 
become a power technique for the characterization of La0.7Ca0.3MnO3//BaTiO3.  

In this chapter, we show new hints of out of plane population and/or antiferromagnetic clusters. The coupling 
between the two magnetic moment populations is expected to severely alter the transport properties of 
La0.7Ca0.3MnO3 since the metal-insulator (MI) transition, accompanying the paramagnetic to ferromagnetic 
transition, is percolative in nature. In addition, substrate corrugation is expected to introduce new 
phenomenology related to enhanced phase separation at the micron length scale. The antiferromagnetic phase 
may be likely interspersed within the ferromagnetic thin film. 

 

RESISTIVITY 
The exotic magnetic behaviour of La0.7Ca0.3MnO3//BaTiO3 shows up in its electronic transport properties. 
Figure 1 compares the temperature-dependent resistivity of La0.7Ca0.3MnO3//SrTiO3 and two 
La0.7Ca0.3MnO3//BaTiO3 samples. There are large differences between La0.7Ca0.3MnO3//SrTiO3 and 
La0.7Ca0.3MnO3//BaTiO3. The La0.7Ca0.3MnO3//SrTiO3 follows the behaviour expected for an optimally 
doped thin epitaxial manganite layer: there is a metal insulator transition (TMI) near the Curie temperature, 
which shifts towards higher temperature when increasing the applied field [Dagotto2003]. The resistivity and 
magnetoresistance are very low at low temperatures with negligible thermal hysteresis. 
 
Thin (120 Å) La0.7Ca0.3MnO3//BaTiO3 films exhibit two hysteretic jumps, coinciding with the two first-order 
structural transitions of BaTiO3 at TR−O = 188 K (196 K) and TO−T = 283 K (293 K) upon cooling (warming). 
Remarkably, the resistivity variation at the R-O transition, ΔρR−O, exceeds two orders of magnitude and 
overlaps with the usual M-I transition near Tc. This resistivity jump is sample dependent, although in most 
cases, it runs from higher resistance on the high-temperature side to lower resistance on the low-temperature 
side. This is consistent with the typically observed upwards jump of the magnetization as the temperature is 
lowered. Nevertheless, the sign of ΔρR−O may differ even between simultaneous measurements along the two 
perpendicular sample edges in the van der Pauw geometry; this is suggestive of the importance of the 
distribution of ferroelectric domains in BaTiO3 for the conductance pathways which may differ from one 
sample to another and be further affected by thermal history. When measuring with field perpendicular to the 
film plane, the observed phenomenology is qualitatively the same as with the field parallel to it. 
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ferromagnetic regions interspersed with antiferromagnetic ones, with strong magnetic frustration at their 
boundaries. 

This enhancement of antiferromagnetic interactions in an optimally (x = 0.3) doped manganite thin film grown 
on BaTiO3 is also supported by other works in the literature. In 50 Å La0.7Ca0.3MnO3 on SrTiO3 [Ziese2003], 
under uniform strain conditions, magnetic and transport measurements have been interpreted on the basis of 
the existence of an antiferromagnetic-insulating phase which occupies nearly 70% of the film. Also, theoretical 
works predict that the tetragonal distortion induced by strain, which affects orbital ordering, can alter the phase 
diagram of the thin film. Indeed, for La1−xSrxMnO3 [Fang2000] the phase diagram calculated from first 
principles shows the stability region of the ferromagnetic order to be reduced: for x = 0.3 doping in 
La0.7Sr0.3MnO3, c/a < 0.96 corresponds to antiferromagnetic order.  

For our La0.7Ca0.3MnO3//BaTiO3 samples, the c/a ratio for La0.7Ca0.3MnO3 can be estimated in the 
rhombohedral phase of BaTiO3 from synchrotron x-ray diffraction, giving c/a = 0.98 at 132 K [Alberca2011], 
implying ferromagnetic order. However, in line with the magnetoelastic model described in Chapter 5, we may 
assume that the clusters of the La0.7Ca0.3MnO3 layer lying close to BaTiO3 are severely strained. Under this 
hypothesis, the tetragonality ratio would be c/a = 0.94, making the presence of an antiferromagnetic order 
plausible close to the interface. Finally, recent ab initio and two-orbital model calculations explore the effect of 
the electric polarization of the ferroelectric on the magnetic state of manganite in connection with 
manganite/ferroelectric/manganite heterostructures [Burton2011]. They conclude that interfacial spins, under 
various ferroelectric polarization scenarios, switch to non-ferromagnetic arrangements, most of them 
concerning antiferromagnetic coupling. In films thicker than a few atomic layers, antiferromagnetic 
arrangements would therefore coexist with ferromagnetic arrangements, giving rise to phase separation, similar 
to that observed in bulk La0.7Ca0.3MnO3. These effects predominate near the ferromagnetic/ferroelectric 
interface over only a few unit cells, so the associated phenomenology blurs out in thicker films, akin to our 
observations. 

With either the strain or electric-field-induced antiferromagnetic mechanism, transport properties of the 
La0.7Ca0.3MnO3 layer will be very sensitive to the electric poling of the BaTiO3 substrate. In these conditions, 
magnetoelectric effects are expected, changing the equilibrium between the manganite microphases from that 
corresponding to a random polarization distribution. We observed precisely this (Fig. 3): upon poling, the 
resistance near T’MI increases, whereas the usual MI transition is depleted, showing that a larger fraction of the 
La0.7Ca0.3MnO3 could be in an antiferromagnetic state. In the rhombohedral phase, the polarization lies along 
the unit cell diagonals. A poling process perpendicular to the sample surface at room temperature enhances the 
formation of larger domains oriented parallel to the applied electric field. When cooling to the rhombohedral 
phase, these ferroelectric domains remain with a large net component of polarization in the poling direction. 
These domains can act as nucleation centers for the antiferromagnetic patches. As the new ferromagnetic and 
antiferromagnetic magnetic domains develop simultaneously with decreasing temperature due to the new 
pattern of ferroelectric domains, no exchange bias in the hysteresis cycles is expected, indeed none is observed.  
 
 

CONCLUSIONS 
In summary, our model of a granular metallic system is confirmed by the high resistivity and large 
magnetoresistance at low temperatures of La0.7Ca0.3MnO3 thin films [Alberca2012]. Between 180 and 100 K 
and triggered by the O-R BaTiO3 phase transition, La0.7Ca0.3MnO3//BaTiO3 experiences a renormalization of 
the existing delicate equilibrium between intrinsic phases that was developing below TMI. The 
magnetic/metallic granularity can be explained by the intimate mixing of antiferromagnetic and ferromagnetic 
phases that are overcome when ferromagnetism starts to be the dominant phase at lower temperatures. Also, 
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the anomalies become smoother with increasing La0.7Ca0.3MnO3 thickness, suggesting a vertically segregated 
structure. 
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CHAPTER 7 

MAGNETOELASTIC COUPLING IN 

La0.7Ca0.3MnO3//BaTiO3 ULTRA-THIN FILMS 
 

 

The complex magnetic anisotropy of La0.7Ca0.3MnO3//BaTiO3 thin films is studied in this chapter by means of 
Polarized Neutron Reflectometry (PNR) and Ferromagnetic Resonance (FMR). The resulting depth profiles of 
magnetization reveal a vertical segregated structure, confirming our predictions in Chapter 5, with a strongly 
suppressed magnetization throughout the thin film (300 kA/m, equivalent to a magnetic moment of 2 µB/Mn) 
and with largest suppression near the interface with BaTiO3 (50 kA/m, equivalent to 0.3 µB/Mn). 

We observe remarkable differences in FMR spectra measured in La0.7Ca0.3MnO3//BaTiO3 thin films when 
compared to control samples grown on SrTiO3 in which low strains and no corrugation are expected. FMR is 
observable at 8.9 GHz only around the [110] crystallographic direction in thin La0.7Ca0.3MnO3//BaTiO3. The 
resonance field is hardly affected when the applied field is rotated away from [110]. 

Results from both techniques are addressed in terms of the magnetoelastic energy density and combined in a 
model of 2 magnetic layers coupled ferromagnetically: one thin layer near the interface with out-of-plane 
anisotropy and the other with in-plane biaxial anisotropy, typical in La0.7Ca0.3MnO3 thin films. This model 
qualitatively explains the characteristics of the FMR spectra, confirming the presence of an out-of-plane spin 
population highly coupled magneto-elastically to the substrate. 

 

POLARIZED NEUTRON REFLECTOMETRY 
During the experiments performed at the Asterix reflectometer, we measured reflectivities of two samples, one 
La0.7Ca0.3MnO3//BaTiO3 and another La0.7Ca0.3MnO3//SrTiO3, both with thickness t = 120 Å. For the grown on 
BaTiO3, we measured reflectivities at two representative temperatures: 120K, near T’MI (see Chapter 6, 
[Alberca2012]) when ΔM is maximum in the Matteucci magnetic loops (see Chapter 5, [Alberca2011]) and 
30K, far for the Curie temperature and where ferromagnetism is stronger. In the case of 
La0.7Ca0.3MnO3//SrTiO3, we measured the reflectivity at 90K, which is similar to 120K, as these two 
temperatures are similar fractions of the respective Curie temperatures. Figure 1 shows the reflectivities for 
these samples [Alberca2013]. 
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La0.7Ca0.3MnO3//SrTiO3. In Ref. [Nemes2008], lower values, K2c= + 48 kJ/m3 and K4ab= + 1.6 kJ/m3, were 
obtained for t = 150 Å thick La0.7Ca0.3MnO3//SrTiO3. Simulations of the angular dependence of the FMR B0 
with these parameters are shown in Fig. 7 (a) and 7 (d). 

FMR spectra of a t = 120 Å La0.7Ca0.3MnO3//BaTiO3, not exhibiting Matteucci-loops, are shown in Fig. 6. As 
in the case of the 150 Å thick La0.7Ca0.3MnO3//BaTiO3, no resonance was observed near the B//[100] and, 
although, B//[110] remains the easy axis, its shift to higher fields is small [Fig. 6(a)] away from [110]. The out-
of-plane rotations are in Fig. 6(b), again, resonance fields shift slowly up when rotating to B//[001] remaining 
at B0 ~ 0.3 T even at 80°. In the thinner layer no resonance was observed around B//[001] within the limit of 
our spectrometer. Compared with La0.7Ca0.3MnO3//SrTiO3, broad and weak signals are characteristic of these 
spectra. Figure 7(c) and 7(f) show the in-plane and out-of-plane angular dependence of the resonance fields, 
respectively. The corresponding parameters for Eq. [1] of the FMR simulation are summarized in Table II. 
Remarkably, in another thin 120 Å La0.7Ca0.3MnO3//BaTiO3 film, which did exhibit Matteucci magnetic loops, 
no FMR could be observed for any magnetic field orientation. 

A strong tendency for out-of-plane orientation of the magnetic moments is apparent in 
La0.7Ca0.3MnO3//BaTiO3: the FMR can be described by incorporating the fourth order out-of-plane K4c term, 
with values given in Table II. The salient feature of these results is the large and negative K4c = - 70 ± 20 
kJ/m3 for the thicker layer and K4c = - 140 ± 20 kJ/m3 for the thinner layer. Indeed, the out-of-plane FMR of 
La0.7Ca0.3MnO3//BaTiO3 cannot be described without recurring to the K4c term not needed for 
La0.7Ca0.3MnO3//SrTiO3. This large, negative K4c term yields the low values of the resonance field near [001]. 
Indeed, the curious backwards turn of the simulation near [001] is a direct consequence of K4c being 
comparable to K2c but negative. 

Table II. Anisotropy energies of 120 Å La0.7Ca0.3MnO3//SrTiO3 and 
La0.7Ca0.3MnO3//BaTiO3 and 150 Å La0.7Ca0.3MnO3//BaTiO3 at 77K. tB 
is the estimated 30 Å thickness of the highly strained sub-layer near the 
BaTiO3.  

 K2c[kJ/m3] K4c [kJ/m3] K4ab [kJ/m3] Msat[kA/m]/msat[µB/Mn] tB/tA 

LCMO/STO 
(120 Å) 

140±30 - 1.7±0.5 400/2.52 0 

LCMO/BTO 
(150 Å) 

220±30 -70±20 2.1±0.7 379/2.38 0.25 

LCMO/BTO 
(120 Å) 

190±50 -140±20 2.1±0.7 375/2.36 0.33 

 

The large negative K4c indicates the existence of a fraction of magnetic moments that prefer to be out-of-plane 
in La0.7Ca0.3MnO3//BaTiO3. The overall energy balance, K2c and the shape anisotropy keep the sample plane as 
the easy plane of the system. Yet, a negative K4c comparable to K2c is needed to simulate the low resonance 
field, implying a tendency of spins to be out-of-plane. The non-uniform distribution of magnetization extracted 
from PNR depth profiles indicates that the non-aligned population of spins must reside near the interface with 
the substrate. The influence of these out-of-plane spins in the macroscopic properties is thickness dependent. In 
thicker layers (t > 150 Å) the effect of these spins in magnetic and transport properties weakens [Alberca2012]. 
In this sense, the relative amount of the two populations plays an important role. We consider the ratio tB/tA, 
where tB is the thickness of the sub-layer at the interface with BaTiO3 estimated from PNR (see Fig. 2) to be 30 
Å and tA is the thickness of the more relaxed sub-layer further from the BaTiO3. As tA increases with 
La0.7Ca0.3MnO3 film thickness, K4c diminishes (Table II). Also, the small reduction of K2c in the thinner layer 
can be a result of an increase of K4c. In this respect, La0.7Ca0.3MnO3//SrTiO3 can be considered as the limit 
tB→0. 
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MAGNETOELASTIC ENERGY DENSITY 
The highly negative anisotropy shown in the previous section can be addressed just by looking at the 
magnetoelastic energy density. Internal strains in thin films due to the substrate (as high as 2% in 
La0.7Ca0.3MnO3//BaTiO3 [Alberca2011]) affect significantly the magnetic anisotropy through magnetoelastic 
coupling. Here, we turn to the more general expression of the free energy density in powers of strains, εij:  
 

/   ij i j ij i j ij ijkl i j k l ij kl ijkl ij klE V K B D C               [2] 

 
This expansion includes the magnetocrystalline anisotropy (MCA)  energy density, with coefficients Kij, as the 
zero order term, the magnetoelastic energy density with coefficients of first (Bij) and second (Dijkl) order, as 
well as the elastic energy density terms (Cijkl) [Chikazumi2009, Lacheisserie2006, Lacheisserie1993, 
delMoral2008]. When strains are less than 1%, as in the case of La0.7Ca0.3MnO3//SrTiO3, only linear terms are 
needed. Then, by minimizing the elastic and magnetoelastic contributions and incorporating them to the MCA, 
it is possible to calculate analytical expressions for the anisotropic constants of Eq. [1]. For a cubic system, 
assuming a coherently strained film with in-plane strain εxx = εyy = ε, ignoring shear in-plane, εxy=0, and 
denoting the out-of-plane strain as εzz = εz, the anisotropy constants in Eq. [1] can be expressed as follows:  
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where B1 and B2 are the magnetoelastic coefficients, c44 the elastic modulus and K2z,MCA, K4xy,MCA and K4z,MCA 
are the MCA coefficients [Vaz2009, O’Donnell1998, Chang1993]. 

For higher strains (1-3%) and also in presence of corrugation at the interface, terms quadratic in strains are 
needed [O'Handley1992, Lacheisserie1982, Kittel1996]. High corrugation can cause larger shears which in 
turn strongly affect the anisotropy, yielding very complex analytical expressions, beyond the scope of the 
present work. Nonetheless, assuming cubic symmetry, with zero in-plane shear, εxy=0, but small out-of-plane 
shears, εxz and εyz, (ie. terms of the form εijεkl and εiiεkl are neglected) similar calculations can lead to expressions 
for the anisotropy constants. Thus, the proposed approximations eliminate a considerable number of 
magnetoelastic coefficients and the anisotropy constants read as:   
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where the dependence of K4c and K4ab on  strains is now explicit. When strains are small, K4c is dominated by 
K4z,MCA. Since B2 is proportional to magnetostriction, λ111, B2

2 is considerably smaller than B1 and the term 
B2

2/(2c44) can be neglected [Kittel1996]. This results in the expected K2c ≠ 0 and K4c ≈ 0 for systems like 
La0.7Ca0.3MnO3//SrTiO3. Now, the case of high strains includes new magnetoelastic coefficients (D12 and D11 
in this approximation), that add  to the anisotropy constants. Thus, negative magnetoelastic coefficients can 
lead to the high negative value of K4c coefficient in La0.7Ca0.3MnO3//BaTiO3 thin films. 

 

THE TWO-LAYER MODEL  
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In this section we reach back to the idea discussed in Chapter 5 of two different populations of spins in 
La0.7Ca0.3MnO3//BaTiO3 [Alberca2011]. In sight of PNR results of a vertically segregated structure and 
supported by magnetoelastic theory discussed in section IV, we propose a two layers model that might be able 
to explain the differences in FMR spectra between La0.7Ca0.3MnO3//BaTiO3 and La0.7Ca0.3MnO3//SrTiO3 thin 
films. It is the large out-of-plane anisotropy (indicated by the negative K4c) and the strongly suppressed depth-
dependent in-plane magnetization seen by PNR that lead us to postulate a two-layer model. One sub-layer 
corresponds to relaxed La0.7Ca0.3MnO3, akin to La0.7Ca0.3MnO3//SrTiO3, with in-plane magnetic anisotropy 
(positive K2c). The other one is highly affected by inhomogeneous strain from the BaTiO3 substrate, with out-
of-plane anisotropy (negative K2c).  By considering these two regions, the magnetic granularity and many of 
the unusual properties observed in magnetism and transport can be explained.  

In the following, we discuss the model, and simulations of the corresponding FMR. We express the free energy 
areal density of the system as the sum of two different populations of spins distributed as layers of different 
thicknesses, coupled together at the interface:  

Sub-layer A: We assume a top-layer with anisotropy constants found for La0.7Ca0.3MnO3//SrTiO3 with in-plane 
easy axis: KA

2c = + 140 kJ/m3 and KA
4ab = + 1.7 kJ/m3 (see Table II) and saturation magnetization, based on 

VSM measurements: MA= 379 kA/m (2.5 µB/Mn). 

Sub-layer B: For the bottom layer, highly affected by the BaTiO3 substrate, we assume out-of-plane easy axis, 
ie., negative anisotropy constant KB

2c. Here we proceed as suggested in Ref. [O'Handley1992] where the 
negative K4c is included as an effective K2c that accounts for the large strains and corrugation. In addition, 
according to Eq. [4] a large, negative KB

4ab can be expected. The thickness and magnetization of this sub-layer 
are estimated from PNR as tB = 30 Å and MB = 50 kA/m (0.3 µB/Mn).  

We consider in the free energy the corresponding volumetric Zeeman and shape anisotropy terms and finally 
the simplest coupling between sub-layers, an interfacial exchange type ferromagnetic coupling of the adjacent 
Mn ions. The resulting free energy density is: 
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where αj
i = Mj

i/M
j
sat, i= 1,2,3 and αj

1
2 + αj

2
2 + αj

3
2 =1, j=A or B, N is the demagnetization tensor 

((N11,N22,N33)=(0,0,1), A is the (arbitrary) surface of the layer, ρS the surface density of Mn ions (spins/area), 

Sj = Mj /(-gj×B×ρj) is the polarization (expectation value) of the spin in the j-th layer, ρj  is the density of the 
spins in the j-th layer, and t = tA+tB = 150 Å is the total La0.7Ca0.3MnO3 film thickness. We focus on 
simulations (maps of FMR intensity over the magnetic field / excitation frequency plane) for the t = 150 Å 
thick La0.7Ca0.3MnO3//BaTiO3 film. With the experimental values of MA, MB, tA and tB, and the anisotropy 
constants of the La0.7Ca0.3MnO3//SrTiO3 used for the upper layer, only KB

2c, KB
4ab and Jeff remain as free 

parameters for the simulations. We selected these so as to capture most of the qualitative features of the 
experimental FMR listed in Section II. Table III gives the values best approximating the experimental results, 
as described below. 
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Fig.8. FMR maps calculated for the La0.7Ca0.3MnO3//SrTiO3120 Å layer (upper panels) and the 
La0.7Ca0.3MnO3//BaTiO3 150 Å layer (central panels) in three selected applied field orientations B//[100], 
B//[110] and B//[001]. For the La0.7Ca0.3MnO3//SrTiO3 layer a 1-layer model described by equation 1 was used. 
In the case of La0.7Ca0.3MnO3//BaTiO3 sample the 2-layer model described by Eq. [5] was used. Green line 
indicates the experimental microwave excitation frequency. Lower panels show the simulated magnetic loops 
in the direction of the applied magnetic field for La0.7Ca0.3MnO3//SrTiO3 (black), and La0.7Ca0.3MnO3//BaTiO3 
sub-layer A (red) and sub-layer B (blue).  

 

We employ the two-layer model of Eq. [5] to describe the magnetism of La0.7Ca0.3MnO3//BaTiO3. A complex 
FMR mode results from the coupling of the individual resonances of the two sub-layers. The model has 9 
parameters of which we fix 6 based on experiment, as discussed above: the two magnetizations, the sub-layer 
thicknesses, and the in-plane KA

4ab and out-of-plane KA
2c anisotropy constants of the top-layer. There is no 

obvious guidance from experiment for the other 3 parameters: KB
4ab, K

B
2c and the A-B layer coupling, Jeff. We 

studied a large set of simulated FMR maps varying all three parameters systematically, until a parameter-set 
was found that reproduces the important features, described in Section II, of the FMR data qualitatively. These 
parameters are given in Table III, and the corresponding FMR maps in the three main orientations of the 
magnetic B-field are shown in Figs. 8(d)-8(f).  

In the following we discuss each of the free parameters of the two-layer model separately by comparing their 
effects on the simulated FMR maps to the experiment. 

The most striking difference of the FMR maps of the two-layer model with respect to the one-layer model is 
that in the [110] orientation the low frequency, experimentally achievable, mode shows a maximum frequency 
in low applied B-field, indicated as Bmax in Fig. 8(e). We tuned this “bump” with the chosen model parameters 
to be just above the measurement frequency, 8.9 GHz, indicated with a green line. In-plane characteristics of 
the observed spectra in La0.7Ca0.3MnO3//BaTiO3 are determined mainly by KB

4ab. The model forces us to use a 
large negative KB

4ab anisotropy constant in order to push the Bmax “bump” up to observable frequencies.  For 
certain orientations near [110] of the applied B-field, the two-layer model predicts more than one FMR peaks. 
We identify the experimental FMR with the low-field peak, B0(1)~Bmax, and will comment below on why the 
higher-field peak, B0(2) reminiscent of the resonance of the one-layer model, is not observed except for near 
perpendicular directions. Figures 8(d)-8(f), show the FMR maps with KB

2c = -220 kJ/m3, KB
4ab = -50 kJ/m3 and 

Jeff = 4·10-23 kJ (~ 250 meV) per interfacial spin pair to simulate the observed FMR of 150 Å thick 
La0.7Ca0.3MnO3//BaTiO3. 
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Fig.11. Simulated FMR spectra for the La0.7Ca0.3MnO3//BaTiO3 150 Å sample in out-of-plane field rotation 
between B//[110] (0°) and B//[001] (90°).  

 

The strength of the ferromagnetic coupling (Jeff) determines the shape of the new FMR modes, through the 
field where the [001] and [110] mode frequencies tend to zero. Decreasing Jeff pushes Bmax to higher 
frequencies and also increases modestly the resonance field in the [001] orientation (B0(2)). The actual value of 
magnetic exchange coupling between Mn spins is hard to determine both experimentally and theoretically 
[Dagotto2003, Ziese2002, Martin1996, Millis1997]. Nevertheless, it is widely accepted that the effective 
hopping amplitude between Mn ions must be fractions of an eV (from 1 to 0.2 eV) and the on-site Hubbard 
repulsion to be ~6 eV [Dagotto2003]. With this, approximating Jeff ~ t2/U, the coupling is expected to be 
between 5 meV and 200 meV. In our model, a relatively broad range of values of the coupling could reproduce 
the observations, anywhere between -30 and -300 meV per spin-pair, with appropriate choice of the anisotropy 
constants and the MB magnetization. Smaller Jeff is needed with stronger MB, as only their product appears in 
Eq.[5]. Operationally, our choice of the low value of MB based on PNR leads to the large coupling. In this 
sense, our Jeff must be considered as an effective coupling that accounts for the presence of the much larger 
out-of-plane moments, not actually included in our model. Physically, even near the interface there are 
magnetic moments (MB, seen by PNR) that can be reoriented in-plane with a reasonable applied field. These 
have a preferred orientation out-of-plane, due to their coupling to moments, with much larger overall 
magnetization that cannot be reoriented easily.  

 

DISCUSSION 
The two-layer model proposed here is in robust agreement with FMR experimental data. The need of high 
negative anisotropic constants, supported by magnetoelastic theory reveals the strong magnetolastic coupling 
in La0.7Ca0.3MnO3//BaTiO3. Thus, in line with what was discussed in Chapters 5 and 6, the following picture is 
proposed: first, La0.7Ca0.3MnO3 may be segregated into an antiferromagnetic phase (AF); second, this AF phase 
results from high strains and corrugation and is vertically segregated, as PNR results suggest; third, AF clusters 
may not be uniformly distributed near the interface with BaTiO3 [see Fig. 12(a)] and, fourth, these AF clusters 
may be at the origin of the high negative anisotropy in La0.7Ca0.3MnO3//BaTiO3.  That is, both FM and AF 
phases must be interspersed within layer B, near the interface (besides, some of these clusters may protrude far 
into the La0.7Ca0.3MnO3, as seen in PNR profiles) with overall strongly reduced magnetization. When a 
sufficiently strong magnetic field is applied in plane, the FM phase aligns with it exhibiting a strong magnetic 
anisotropy as revealed by FMR. This situation is illustrated in Fig. 12(a) and (b). In low applied fields, MA lies 
in-plane. On the other hand, MB keeps out-of-plane due to the negative anisotropy induced by AF population. 



 

Fig.12. Illus
of-plane du
turns in-plan

 

Although o
behavior be
between str
in-plane, La
120 Å, the
configuratio
reason for th

 

CONCL
In this chap
the joint ana
differences 
broadened s
axis; iv) slo
like sample
experimenta
two-layer m
from the inh
phases mus
La0.7Ca0.3M
120 Å, the r

 

stration of th
e to negative
ne. 

our model d
etween 0.1 a
rained and re
a0.7Ca0.3MnO
e relative am
on is dramat
he big differ

LUSION
pter, we studi
alysis of PNR

of La0.7Ca0

signals; ii) a
ow shift of FM
s. Relying on
al results fro

model. Our f
homogeneou
st be intersp

MnO3, as seen
relative amou

he two-layer
e anisotropy 

oes not capt
and 1 T in 
elaxed La0.7C

O3 magnetiza
mount of FM
tically differ

rences observ

NS 
ied the stron
R and FMR 

0.3MnO3//BaT
absence of re
MR to highe
n high strain

om PNR dep
findings are c
us strain map
persed near t
n in PNR pro
unt of FM an

model. (a) W
possibly ind

ture the Ma
Matteucci m

Ca0.3MnO3. D
ation at the g
M and AF p
rent amongs
ved between 

ng magnetoel
data. We dev
TiO3 FMR 
esonance aro
r field in out

ns and corrug
th profiles, t
compatible w
p and corrug
the interface

ofiles with ov
nd AF popula

‐ 83 ‐

With no app
duced by cou

atteucci phys
magnetic loo
During the m
grain bounda
populations 
st unpoled B
thin La0.7Ca

lastic couplin
veloped a tw
spectra com

ound B//[100
t-of-plane rot
gation near th
the FMR dat
with the exis

gation at the B
e. Besides, s
verall strongl
ations may v

plied field, m
upling to AF 

sics, it does
ps may hav

magnetization
aries rotates o

may vary, 
BaTiO3 subst
a0.3MnO3//Ba

ng present in
wo-layer mag
mpared to L
0]; iii) lower 
tations and, v
he interface 
ta are qualita
stence of ant
BaTiO3/La0.7

some of the
ly reduced m

vary, as does 

 

magnetization
clusters. b) U

provide som
e its origin 

n process wit
out-of-plane
since the ac
trates. We p
TiO3 films.  

n La0.7Ca0.3M
netic model 

La0.7Ca0.3Mn
field resona

v) lack of res
with the BaT

atively expla
tiferromagne

7Ca0.3MnO3 i
se clusters m

magnetization
the BaTiO3 

n near the su
Under satura

me insight: 
in the magn

ith increasing
e. Even in lay
ctual ferroel
postulate thi
 

MnO3//BaTiO
that address

nO3//SrTiO3: 
ances, B0(2),
sonance for t
TiO3 and tog
ained just by
etic (AF) clu
interface. Th
may protrud
n. Even in la
domain distr

ubstrate is ou
ating fields M

the hysteret
netic interfa
g applied fie
yers as thin 
lectric doma
s as the ma

O3 by means
es the releva
i) weak an

 near the ha
the Matteucc

gether with th
y considering
usters resultin
he FM and A
de far into th
ayers as thin 
ribution.  

ut-
MB 

tic 
ce 

eld 
as 

ain 
ain 

of 
ant 
nd 

ard 
ci-
he 

g a 
ng 

AF 
he 
as 



 
 

‐ 84 ‐

REFERENCES 
 

[Alberca2011] Alberca, A., et al. "Exotic magnetic anisotropy map in epitaxial La0.7Ca0.3MnO3 films on 
BaTiO3." Physical Review B 84.13 (2011): 134402. 

[Alberca2012] Alberca, A., et al. "Ferroelectric substrate effects on the magnetism, magnetotransport, and 
electroresistance of La0.7Ca0.3MnO3 thin films on BaTiO3." Physical Review B 86.14 
(2012): 144416. 

[Alberca2013] A. Alberca et al., “Magnetoelastic coupling in La0.7Ca0.3MnO3/BaTiO3 ultrathin films” 
submitted to Phys. Rev. B (2013) 

[Chang1993] Chang, Ching-Ray. "Magnetostrictive surface anisotropy of epitaxial multilayers." Physical 
Review B 48.21 (1993): 15817.  

[Chikazumi2009] S. Chikazumi, “Physics of Ferromagnetism” 2e., 94. Oxford University Press, USA, (2009) 
[Dagotto2003] E. Dagotto, “Nanoscale phase separation and colossal magnetoresistance: the physics of 

manganites and related compounds”. Vol. 136 . Springer, (2003) 
[delMoral2008] A. del Moral, “Handbook of Magnetostriction and Magnetostrictive Materials”, vol 1, Del 

Moral Publisher (2008) 
[Hoffmann2005] A. Hoffmann, et al.,“Suppressed magnetization in LCMO/YBCO superlattices” Phys. Rev. B 

72, R140407, (2005) 
[Kittel1996] C. Kittel and P. McEuen, “Introduction to solid state physics” New York: Wiley, 1996. 
[Lacheisserie1982] Du Tremolet de Lacheisserie, E., and J. Rouchy. "The magnetoelastic coupling in nickel." 

Journal of Magnetism and Magnetic Materials 28.1 (1982): 77-87.  
[Lacheisserie1993] E. du Tremolet de Lacheisserie. "Magnetostricition: Theory and Applications of 

Magnetoelasticity"  CRC Press 9 Juin 1993 – 408 pages. 
[Lacheisserie2006] Du Trémolet de Lacheisserie, Etienne, Damien Gignoux, and Michel Schlenker. 

"Magnetism." Magnetism, Edited by E. du Trémolet de Lacheisserie, D. Gignoux, and M. 
Schlenker. ISBN 0-387-23062-9. Berlin: Springer, 2006. 1 (2006). 

[Liu2012] Liu, Yaohua, et al. "Effect of Interface-Induced Exchange Fields on Cuprate-Manganite Spin 
Switches." Physical Review Letters 108.20 (2012): 207205. 

[Majkrzak2005] M.R. Fitzsimmons and C.F. Majkrzak, Application of polarized neutron reflectometry to 
studies of artificially structured magnetic materials, in Modern Techniques for Characterizing 
Magnetic Materials, ed. by Y. Zhu (Kluwer, Boston 2005), pp. 107-152. 

[Martin1996] Martin, Michael C., et al. "Magnetism and structural distortion in the La0.7Sr0.3MnO3 metallic 
ferromagnet." Physical Review B 53.21 (1996): 14285. [49] [Millis1997] Millis, A. J. "Orbital 
ordering and superexchange in manganite oxides." Physical Review B 55.10 (1997): 6405. 

[Nemes2008] Nemes, Norbert Marcel, et al. "Thickness dependent magnetic anisotropy of ultrathin LCMO 
epitaxial thin films." Magnetics, IEEE Transactions on 44.11 (2008): 2926-2929. 

[O’Donnell1998] O’Donnell, J., et al. "Magnetoelastic coupling and magnetic anisotropy in 
La0.67Ca0.33MnO3 films." Applied physics letters 72.14 (1998): 1775-1777. 

[O'Handley1992] R.C O'Handley & S-W. Sun., J. of Magn.& Magn. Materials, 104, 1717-1720, (1992);  
[Park2008] Park, S., et al. "The influence of growth temperature and annealing on the magnetization depth 

profiles across ferromagnetic/semiconductor interfaces." Journal of Applied Physics 104.8 
(2008): 083905-083905.  

[Vaz2009] Vaz, Carlos AF, et al. "Magnetic anisotropy modulation of magnetite in FeO/BaTiO (100) epitaxial 
structures." Applied Physics Letters 94 (2009): 022504.  

[Ziese2002] Ziese, Michael. "Extrinsic magnetotransport phenomena in ferromagnetic oxides." Reports on 
Progress in Physics 65.2 (2002): 143. 

  



 

La
 

 

In this chap
experiments
upon apply
s/m. This ef
upon applyi

We compar
the two kin
as described
Chapter 7) 
La0.7Ca0.3M

 

CHARA
In order to 
grown on p
previous ch
into individ
details on th

We chose fo
Ray diffract
the out-of-p

M
a0.7Ca0

pter, we inve
s based on th
ing electric 
ffect is giant
ing electric f

re the magnet
ds of substra
d in Chapter

is at the 
MnO3//BaTiO3

ACTERI
explore the 

pre-poled BaT
hapters of thi
dual pieces. W
hese substrat

for these expe
tion). That is

plane directio

MAGN
0.3MnO

estigate the m
he converse m
fields, and e
t compared w

fields, resulti

toelectric eff
ates and our 
r 2. The stron
origin of t

3 is strain me

ZATION
converse ma
TiO3 substra
is thesis, by 
We do not re
tes and Chap

eriments sub
s, in the tetra
on, with the s

NETO
O3//Ba

magnetoelectr
magnetoelect
estimate mag
with those fo
ng in a consi

fect in pre-po
findings can
ng magnetoe
his strong m
ediated.  

N 
agnetoelectri
ates. Essentia
a poling pro
efer to poling
ter 4 for the 

bstrates exhib
agonal phase,
shorter param

‐ 85 ‐

OELEC
aTiO3

tric coupling 
tric effect. W
gnetoelectric

found in liter
iderable redu

oled and unp
n be explaine
elastic coupl
magnetoelec

ic coupling w
ally, these su

ocess during 
g the actual 
characteriza

biting mainly
, the polar ax
meter, a = 3.9

CTRIC
ULTR

in La0.7Ca0.3

We report cha
c coupling c
rature. Magn
uction of coe

poled BaTiO3

ed in terms o
ling present 
ctric couplin

we worked w
ubstrates diff
fabrication, 
substrate po

ation at room

y “c”-type fe
xis (lattice pa
992 Å, in-pla

C

C COU
RA-TH

3MnO3//BaT
anges in mag
onstants, α, 

netic anisotro
ercive fields. 

3. The observ
of difference
in La0.7Ca0.3M

ng, as the m

with 100 Å t
fer from the 
prior to slici

ost-production
temperature

erroelectric d
arameter c = 
ane. 

 

CHAP

UPLIN
HIN F

TiO3 thin film
gnetization a
of the order

opy is also h
 

ved behaviou
es of domain
MnO3//BaTi
magnetoelec

thick La0.7Ca
unpoled one

ing the large
on. See Chap
e of unpoled 

domains (dete
4.036 Å) is 

PTER 8

NG IN
FILMS

ms. We discu
around 30-40
r of (2-5)·10

highly affecte

ur is distinct 
n configuratio
iO3 (studied 
ctric effect 

a0.3MnO3 film
es, used in th
e single cryst
pter 3 for mo

BaTiO3.  

ermined by X
directed alon

8 

N 

S 

uss 
0% 
0-7 
ed 

in 
on 
in 
in 

ms 
he 
tal 

ore 

X-
ng 



 

Fig.1. a) a
magnetoele

The morpho
are shown in
relatively fl
Fig. 1(c). Th
value obtai
corrugation 
height of ~1

La0.7Ca0.3M
Ray diffract
asymmetric
parameters 
relaxation c
relaxed. Coh
under a tens

Fig.2. Recip
Black lines 
 
Magnetic ch
temperature
broad para
magnetizati
temperature
Oe with elev

The similar
moments ex
at low temp
6). Furtherm
transition an
are also mag
 

and b) AFM
ctric effect e

ology of the 
n Figure 1, f
lat surface w
he calculated
ined for unp
 of a-c doma
10nm, have b

MnO3 films gr
tion at room

c (-103) refl
in-plane a = 

coefficient fo
herence leng
sile strain in-

procal space 
in b) are gui

haracterizati
e dependent 
amagnetic-fe
ion (saturati
e, Tc ≈ 190 K
vated blocki

ities in magn
xtracted from
peratures, de
more, the li
nd high bloc
gnetic granu

a)

M images s
experiments. 

BaTiO3 was
for two differ
with features 
d rms for this
poled BaTiO
ain walls. Fi
been ascribed

rown on pre
m temperature
flection. La0

3.88 ± 0.02 
or this partic
gths are 130±
-plane of ε11=

maps aroun
ides to the ey

ion was done
magnetizatio
rromagnetic 
on magnetiz

K. Large hyst
ing (TB ≈ 140

netism with s
m magnetic h
noting the st
inear temper
cking temper

ular systems. 

showing the
c) Line prof

s characteriz
rent scan are
in the 10-15

s scan area is
O3 substrate
igure 1(b) sh
d to a selectiv

e-poled subst
e. Figure 2 s

.7Ca0.3MnO3

Å and, out-o
cular sample 
±10 Å in-plan
=0.5% and o

d a) the (200
ye. 

e using the 
on is shown 

(PM-FM) 
zation, Msat

teretic behav
0K) and clos

samples grow
hysteresis loo
trong magne
rature depen
rature indica

‐ 86 ‐

e topograph
file showing 

ed with AFM
eas.  Figure 1
5nm range a
s 4.8nm. Thi
es (Chapter 
hows a 10μm
ve polishing

trates had a 
shows two re

thin films 
of-plane c = 
is R ≈ 0.8, 

ne and 90±1
out-of-plane ε

0) symmetric

VSM system
in Fig. 3. As
transition 
≈ 1.8 μB/M

viour betwee
sure (Tcl ≈ 15

wn on unpol
ops are show
etic anisotrop
ndence of th
ate that La0.7

hy of a Ba
the character

M prior to fil
1(a) correspo
as can be ob
is value is ap
4), which w

m x 10μm sc
g effect on th

thickness of
eciprocal spa

are epitaxi
3.86 ± 0.01 
that is, La0.7

0 Å in the ou
ε33=0.1%, ap

c direction an

m. Zero field
s for films g
is observed

Mn at 20 K
n FC and ZF

55K) tempera

led substrates
wn in Fig. 5. C
py and inhom
he coercive 
Ca0.3MnO3 t

b)

aTiO3 substr
ristic roughn

lm growth. T
nds to a 50μ
served in the
proximately 
was domina
an area. The
e different fe

f 100 Å and 
ace maps of 
al with a n
Å. The avera
Ca0.3MnO3//
ut of plane di
pproximately

nd b) the (-1

d cooled (ZF
rown on unp

d with the 
K, see Fig. 
FC measured
atures are als

s are evident
Coercive fiel
mogeneous d
fields along

thin films gr

rate used in
ness of these 

Two represen
μm x 50μm ar
e correspond

y three times 
ated by the 
e features ob
erroelectric d

were charac
a symmetric

near cubic s
age c/a ratio 
/BaTiO3 film

direction. La0

y. 

03) asymme

FC) and fiel
poled BaTiO

characteris
4) and dep

d in an applie
so observed. 

t. Remanent 
lds are large

domains stru
g with the b
rown on pre-

n the inver
substrates. 

ntative imag
rea, showing
ding profile 
lower than th
characterist

bserved, with
domains. 

cterized by X
c (200) and a
structure wi
is ~ 0.99. Th

ms are partial

0.7Ca0.3MnO3

 

etric reflectio

d cooled (FC
O3 substrates,
stic depresse
pressed Cur
ed field of 10

and saturatio
, up to 500 O
cture (see Fi
broad PM-F
-poled BaTiO

rse 

ges 
g a 
of 
he 
tic 

h a 

X-
an 
ith 
he 
lly 
is 

on. 

C) 
, a 
ed 
rie 
00 

on 
Oe 
ig. 
M 
O3 



 

Fig.3. ZFC-
transition fr
 

Fig.4. Magn

Fig.5. Rema

-FC measure
rom Rhombo

netic hystere

anent and sat

ed at a) 100 O
ohedral to Or

sis loops at s

     
turation mom

Oe and b) 10
rthorhombic 

selected temp

ments vs. tem

‐ 87 ‐

000 Oe. The 
phase. 

peratures. 

mperature. 

small jump a
 

around 190 K

 

K is due to s

 

substrate phaase 



 

 

Fig.6. Coerc
 
 

MAGNE
SUBST
We measur
this purpose
 
Optimal res
300K) an el
to the samp
sample was
maintained 

Fig.7. Magn
(ferroelectri
where the 
depicted. 

cive fields as

ETOELE
RATES 

red the magn
e we used a m

sults were ob
lectric field h

ple surface (E
s properly co
during all su

netic hystere
ic polarizatio
magnetic lo

s a function o

ECTRIC

netization ch
modified sam

btained when
higher than t
E > 1 kV/cm
ontacted and
ubsequent me

sis loops at f
on points aw
oops of the 

of temperatu

C COUPL

anges upon 
mple rod for t

n adopting th
the ferroelec

m). Direct obs
d that the sw
easurements 

four selected
way from sam

same sampl

‐ 88 ‐

ure. 

LING TO

application 
the VSM-PP

he following 
ctric coercivi
servation of 

witching proc
at lower tem

d temperature
mple plane). 
le measured

O PRE-P

of electric fi
PMS system 

protocol: In 
ity was appli
the current p

cess was tak
mperatures, e

es measured 
This figure 

d in the init

OLED B

ields to the f
described in 

the ferroelec
ied to the sam
peak at the s

king place. T
ssentially ke

under an app
can be direc
ial ferroelec

 

BaTiO3 

ferroelectric 
n Chapter 3, s

ctric, tetragon
mple in a dir
switching fie
The electric f
eeping the Ba

 
plied voltage
ctly compare
ctric depolar

substrate. F
section VI. 

nal phase (T
rection norm
eld ensured th
field was the
aTiO3 poled.

e of 300 V/m
ed with Fig. 
rized state a

or 

T = 
mal 

he 
en 
  

mm 
4, 

are 



 

Figure 7 sho
directed tow
differences 
variation of
kV/cm, at 2

 
In Figures 
ferroelectric
of the subst
Furthermore
opposed to 
decreasing 
deeply linke
changes in 
100K. 
 

Fig.8. Satur
away from 
to polarizat
measuremen
 

ows the mag
wards sample
can be seen

f a 38%; ii) c
20 K. 

8-10, we 
c depolarized
trate is striki
e, the magne
the monoton
temperature 
ed to the cha
the ferroelec

ration mome
sample plan

tion pointing
nts in a diffe

gnetic hyster
e plane, thus

n: i) Strong r
considerable

compare sat
d (Fig.4) and
ing: the mag
etization rea

nic behavior 
in the polar

ange of mag
ctric substra

ents vs. temp
e. Dark gree

g towards sam
erent sample.

esis loops of
s inducing a 
reduction of 
e reduction o

turation mo
d polarized (F
gnetization is
aches a broad
in the depola

rised state, an
netic anisotr
te and denot

perature for t
en squares co
mple plane w
 

‐ 89 ‐

 

f the sample 
polarization 

f the saturatio
of the coerciv

 

oments, rem
Fig. 7) state
s strongly re
d maximum
arized one. T

and instead b
ropy (change
tes a change

the same sam
orrespond to 
with an appl

of Fig. 4 wi
away from 

on moments
ve fields, fro

anent magn
s of the BaT
duced and th

m in the polar
The coercive
becomes prac
e in the shap
e in the mag

mple at 0 an
applied elec

lied electric 

th an applied
it, see inset i

s, Msat ≈ 1.1 
om 450 Oe a

netization an
TiO3. The eff
his is enhanc
rized state b
field also ce

ctically cons
pe of magnet
gnetic granul

 
nd 3 kV/cm 
ctric field and
field of 3 kV

d electric fie
in Fig. 7. Tw
µB/Mn at 2

at 0 kV/cm t

nd coercive 
fect of electr
ced at lower
between 50 a
eases to grow
stant below 1
tic hysteresis
larity of the 

with polariz
d light green
V/cm, from 

eld of 3 kV/c
wo remarkab
0 K, that is,
to 150 Oe at

fields in th
ic polarizatio

r temperature
and 100 K, 
w linearly wi
100 K. This 
s loops) due 
system belo

zation pointin
n open squar
another set 

cm 
ble 
, a 
t 3 

he 
on 
es. 
as 
ith 
is 
to 

ow 

ng 
res 
of 



 

Fig.9. Rema
 

Fig.10. Coe
points corre
from sample
 
The effect 
effect is str
different sa
This way th
we measure
case in gree
appreciated 
When chan
reduction o
This is a re
strain med
polarization
chapter. 

anent magne

ercive fields v
espond to da
e plane. 

of applying 
rongly depe
mple, the ex

he effect is co
ed the effect
en squares in
in the mome

nging the di
of saturation 
elevant result
diated mech
n senses are 

etization vers

vs. temperatu
ata obtained f

the electric 
endent of the
xperiment wa
omparable in
t by applying
n Figs. 8-10
ent vs. tempe
irection of t
and remane

t since it lin
hanism, inste

expected [B

sus temperatu

ure extracted
from another

field in opp
e substrate h
as repeated, 
n magnitude 
g the electric
, as extracte
erature curve
the applied 
ent moments
nks the magn
ead of inte

Burton2009, 

‐ 90 ‐

ure extracted

d from magn
r sample in w

posite direct
history we 
this time ap
to that in as 
c fields in di
ed from mag
es in Fig. 11.
electric field

s, and coerci
netoelectric c
erface recon
Dagotto201

d from magne

etic hysteres
which the el

tions was al
performed t

pplying the e
prepared sam
ifferent direc

gnetic hystere
.  
d, the effec
ive fields up
coupling obs
nstruction, w
1, Sohrab20

 
etic hysteresi

sis loops in F
ectric field w

so studied. 
two different
electric field 
mples. Secon
ctions alterna
esis loops an

t was practi
pon applying
served in La0

when differ
012] We wil

is loops in F

 
Fig. 7. Dark a
was applied 

Since the m
nt experimen
 away from 

nd, in anothe
atively. We 
nd the secon

ically the sa
g saturating 
a0.7Ca0.3MnO3

rences betw
ll discuss thi

ig. 7.  

and light gree
pointing awa

magnetoelectr
nts. First, in 

sample plan
er same samp

show the fir
nd case can b

ame: a stron
electric field

3//BaTiO3 to
ween differe
is later in th

en 
ay 

ric 
a 

ne. 
ple 
rst 
be 

ng 
ds. 
o a 
ent 
his 



 

Fig.11. ZFC
ferroelectric
from (-300 V
 
 
In Fig. 11, 
Some work
applying el
observed an
with the Ba
change in t
Blocking te
 
From chan
magnetoele

 

 
resulting in 
12. We also
 

C measured 
c. Orange an
V/mm) samp

we compare
ks reported in
lectric fields
ny change in
aTiO3 phase t
the Curie tem
emperature in

nges in sat
astic couplin

a maximum
o include the 

at a) 1000 
nd gray corre
ple plane. No

e ZFC measu
n literature s
s the substra
n the Tc due t
transition (Fi
mperature w
n La0.7Ca0.3M

turation mom
ng constant a

m magnetoele
calculated c

Oe and b) 1
espond to ap
ote the differ

urements wit
state that the 
ate (up to 20
to the broad 
ig. 12.a). Ind

was observed
MnO3//BaTiO

ments, ΔM 
as a function 

 

ectric constan
oupling cons

‐ 91 ‐

100 Oe. Blu
pplied electri
rent y-scales 

th different p
 Curie temp
0K in Refs.
 nature of th

deed, even af
. Neverthele

O3 heterostruc

M = M(0kV
of temperatu

0

M

E
 


 

nt at low tem
stants (green

e lines corre
ic fields poin
in both grap

polarization 
erature in FM
 [Thiele200

he PM-FM tr
fter taking th
ess, we were
ctures (Fig. 1

V/cm)-M(3kV
ure: 

mperatures o
n squares of F

 
espond to th
nting toward
phs. 

states of the
M/FE hetero
7, Hajo2009
ransition and
he derivative 
e able to mea
12.b).    

V/cm) we c

f α = 5·10-7 
Figs. 8-10) o

he depolarize
ds (+300 V/m

e substrate (
ostructures m
9]). Howeve
d the coincid

of the ZFC, 
asure a shift

can calcula

s/m, as depi
of the second 

ed state of th
mm) and awa

same sample
may shift whe
er, we did n
dence of the 

no conclusiv
ft of 5K in th

ate the line

[1] 

icted in Figu
sample. 

he 
ay 

e). 
en 

not 
Tc 
ve 
he 

ear 

ure 



 

Fig.12. Cal
saturation m
values for a
hysteresis lo
 
 

MAGNE
SUBST
The scenar
different up
one order o
shows α as 

lculated mag
moments wit
another samp
oops at 20 K

ETOELE
RATES 

rio observed
pon applying 
of magnitude
a function of

gnetoelectric
h applied ele
ple in which 

K with no app

ECTRIC

d in La0.7Ca0

an electric f
e weaker (α ≈
f temperature

 coupling c
ectric fields 
the same el

plied electric 

C COUPL

0.3MnO3 thin
field to the su
≈ 5·10-8 s/m
e calculated 

‐ 92 ‐

onstant acco
of 0 and 3 k

lectric field w
field (initial

LING IN

n films grow
ubstrate. Alth

m) compared 
from two sam

ording to Eq
kV/cm. Gree
was applied 
l ferroelectric

N CASE O

wn on unpo
hough we do
to films gro
mples, in var

q. [1]. ΔM i
n squares co
in the oppos

c depolarized

OF UNP

oled BaTiO3

o observe a m
wn on pre-p
rious magnet

is the differ
orrespond to 
site sense. In
d state) and 3

OLED B

3 substrates 
magnetoelect
poled substra
tic fields (as 

 
rence betwee
the calculate

nset: Magnet
3 kV/cm. 

BaTiO3 

is complete
tric effect, it 
ates. Figure 1
indicated). 

en 
ed 
tic 

ely 
is 

13 



 

Fig.13. Ma
(unpoled) sa
 
The remark
and applied
temperature
magnetoele
(in contras
[Eerenstein2
magnetic m
of the subst
This jump w
example of 
 

Fig.14. Mag
in which an
resulting in 

agnetoelectri
amples. Diff

kable differen
d magnetic f
es below 80
ctric couplin

st with our 
2007] was fo

moment versu
trate was app
was always s
this process.

gnetic mome
n electric fiel

a decrease in

c coupling 
ferent colors 

nce with the
fields: no ma
 K or at m

ng while mea
thin films

ollowed inste
us time was r
plied suddenl
sharp and pe
. 

ent vs. time, a
ld of 300 V/m
n magnetizat

constant vs
indicate diff

e samples gr
agnetoelectri

magnetic field
asuring magn
s grown on
ead. First, th
recorded: at a
ly (typically,
ersistent and 

after field co
mm (pointing
tion (magnet

‐ 93 ‐

s. temperatu
ferent applied

rown on pole
ic effect (i.e
ds higher th
netic hystere

n poled sub
he sample wa
a certain tim
, 1-3 kV/cm)
implied a re

ooling in 0.1T
g away of th
toelectric eff

ure for two 
d magnetic fi

ed substrates
. α < 10-9 s/

han 0.1 T. It
esis loops or
bstrates), an
as cooled in 

me, t0, an elec
) and a “jum
eduction of t

T, and in ma
he thin film) 
fect). 

equivalents
fields, as indi

s, is the dep
/m) was obs
t was, in fa
r magnetizati
nd a proced
a small (or z
tric field hig

mp” in the ma
the magnetiz

agnetic reman
is applied to

 
s La0.7Ca0.3M
icated. 

pendence wit
served in the
act, impossib
ion vs. temp
dure establi
zero) magnet
gher than the
agnetization 
zation. Figur

 
nence. t0 ind
o the ferroele

MnO3//BaTiO

th temperatu
ese samples 
ble to observ
perature curv
ished in Re
tic field. The
 coercive fie
was observe
e 14 shows a

icates the tim
ectric substra

O3 

ure 
at 
ve 

ves 
ef. 
en, 
eld 
ed. 
an 

me 
ate 



 
 

‐ 94 ‐

 
In addition, the change in magnetic moments upon applied electric fields was only observed in a limited 
sequence of “switching” events (typically, less than 5) as ΔM quickly reduced when consecutively applying 
the same electric field, until no effect was indeed observed. Nevertheless, the effect was persistent and “turning 
off” the electric field usually resulted in a recovery of the previous magnetic state. Several attempts to recover 
the initial state of the sample, and therefore, the possibility of observing the magnetoelectric effect again, were 
investigated (as, for example, depolarizing electrically and magnetically the samples at room temperature or 
heating the substrates over the ferroelectric Curie temperature in O2 atmosphere), to no avail.  
 
 

DISCUSSION 

BaTiO3 QUALITY 

The differences presented in this chapter between thin films grown on unpoled and poled substrates can be 
understood in terms of the substrate nature. 
 
In Chapter 2 we considered the effects of domain configuration on the piezoelectric response of BaTiO3. In 
general, three contributions are expected: intrinsic contribution, domain rotation, and polarization rotation. 
Particularly relevant is the fact that BaTiO3 substrates exhibit enhanced piezoelectric effects when the electric 
field is applied in directions different than the polar axis [Fu2000b, Fu2000, Budimir2005, Damjanovic2006]. 
However, this effect is observed in coarse grained or engineered states of BaTiO3 single crystals where the 
dominant mechanism that contributes to piezoelectricity is polarization rotation [Park1997]. 
In fact, the piezoelectric strains expected in the case of fine grained substrates, (such as our unpoled BaTiO3 
substrates) in the rhombohedral phase are small (<<1%) compared with those in the tetragonal phase (when 
ferroelectric domains are rotated from a “a”-type domains to a “c”-type domains the strain changes a 1%). In 
this sense, although unpoled BaTiO3 can be used in room temperature heterostructures [Eerenstein2007], in 
order to enhance the piezoelectric effect and, consequently, the magnetoelectric effect in the heterostructure, 
high substrate homogeneity, as in pre-poled substrates, is required. 
 
It is worth noticing that although high piezoelectric strains are expected to be at the origin of the enhanced 
magnetoelectric effect observed in La0.7Ca0.3MnO3 on poled BaTiO3, the actual path followed by the 
polarization vector in the rhombohedral phase is unknown as the calculations usually do not involve changes in 
temperature (see, for instance, Ref. [Fu2000b]), thus, the values of these piezoelectric strains in BaTiO3 
substrates are unknown. 
 

MAGNETOELECTRIC COUPLING MECHANISM 

Let us now discuss the possible processes that lead to magnetization reduction upon applying electric fields to 
the ferroelectric substrate. The mechanisms that allow magnetoelectric coupling (described in Chapter 1) are, 
basically: polarization (charge accumulation/depletion at the interface) and structural (phase separation 
mediated by strain) mechanisms [Velev2011].  

A relevant aspect that allows us to discern between polarization and structural mechanisms is the “symmetric” 
nature of the magnetoelectric effect in La0.7Ca0.3MnO3//BaTiO3: we observed exactly the same effect when 
polarizing the substrate with polarization vector pointing towards the thin film or away from it. Then, if we 
hypothetically consider the magnetoelectric effect discussed here as a polarization effect, either poling with 
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holes or electrons has the same consequence on the magnetic thin film, which is in disagreement with all 
proposed mechanisms of this type [Hajo2009]. Therefore, the magnetoelectric effect (see below) in 
La0.7Ca0.3MnO3//BaTiO3 is largely dominated by structural changes.  
 
For example, a shift in the manganite phase diagram can only be understood if the effect favours FM ordering 
when increasing the doping level x (for small changes in x), and the AF ordering when decreasing x (see La1-

xCaxMnO3 phase diagram in Chapter 2). Note, that an increase in x would imply an increase in the Tc and a 
reduction of the magnetization –given by (4-x)μB– and vice versa. Then, a change in the doping level induced 
by charge depletion fails to explain the magnetoelectric effect observed in La0.7Ca0.3MnO3//BaTiO3. Other 
possibilities, like Ca segregation near the interface would only favour the antiferromagnetic ordering in 
accumulation, and for the same reason are ruled out [Hajo2009]. 
Moreover, changes in carrier density would favour non-parallel spin arrangement [Burton2009, Dagotto2011, 
Sohrab2012] by inducing deformation in the Mn octahedra, but the calculated phase diagrams show a 
preference for AF only in one of the polarization states of the ferroelectric. Besides, these effects require high 
interface quality and, generally, only involve a few unit cells near the ferroelectric (with magnetic modulations 
of ~10% [Lu2012]). 
 
Hence, only structural deformations are left to explain the giant magnetoelectric effect observed in 
La0.7Ca0.3MnO3//BaTiO3. To address this mechanism, we rely on the strain-driven phase separation in 
La0.7Ca0.3MnO3 as the most plausible explanation (as we already did in Chapters 5 and 6). The ingredients that 
lead to strong magnetoelastic coupling in La0.7Ca0.3MnO3//BaTiO3 are large and inhomogeneous strains 
induced by lattice mismatch and corrugation. These result in the coexistence of two magnetic phases in the thin 
film in the depolarized state of the substrate. One phase is metallic, ferromagnetic and behaves as expected for 
low tensile strains; the other one is insulating, antiferromagnetic and is highly affected by strain. These phases 
are vertically segregated and distributed in patches near the interface. When electric fields are applied to 
BaTiO3 the strain distribution drastically changes, modifying the sensitive structural distortions present in the 
La0.7Ca0.3MnO3 and enhancing/favouring the AF phase. Presumably, corrugation is smoothed by the electric 
fields leading to a more uniformly distributed FM and AF phases that would lead to reduced anisotropy in the 
system. 
 

MAGNETIC ANISOTROPY 

The changes in the magnetic anisotropy and magnetic granularity of the thin film give a positive insight to the 
picture considered above. First, the behaviour observed in La0.7Ca0.3MnO3 grown on pre-poled BaTiO3 when 
no electric fields are applied, is similar to that observed in samples grown on unpoled BaTiO3: linear 
dependence with coercive fields (Fig. 6) and high blocking and closure temperatures (Fig. 3). As we showed in 
Chapter 7, the magnetic anisotropy can be seen in those samples as a footprint of the coexistence of AF and 
FM clusters near the interface. Nevertheless, when the electric fields are applied this behaviour changes 
drastically and at all temperatures we observe a noticeable reduction of coercive fields and saturation moments 
(see inset in Fig. 12). Below 100K, the granular character of these systems is lessened and the whole thin film 
behaves similarly to a less strained, homogeneous and thinner layer, suggesting a higher concentration of AF 
clusters near the BaTiO3 and clusters more uniformly distributed. 
Also, in line with previous considerations in Chapters 5 and 6, this reduced anisotropy is consistent with the 
less corrugated interface. This idea comes from the enhanced piezoelectric effect expected in these substrates 
with a rotation of the polarization vector from the [111] rhombohedral diagonal to the [100] parallel to the 
electric field (the in plane parameter of the BaTiO3 may be reduced, and thus the strain induced in the thin 
film). In this sense, a future study of the topography at low temperature of these substrates with applied 
electrics fields seems to be in order. 
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CONCLUSIONS 

In this chapter, we demonstrated strong magnetoelectric coupling in La0.7Ca0.3MnO3//BaTiO3 ultra-thin films. 
This coupling is strain mediated and even in partially relaxed thin films can be appreciated. However, as our 
study with different substrates has shown, magnetoelectric coupling is highly affected by the substrate nature. 
In fact, La0.7Ca0.3MnO3 grown on unpoled substrates with generally small size grains systematically exhibited 
weak magnetoelectric coupling constant and low reproducibility. On the other hand, thin films grown on poled 
substrates with mainly “c”-type ferroelectric domains and high quality (coarse grains), exhibited high 
magnetoelectric coupling at all temperatures measured. The strong magnetoelectric coupling in these samples 
can only be understood as the effect of polarization rotation from the [111] direction to the [100] (parallel to 
the applied electric field) and the consequent large strain involved. One relevant aspect of this coupling is the 
effect of ferroelectric polarization in the thin film magnetic anisotropy, with reduced coercive fields. In 
addition, the magnetic granularity, observed in all La0.7Ca0.3MnO3//BaTiO3, is affected by the electric fields as 
the blocking temperature is shifted by 5K and the linear dependence with temperature of the coercive fields is 
broken below 100K. 
 
In conclusion, magnetoelectric coupling is possible in La0.7Ca0.3MnO3//BaTiO3 mediated by the strong 
magnetoelastic coupling between thin film and substrate in high quality substrates where polarization rotation 
yields large piezoelectric strains. 
 
 

REFERENCES 
[Alberca2011] Alberca, A., et al. "Exotic magnetic anisotropy map in epitaxial La0.7Ca0.3MnO3 films on 

BaTiO3." Physical Review B 84.13 (2011): 134402. 
[Alberca2012] Alberca, A., et al. "Ferroelectric substrate effects on the magnetism, magnetotransport, and 

electroresistance of La0.7Ca0.3MnO3 thin films on BaTiO3." Physical Review B 86.14 
(2012): 144416. 

[Alberca2013] A. Alberca et al., “Magnetoelastic coupling in La0.7Ca0.3MnO3/BaTiO3 ultrathin films” 
submitted to Phys. Rev. B (2013) 

[Budimir2005] Budimir, Marko, Dragan Damjanovic, and Nava Setter. "Enhancement of the piezoelectric 
response of tetragonal perovskite single crystals by uniaxial stress applied along the polar 
axis: A free-energy approach." Physical Review B 72.6 (2005): 064107. 

[Burton2009] Burton, John D., and Evgeny Y. Tsymbal. "Prediction of electrically induced magnetic 
reconstruction at the manganite/ferroelectric interface." Physical Review B 80.17 (2009): 
174406. 

[Dagotto2011] Dong, Shuai, et al. "Microscopic model for the ferroelectric field effect in oxide 
heterostructures." Physical Review B 84.15 (2011): 155117. 

[Damjanovic2006] Damjanovic, D., et al. "Piezoelectric anisotropy: Enhanced piezoelectric response along 
nonpolar directions in perovskite crystals." Journal of materials science 41.1 (2006): 65-76.  

[Eerenstein2007] Eerenstein, W., et al. "Giant sharp and persistent converse magnetoelectric effects in 
multiferroic epitaxial heterostructures." Nature materials 6.5 (2007): 348-351. 

[Fu2000] Fu, Huaxiang, and Ronald E. Cohen. "Polarization rotation mechanism for ultrahigh 
electromechanical response in single-crystal piezoelectrics." Nature 403.6767 (2000): 281-
283. 



 
 

‐ 97 ‐

[Fu2000b] Fu, Huaxiang, and R. E. Cohen. "Piezoelectric response from rotating polarization." AIP 
Conference Proceedings. Vol. 535. (2000) 

[Hajo2009]  Molegraaf, Hajo JA, et al. "Magnetoelectric effects in complex oxides with competing ground 
states." Advanced Materials 21.34 (2009): 3470-3474. 

[Lu2012] Lu, H., et al. "Electric modulation of magnetization at the BaTiO3/La0.67 Sr0.33MnO3 interfaces." 
Applied Physics Letters 100.23 (2012): 232904-232904. 

[Park1997] Park, Seung-Eek, and Thomas R. Shrout. "Ultrahigh strain and piezoelectric behavior in relaxor 
based ferroelectric single crystals." Journal of Applied Physics 82 (1997): 1804. 

[Sohrab2012] Chen, Hanghui, and Sohrab Ismail-Beigi. "Ferroelectric control of magnetization in La_ {1− x} 
Sr_ {x} MnO_ {3} manganites: A first-principles study." Physical Review B 86.2 (2012): 
024433. 

[Thiele2007] Thiele, C., et al. "Influence of strain on the magnetization and magnetoelectric effect in 
La_{0.7}A_{0.3}MnO_{3}⁄ PMN-PT (001)(A= Sr, Ca)." Physical Review B 75.5 (2007): 
054408. 

[Velev2011] Velev, J. P., S. S. Jaswal, and E. Y. Tsymbal. "Multi-ferroic and magnetoelectric materials and 
interfaces." Philosophical Transactions of the Royal Society A: Mathematical, Physical and 
Engineering Sciences 369.1948 (2011): 3069-3097. 

  



 
 

‐ 98 ‐

CHAPTER 9 

SUMMARY AND FUTURE 
 

In this thesis we have studied the interfacial effects appearing in La0.7Ca0.3MnO3//BaTiO3 multiferroic 
heterostructures. These systems exhibit exotic magnetic and transport properties and can be described as a 
vertically segregated structure with coexistence of two La0.7Ca0.3MnO3 magnetic phases. The key to understand 
this phenomenology is the strong magnetoelastic coupling between thin film and substrate that arises from high 
inhomogeneous strain and corrugation.  

We observed giant magnetoelectric coupling between the magnetic thin film and ferroelectric substrate, 
resulting from strain effects (magnetoelastic effect). The large value of the magnetoelectric coupling constant 
obtained in thin films can only be understood in terms of the high strains that may result from a ferroelectric 
polarization rotation in the high-quality BaTiO3 substrates. 

Below, we summarized these conclusions and propose future experiments. 

 

GENERAL PROPERTIES OF La0.7Ca0.3MnO3//BaTiO3 
BaTiO3 substrates have a complex surface with a typical roughness of 40 Å, corrugation angles varying from 
0.27º in the rhombohedral phase to 0.6º in the tetragonal phase, and with ferroelectric domain patterns that 
change with thermal and electric history. In addition, the lattice parameter misfit between thin film and 
substrate is over 3%, resulting in partially relaxed thin films (Chapter 4) with inhomogeneous strain 
distribution. The BaTiO3 corrugation is enormous compared with the non-ferroelectric SrTiO3 that has a 
typical roughness of only 4-9 Å and small lattice parameter misfit (less than 1%) with La0.7Ca0.3MnO3. The 
latter system was taken as the reference. 

The structural and morphological characteristics of BaTiO3 lead to the enhancement of interfacial effects in 
ultra-thin films of La0.7Ca0.3MnO3//BaTiO3 (with thicknesses below 120 Å) that involve approximately the 30-
40% of the La0.7Ca0.3MnO3 film.  

La0.7Ca0.3MnO3//BaTiO3 exhibit depressed saturation moments, broad paramagnetic-ferromagnetic transitions, 
high coercive fields with linear temperature dependence and elevated blocking temperatures. Furthermore, 
Matteucci magnetic hysteresis loops have been observed between 40 K and 150 K indicating two relevant 
aspects: 1) an important fraction of the ”missing”, non-ferromagnetic,  moments participate actively in the 
overall properties of La0.7Ca0.3MnO3 thin films, and 2) large magnetoelastic energy (due to high strains) is at 
the origin of these anomalies (Chapter 5). Consistently, large magnetoresistance and electroresistance and an 
atypical second percolative metal-insulator transition appear in the same temperature interval, indicating the 
coexistence of two La0.7Ca0.3MnO3 magnetic phases (Chapter 6). 

 

MAGNETOELASTIC COUPLING 
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The study of the strong magnetoelastic coupling in La0.7Ca0.3MnO3//BaTiO3 was done using Polarized Neutron 
Reflectometry (PNR) and Ferromagnetic Resonance (FMR) techniques supported with magnetic anisotropy 
theory (Chapter 7), which in La0.7Ca0.3MnO3//BaTiO3 predicts high magnetoelastic energies.  

The analysis of FMR in terms of magnetic anisotropy energy densities allowed us to link the complex spectra 
and the large negative anisotropy observed to magnetoelastic coupling. We used a basic model of two layers 
with different anisotropy constants. One layer is considered relaxed (low strains) with anisotropy coefficients 
similar to those in La0.7Ca0.3MnO3//SrTiO3. The second accounts for the La0.7Ca0.3MnO3 highly affected by 
strain near the interface. Using this vertically segregated structure with thickness obtained from the PNR 
analysis, we simulated the FMR spectra and estimated the various magnetoelastic anisotropy constants. 

The success of this manageable model to explain the FMR spectra is interpreted as a confirmation of the strong 
magnetoelastic coupling between thin film and substrate. In addition, magnetoelastic coupling may be at the 
origin of the second magnetic phase suggested in Chapters 5 and 6 which is also favored by La0.7Ca0.3MnO3 
tendency to phase separation. Although, the direct observation of the second magnetic phase was not possible, 
the antiferromagnetic ordering near the interface is most likely at the origin of the high negative anisotropy 
observed in FMR and explains the high resistance observed at low temperatures. Matteucci magnetic loops can 
result from the interaction between these two magnetic phases in a magnetostrictive process and may involve 
spins in the magnetic interface between FM and AF moments. 

 

MAGNETOELECTRIC COUPLING 
We observed magnetoelectric coupling in La0.7Ca0.3MnO3//BaTiO3 heterostructures with magnetoelectric 
coupling constant α, on the order of (2-5)·10-7 s/m (Chapter 8). This coupling affects nearly 50% of magnetic 
moments at low temperatures. Two factors determine the magnitude of this effect: 1) the change in strain 
between thin film and substrate and 2) substrate nature. In BaTiO3, these two factors are related. When using 
pre-poled substrates with mainly “c”-type domains higher magnetoelectric coupling constants were measured 
and the effect was more reproducible (since these substrates are generally of better quality and have larger 
ferroelectric domains). In addition, by keeping the electric field applied while cooling into the rhombohedral 
phase this almost “single domain” state was preserved, thus favouring the polarization rotation mechanism 
over domain rotation. This switching process may involve strains exceeding 1%, explaining the magnitude of 
the magnetoelectric effect. The effect is systematically smaller in samples grown on unpoled substrates. Again, 
the explanation for such weak effects comes from the substrate nature: unpoled substrates are fine grained and 
the switching process is dominated by domain rotation and the intrinsic piezoelectric effect, resulting in 
smaller piezo-strains. 

In conclusion, the magnetoelectric effect in La0.7Ca0.3MnO3//BaTiO3 is strain mediated and the magnitude of 
the effect depends of the magnitude of the strains involved. The magnetoelectric effect in 
La0.7Ca0.3MnO3//BaTiO3 can be enhanced by using high quality pre-poled substrates by virtue of the increased 
piezoelectric effect for applied electric fields in directions other than the spontaneous polarization direction. 

 

FUTURE 
In this Thesis, we have studied the simplest nanostructured combination of two prototypical materials, that is 
thin layers of optimally doped manganite La0.7Ca0.3MnO3 and bulk ferroelectric BaTiO3 crystals, with a view to 
enhance interfacial effects. A rich, hitherto unreported, phenomenology has been unveiled and we have shown 
that this combination of materials offers excellent possibilities for the study of the underlying physics of the 
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manganite/ferroelectric interface and of the phase segregation-prone manganite films under high strains. In 
fact, one of the most relevant results of this thesis is the enhancement of interfacial effects arising from lattice 
mismatch and highly strained thin films caused by the substrate. 

As a result of the contribution presented in this Thesis, some directions for the future work in this field can be 
formulated: 

1) From the point of view of achieving real-world applications, the systematic study of ultra-thin films of 
manganites of different composition which remain ferromagnetic at room temperature is an obvious route. 

2) Developing thermal and electric field cycles in order to control the domain pattern in the ferroelectric 
substrate (“the engineering of ferroelectric domains”) is a requirement of importance from both the 
fundamental and the applied points of view. To a large extent, miniaturization techniques can alleviate this 
problem by selecting specific sample areas with a uniform electrical polarization but currently an extensive 
suite of experimental characterization techniques cannot yet be implemented at the micron or sub-micron scale. 
With bulk substrates, larger domain widths are expected than with thin ferroelectric films (the latter are prone 
to exhibiting large leakage currents).  

3) Alternatively to 2), the thin ferroelectric film route should be pursued by studying bilayered heterostructures 
of the types La0.7Ca0.3MnO3/BaTiO3//SrTiO3 or BaTiO3/La0.7Ca0.3MnO3//SrTiO3 combined with nanopattering 
techniques on the ferroelectric film that may induce inhomogeneous strain in the manganite and, therefore, 
give rise to enhanced interfacial effects. 
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RESUMEN EN ESPAÑOL 
 

Una de las aplicaciones más interesantes de la espintrónica es el desarrollo de nuevas arquitecturas para la 
mejora de memorias de tipo RAM (del inglés, Random Access Memory). Hoy en día, este problema se aborda 
utilizando, entre otros métodos, campos eléctricos con el propósito de modificar el ordenamiento magnético, 
permitiendo así escribir datos eléctricamente y leerlos magnéticamente en un bit multiferroico. Esto se puede 
conseguir, por ejemplo, modificando la anisotropía magnética de sistemas basados en estructuras de Fe o 
explotando la interacción entre órdenes ferroicos acoplados en heteroestructuras multiferroicas basadas en 
óxidos. La ventaja de este método, comparado con los utilizados para otras RAM es la reducción considerable 
de consumo energético en el proceso de polarización magnética, a lo que hay que añadir el hecho de que el 
carácter no-local de los campos magnéticos utilizados en otros dispositivos puede afectar a los bits de memoria 
circundantes, con lo que el uso de campos eléctricos (generados con voltajes locales) se convierte en una 
ventaja. 

Una de las arquitecturas más prometedoras que se pretende alcanzar es la de las memorias de cuatro estados 
lógicos. En este tipo de memorias, sería posible codificar la información cuaternaria en un dispositivo donde 
los órdenes ferroeléctrico y ferromagnético estuvieran acoplados. En estos dispositivos, se obtienen cuatro 
estados de resistencia combinando el alineamiento paralelo y anti-paralelo de las láminas magnéticas de una 
MTJ (del inglés Magnetic Tunnel Junction) y los dos posibles estados de polarización ferroeléctrica de la 
barrera (véase Capítulo 1). 

Con esta motivación en mente, en esta tesis hemos estudiado un tipo particular de heteroestructura 
multiferroica que consiste en una lámina ferromagnética de manganita (La0.7Ca0.3MnO3) crecida sobre sustratos 
de BaTiO3 ferroeléctrico. La elección de estos materiales está motivada por sus propiedades intrínsecas. Esta 
manganita en  el dopaje óptimo es un sistema fuertemente correlacionado, muy conocido por exhibir 
magnetoresistencia colosal (CMR), además de una fuerte tendencia a la segregación de fases, lo que la hace 
susceptible de ser fuertemente afectada por polarización y strains (deformaciones) debidos al sustrato. Por otro 
lado, el sustrato de BaTiO3 es uno de los ferroeléctricos más estudiados de la clase de perovskita. 

Uno de los objetivos más importantes de esta tesis es explorar los efectos interfaciales que aparecen en láminas 
ultradelgadas de este tipo y que tienen su origen en la interacción entre órdenes ferroeléctrico y ferromagnético 
en la discontinuidad entre lámina y sustrato. Nuestro otro objetivo es el estudio del efecto magnetoeléctrico en 
este sistema, modificando la fase magnética cambiando el estado de polarización del sustrato al aplicar voltajes 
(efecto magnetoeléctrico inverso). Los resultados mostrados a lo largo de esta tesis revelan nueva e inesperada 
física que está relacionada, en última instancia, con el fuerte acoplo magnetoelástico entre sustrato y lámina 
delgada. Este acoplo magnetoelástico es también responsable del acoplo magnetoeléctrico observado en estos 
sistemas. 

 

PROPIEDADES GENERALES DE La0.7Ca0.3MnO3//BaTiO3 
El sustrato de BaTiO3 muestra una superficie compleja con, típicamente, rugosidades de 40 Å, ángulos de 
corrugación que varían de 0.27º en la fase romboédrica a 0.6º en la fase tetragonal, y una configuración de 
dominios ferroeléctricos que cambia varía debido a la aplicación de ciclados térmicos y eléctricos. Además, la 
diferencia entre el parámetro de la celda unidad de la lámina delgada y el sustrato es mayor del 3 %, lo que en 
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general resulta en láminas parcialmente relajadas (Capítulo 4) con una distribución inhomogénea de strain. La 
corrugación del BaTiO3 es enorme si se compara con sustratos no ferroeléctricos como el SrTiO3 que también 
tienen una estructura de perovskita y parámetro de celda unidad similar. Los sustratos de SrTiO3 exhiben una 
rugosidad media de 4-9 Å y menor diferencia entre parámetros con la manganita (menos del 1%). En esta tesis 
utilizamos láminas de La0.7Ca0.3MnO3 crecidas sobre estos sustratos como sistema de referencia. 

La principal consecuencia de las características estructurales del BaTiO3 es el aumento de lo que se puede 
considerar efectos interfaciales en láminas ultra delgadas y que en La0.7Ca0.3MnO3//BaTiO3 (con grosores 
menores que 120Å) implica aproximadamente el 30-40% de la muestra.  

El sistema La0.7Ca0.3MnO3//BaTiO3 exhibe momentos magnéticos de saturación deprimidos, una transición de 
la fase paramagnética a la ferromagnética ancha, altos campos coercitivos que dependen linealmente de la 
temperatura, y una temperatura de bloqueo alta (típicamente 120K). Además, se han observado ciclos 
magnéticos de tipo Matteucci en el rango de temperaturas que va de 40K a 150K indicando dos aspectos 
relevantes en este sistema: 1) una importante parte de los espines no observados en saturación, no 
ferromagnéticos, participan activamente en las propiedades generales de estas láminas delgadas, y 2) debido al 
alto nivel de strain, el origen de estas anomalías está relacionado con la energía magnetoelástica que es 
relativamente más alta (Capítulo 5). De forma consistente, se han observado alta electroresistencia y una 
segunda transición metal-aislante de carácter percolativo en el mismo intervalo de temperaturas, indicando la 
coexistencia de dos fases magnéticas de La0.7Ca0.3MnO3 (Capítulo 6). 

 

ACOPLO MAGNETOELÁSTICO 
Para estudiar el acoplo magnetoelástico en las muestras de La0.7Ca0.3MnO3//BaTiO3 recurrimos a las técnicas 
de Reflectometría de Neutrones Polarizados (PNR) y Resonancia Ferromagnética (FMR), y a la teoría de 
anisotropía magnética (Capítulo 7), que en estas muestras predice alta energía magnetoelástica, dado que el 
strain en La0.7Ca0.3MnO3//BaTiO3 es mayor que el 1%. 

Se han analizado los datos de FMR utilizando densidades de energía de anisotropía magnética, lo que nos ha 
permitido relacionar los espectros medidos con el acoplo magnetoelástico. Para ello utilizamos un modelo 
sencillo de dos láminas con diferentes constantes de anisotropía. Una lámina relajada (con bajo strain) con 
constantes de anisotropía similares a aquellos medidos en las muestras de control crecidas sobre SrTiO3. Y una 
segunda lámina, que está localizada cerca de la interface con el sustrato y que, por tanto, está muy afectada por 
el strain. Considerando esta estructura vertical con parámetros extraídos del análisis de PNR, realizamos 
simulaciones de los mapas de FMR que describen de forma satisfactoria los espectros de FMR medidos. 

El éxito de este sencillo modelo para explicar los espectros de FMR es considerado como una confirmación del 
fuerte acoplo magnetoelástico entre lámina delgada y sustrato. Además, el acoplo magnetoelástico puede estar 
en el origen de la formación de la segunda fase magnética en el La0.7Ca0.3MnO3 (Capítulos 5 y 6), favorecida 
por la tendencia de esta manganita a la segregación de fases. Aunque la observación directa de esta segunda 
fase magnética ha sido imposible, debido probablemente a su carácter de corto alcance, el ordenamiento 
antiferromagnético cerca de la interfaz puede estar en el origen de la anisotropía negativa medida en FMR y 
explicar a su vez la gran resistencia observada a bajas temperaturas. Los ciclos de histéresis de tipo Matteucci 
pueden tener su origen en la interacción entre estas dos fases magnéticas en un proceso magnetostrictivo que 
debe implicar espines localizados en la interfaz entre momentos ferromagnéticos y antiferromagnéticos.  
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ACOPLO MAGNETOELÉCTRICO 
El carácter multiferroico de las láminas de La0.7Ca0.3MnO3 sobre BaTiO3 resulta clave para entender la 

fenomenología observada. En este sistema hemos podido observar el acoplo magnetoeléctrico entre lámina 
ferromagnética y sustrato ferroeléctrico con constantes de acoplo magnetoeléctrico α del orden de (2-5)·10-7 
s/m (Capítulo 8). Este acoplo afecta a cerca del 50 % de los momentos implicados, a bajas temperaturas. Dos 
factores determinan la magnitud de este efecto: 1) el cambio de strain entre lámina y sustrato y 2) la calidad 
del sustrato. En BaTiO3, estos dos factores están relacionados. Al usar sustratos pre-poleados, principalmente 
con dominios de tipo “c”, se observaron mayores constantes de acoplo magnetoeléctrico y el efecto es más 
reproducible. Esto es debido a que estos sustratos son en general de mayor calidad y tiene mayores dominios 
ferroeléctricos. A esto hay que sumar el hecho de que se mantenía fijado el campo eléctrico aplicado durante el 
proceso de enfriado de las muestras hasta llegar a la fase romboédrica del sustrato de modo que este estado 
cercano al de “mono-dominio” se puede conservar, favoreciendo al mismo tiempo el mecanismo de rotación 
de la polarización ferroeléctrica en vez del de rotación de dominios. Este mecanismo de polarización 
ferroeléctrica implica strains mayores que 1 %, explicando así la magnitud del efecto observado. En 
contraposición a esto, las muestras crecidas sobre sustratos no polarizados de BaTiO3 exhiben un efecto mucho 
menor con α ≈ 10-8 s/m. De nuevo, la explicación reside en la naturaleza del sustrato: los dominios 
ferroeléctricos son mucho más pequeños en sustratos no polarizados y, en consecuencia, el proceso de 
polarización está dominado por rotación de dominios y efecto piezoeléctrico intrínseco, resultando en strains 
piezoeléctricos mucho menores del 1 %. 

En definitiva, el efecto magnetoeléctrico medido en las muestras de La0.7Ca0.3MnO3//BaTiO3 está mediado por 
el strain y su magnitud depende estrechamente del proceso de polarización ferroeléctrica dominante en el 
sustrato, y este, a su vez, depende de la calidad del sustrato. Solamente utilizando sustratos de BaTiO3 de gran 
calidad es posible alcanzar cambios de strain suficientemente altos como para mejorar el efecto 
magnetoeléctrico, ya que solo en estos casos, es posible aprovechar el strain piezoeléctrico alcanzable cuando 
el campo eléctrico es aplicado en direcciones distintas a la dirección de polarización espontánea del sustrato. 
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