
 
 

ABSTRACT 
 

RASIC, DANIEL. Structure-Property Correlation in Novel Multiferroic Thin Film 

Heterostructures. (Under the direction of Dr. Jagdish Narayan and Dr. John T. 

Prater). 

 

This dissertation focuses on four separate studies in the field of thin-film 

science: i) the room temperature epitaxial growth of thin films, ii) post-

deposition thermal processing of thin films, iii) the strain-control in epitaxial 

thin film heterostructures and iv) electric-field induced magnetic switching 

in multiferroic/ferromagnetic epitaxial thin-film interfaces.  

 In the first part of the dissertation, the epitaxial growth is considered 

at room temperatures in titanium nitride and magnesium oxide systems 

grown on sapphire substrates. An established epitaxial relationship is 

established between the substrate and the films and comparisons are drawn 

with the traditional high-temperature grown films.  

 The second part of the dissertation analyzes the role of temperature 

in the post-deposition annealing process. In the past, the overall 

understanding of the annealing treatments in the epitaxial thin-film 

heterostructures was not very well understood. Here, various 

heterostructures were analyzed and considered and three categories were 

proposed to explain the behavior of thin-film post-deposition annealing 

treatments: i) non-epitaxial samples, ii) epitaxial films grown on small misfit 

substrates (by lattice matching epitaxy) and iii) epitaxial films grown on a 

large misfit substrates (by the principles of domain matching epitaxy). 

 Strain-control in epitaxial thin films is demonstrated in novel 

heterostructures in the third part of this dissertation. Lanthanum strontium 

manganese oxide (LSMO) is a ferromagnetic half-metal perovskite whose 

physical properties are highly dependent on the distance and the angle of 

neighboring manganese atoms that are connected by the bridging oxygen. 

Together, oxygen and manganese form an octahedron that via Jahn-Teller 



 
 

distortions changes the hopping amplitude for spin transfer. In this section, 

two distinct, novel epitaxial growths of LSMO films are demonstrated. The 

first epitaxial growth eliminates the in-plane anisotropy by having three 

equal domain variants rotated by 60°. The second, introduces a large lattice 

misfit growth with different in-plane relaxation mechanisms resulting in a 

strain anisotropy that creates different magnetic and transport behavior in 

the LSMO film. 

 The final section of the dissertation focuses on electric-field induced 

magnetic switching behavior of the multiferroic bismuth ferrite (BFO) when 

coupled with ferromagnetic LSMO film. A novel magnetic force microscopy 

measurement was performed that showed a directional magnetic response 

in the LSMO films with the application of electric field in the bismuth ferrite. 

A switching behavior confirmed the possibility of developing a multiferroic 

materials that exploit either strain or their polarization vector coupling to 

achieve ferroic order control. 
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Chapter 1 Introduction 

1.1. Overview 

This dissertation focuses on low-temperature epitaxial thin film 

growth and thermal processing behavior in epitaxial heterostructures for 

applications in electric-field induced magnetic switching used in next 

generation data storage devices and thermally-assisted memory devices. 

High-temperatures were always considered a prerequisite for high-

quality epitaxial growth of nitride and oxide heterostructures. Little 

consideration was given to the other important parameters such as bonding 

energy, dislocation formation energy and diffusion. Laws of 

thermodynamics put restrictions on the possible outcomes when a crystal is 

grown and, with a higher thermal budget, the equilibrium state is preserved. 

By using the non-equilibrium processing methods and starving the system of 

thermal energy, epitaxial growth is made possible at room temperatures. 

The ability to use a lower energy budget for epitaxial thin film growth is not 

only interesting from a cost perspective, but also from the diffusion 

considerations. The semiconductor industry is desperately trying to find a 

solution to prevent the electron tunneling phenomena that occurs in a 

doped silicon once the feature size becomes smaller than 5 nm. Lowering 

the temperature at which the devices are made will decrease the interfacial 

diffusion between the functional layers and allow for better performance.  
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Magnetic data storage technology stores around 90% of the world data 

and yet, it has not been dramatically improved since it was developed in the 

1956 by IBM. Fundamentally, the hard disk drive works by sensing the 

magnetic field from the disk by read-head. To rewrite or store new 

information, a magnetic field is applied to alter the magnetization of a small 

area of the disk. This requires a certain amount of power to create a 

magnetic field strong enough to perform the switching. New research 

direction where a multiferroic/ferromagnetic interface can provide electric-

field induced magnetic switching has been proposed. The ferroelectric 

nature of bismuth ferrite (BFO) allows for electric-field control of its 

polarization vectors that are coupled to the magnetic vectors. This 

multiferroic property can be exploited at the interface for data storage and 

spintronic applications.  

The first part of the dissertation focuses on exploring epitaxial growth of 

buffer layers with respect to temperature and lattice misfit on the various 

sapphire substrates. 

After the substrate/buffer platform was been established, the physical 

properties of lanthanum strontium manganese oxide (LSMO) were 

investigated as a function of changing oxygen vacancy concentration, strain 

and thermal processing. Fully understanding the LSMO properties is a 

crucial step before BFO layer growth in order to clearly understand the 

change in magnetic and electric behavior of the functional layer. 
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Finally, the last section of this dissertation focuses on the BFO/LSMO 

interface and the observed magnetic switching in the LSMO layer by 

application of electric bias to the BFO film. 

In the rest of this chapter, a brief introduction for each major chapter 

is provided with most significant results. 

1.2. Room-Temperature Epitaxial Growth of TiN 

The role of temperature in thin film growth has always been 

considered fundamental; it dictates the kinetics and energetics of film 

growth. Therefore, reducing the thermal budget increases the defect 

concentration and destroys the epitaxy of the thin films. However, it also 

decreases the overall cost of fabrication significantly. For these reasons, 

room temperature growth of high quality epitaxial thin films that possess 

comparable physical properties would revolutionize the industry. 

In this thesis, successful room temperature, epitaxial growth of 

titanium nitride on c-cut (0001) sapphire has been demonstrated. The 

growth is governed by the principle of domain matching epitaxy (DME) 

where the lattice misfit is ~8.46%. DME theoretical framework was used in 

this paper to explain the experimental growth. Films were grown at 650°C, 

450°C and RT, and characterized by X-ray diffraction to establish film-

substrate epitaxy. Higher residual out-of-plane strain was measured in room 

temperature films due to incomplete lattice relaxation. Scanning 

transmission electron microscopy showed periodic dislocation formation at 
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the film-substrate interface, while EELS provided insight into interface 

interdiffusion phenomena at high temperature. An atomically sharp 

interface was observed at room temperature film. High-quality Raman 

spectra were acquired, confirming higher nitrogen vacancy concentrations 

with decreasing temperature of deposition. Low-temperature flattening was 

observed in resistivity vs. temperature measurements, showing that the RT 

film displays stronger defect scattering than films grown at high 

temperature. Finally, the resistivity of room-temperature grown film was ~55 

µΩcm as compared to ~22 µΩcm for 650 C grown films. 

1.3. Oxygen role in the epitaxial (110) LSMO films  

Mixed-valence manganese oxides are a heavily studied research topic 

due to their multiferroic properties, metal-insulator transitions, half-metallic 

nature and colossal magnetoresistance. For thin-film applications, these 

properties can be controlled by strain, defects and direction of growth. One 

of the biggest challenges has been to successfully separate and quantify the 

role and contribution of each parameter that would allow this class of 

materials to be seriously considered for applications. 

In this study, four epitaxial (110) out-of-plane LSMO films with varying 

oxygen partial pressure have been grown on (111) MgO buffered Al2O3 

substrate using pulsed laser deposition. The out-of-plane growth direction 

was chosen because it leads to three equal, 60° rotated, in-plane domain 

variants, thus eliminating the magnetic anisotropy of the films. The growth 

of MgO on sapphire is a large lattice misfit growth (>7%) and is explained by 
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domain matching epitaxy. The epitaxial relationship was established by XRD 

and TEM to be (111)MgO//(0001)Al2O3 for out-of-plane and <11̅0>MgO // <101̅0>Al2O3 

for the in-plane between the buffer layer and the substrate, while the out-of-

plane matching for buffer layer and the film was established to be 

(110)LSMO//(111)MgO. Three in-plane variants between the buffer and the film 

are: i) <110>LSMO // <110>MgO, ii) <110>LSMO // <101>MgO and iii) <110>LSMO // 

<011>MgO. Experimentally, the oxygen partial pressure was the only tuning 

variable between four samples grown. In the grown films, the oxygen partial 

pressure changed the oxygen vacancy concentration, which distorted the 

unit cell of the LSMO. This was confirmed by an observed shift in the 2θ-XRD 

peaks. The change in magnetic properties was observed as a function of 

oxygen concentration. Specifically, the increase in oxygen concentration 

improved the magnetization saturation of the films and improved transport 

properties of the films. The samples that were grown with low oxygen 

concentrations showed an insulating and weak ferromagnetic behavior, 

while the samples grown with higher oxygen concentration showed 

semiconducting and ferromagnetic properties with a finite Curre 

temperature of ~300K. Magnetoresistance measurements of the highly 

oxygenated sample showed ~36.2% decrease in resistivity with an applied 

magnetic field at 50K and ~1.3% decrease at room temperature. 

This chapter investigates the effect of oxygen concentration in the 

LSMO films due to the i) unique epitaxial growth of the LSMO films that 
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eliminates magnetic anisotropy, ii) low intermixing at the MgO/LSMO 

interface that marginalizes the influence of a “dead” layer and iii) ability to 

maintain the same structure, thickness and orientation of the LSMO films 

while controlling the oxygen content by defect engineering. The oxygen 

concentration in turn, affects the magnetic and transport properties while 

the contributions from the interface, thickness and orientation are 

diminished.  

1.4. Thermal Processing in LSMO 

A set of three epitaxial (110) films of LSMO grown with different 

oxygen partial pressure conditions were systematically subjected to 

annealing treatments. The results indicate that annealing treatments above 

deposition temperature (~900°C) create irreversible strain relaxation in the 

films which degrade the magnetic properties of LSMO films. This hypothesis 

was supported by in-situ XRD experiment that showed a linear increase in 

interplanar spacing up to ~520°C for LSMO and ~690°C for MgO. Further 

increase in the temperature showed decrease in unit cell size of the films 

indicating that samples experienced both reduction of oxygen and 

irreversible defect nucleation and recombination.  Partial recovery of 

magnetic properties was observed once the samples were subsequently 

annealed in pure oxygen at 700°C for six hours due to grain growth and 

defect annihilation. However, XRD showed that out-of-plane Bragg peaks of 

the LSMO film did not reach the original position indicating irreversible unit 

cell size change upon initial high-temperature (900°C) air-annealing. High-
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angle annular dark field (HAADF) and electron energy loss spectroscopy 

(EELS) measurements were performed and showed clean interface with no 

intermixing following high-temperature annealing treatment and 

disappearance of the oxygen pre-peak confirming the increase of oxygen 

vacancies. Parallel annealing experiments in high vacuum instead of 

atmosphere were performed and showed a complete loss of crystal structure 

in the LSMO films due to significant loss of oxygen in the lattice that 

irreversibly collapsed the perovskite structure. Finally, a lower temperature 

(~500° C) oxidation annealing was performed on an as-deposited sample 

with no significant change in the interplanar spacing observed, indicating no 

change in the strain state of the film.  

Combining the results in this work and literature, three distinct 

growth categories were proposed to explain the properties of the LSMO film 

due to thermal annealing: i) non-epitaxial samples, ii) epitaxial films grown 

on small misfit substrates (LME) and iii) epitaxial films grown on large misfit 

substrates (DME). The reversibility of magnetic properties while the crystal 

structure of the films is preserved indicates the importance of bridging 

oxygen in controlling the magnetic behavior of mixed valence perovskites 

and also creates possible applications in thermally assisted switching 

devices (TAS). Finally, it was determined that the highest magnetization 

saturation in the films is achieved by incorporating high oxygen partial 

pressure during growth and subsequent thermal annealing below the 

deposition temperature. This manuscript combines findings from previous 
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research and by performing an additional set of experiments, develops a 

hypothesis on the annealing behavior of LSMO thin films. The results and 

conclusions presented here can possibly be applied to the other perovskite, 

oxide and nitride systems by providing insight into the kinetics of thin-film 

annealing. 

1.5. Strain Induced Magnetic Anisotropy in LSMO Films 

Two samples of epitaxial (001) LSMO films were grown by pulsed laser 

deposition with different in-plane lattice misfits. The R sample was grown 

on r-plane sapphire substrate and (001) MgO buffer layer while the M sample 

was made on m-plane sapphire substrate and (110) MgO buffer. The 

symmetrical cube-on-cube growth in R sample caused a uniform relaxation 

via dislocation formation as explained by the domain matching epitaxy. In 

the M sample case, the two principal directions were relaxed to different 

extent, causing the magnetic and transport anisotropy in the films. X-ray 

diffraction confirmed that the epitaxial relationship in the M sample is 

(001)𝐿𝑆𝑀𝑂//(011)𝑀𝑔𝑂//(300)𝐴𝑙2𝑂3
for out-of-plane and < 001 >𝐿𝑆𝑀𝑂//<

001 >𝑀𝑔𝑂//< 010 >𝐴𝑙2𝑂3
 in the plane of the film. In the case of the R sample, 

the growth was confirmed to be  (001)𝐿𝑆𝑀𝑂//(001)𝑀𝑔𝑂//(012)𝐴𝑙2𝑂3
 out-of-plane 

and < 100 >𝐿𝑆𝑀𝑂//< 100 >𝑀𝑔𝑂//< 110 >𝐴𝑙2𝑂3
 in the plane of the film. Magnetic 

measurements revealed that the easy axis is in the <010> direction while the 

hard axis is in the <001> direction. Both principal axes of R sample were 

similar to the <001> axis of the M sample, indicating that the strain 
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relaxation is the main mechanism that dictated the properties in the films. 

The transport measurements showed a ~10 centigrade shift in the metal-

insulator transition between the hard and easy axis in the M sample while no 

shift was observed in the R sample. Magnetoresistance measurements 

showed no significant anisotropy between the principal directions in both 

samples. Finally, the M and R planes of sapphire buffered with MgO provide 

an interesting way of controlling the in-plane strain in the LSMO films. 

Tuning the strain in these heterostructures has interesting applications in 

sensors, actuators and inductors 

1.6. Electric-Field Induced Magnetic Switching in LSMO/BFO 

heterostructures 

Epitaxial  (110)𝐿𝑆𝑀𝑂//(110)𝐵𝐹𝑂//(110)𝑀𝑔𝑂//(300)𝐴𝑙2𝑂3
 thin-film 

heterostructure with the thickness of the BFO and LSMO layers of ~60nm 

was grown by pulsed laser deposition technique. The epitaxial relationship 

was predicted by the atomic model and confirmed by the high-energy X-ray 

diffraction. In-plane relationship in the film was confirmed to be  

< 100 >𝐿𝑆𝑀𝑂//< 100 >𝐵𝐹𝑂//< 100 >𝑀𝑔𝑂//< 010 >𝐴𝑙2𝑂3
 with a ~6.6% lattice 

misfit indicating an unrelaxed BFO/LSMO heterostructure. Due to the 

exchange coupling and spin pinning in the BFO/LSMO interface, magnetic 

and transport anisotropy in the sample was observed. The transport 

measurements revealed a shift in the metal-insulator temperature by ~10 

centigrade. Finally, magnetic force microscopy measurements were 

performed and showed an anisotropic magnetic response in the LSMO film 
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when the electric bias is applied in the <111> direction while the sample 

showed a similar behavior with electric field applied in <001> and <110> 

directions. The results indicate the pinning of magnetic spins in the <110> 

direction in the LSMO/BFO interface while the <100> and <010> directions 

show easy spin alignment axes. 
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Chapter 2 Background 

2.1. Thin Film Epitaxy 

Derived from the Greek words epi (placed) and taxis (arrangement), 

the term epitaxy is used in materials science to describe the oriented growth 

of one crystalline material on top of another. In recent times, the term is 

used predominately in thin-film growth to describe well-defined relationship 

between the substrate and the film. Specifically, the epitaxy refers to 

formation of single crystalline film on single crystal substrate where the film 

and the substrate have a fixed orientation relationship. The single crystalline 

epitaxy is impossible when the crystal symmetries between the substrate 

and the film in the growth plane are different. In those cases, the films will 

have several fixed orientations with the substrate (textured growth). 

Additional classification of epitaxy in the materials community can be made 

by the terms homoepitaxy and heteroepitaxy. Homoepitaxy refers to a 

crystalline growth of the same material as the substrate. For example, silicon 

growth on single crystal silicon wafers is utilized in the fabrication of MOS 

transistors by vapor phase epitaxy. Heteroepitaxy refers to the growth of an 

epitaxial film on a single crystal substrate where the material compositions 

differ between the substrate and the film. In this dissertation, we 

investigated several heteroepitaxial growths such as titanium nitride and 

magnesium oxide growth on sapphire substrate. In the case of 

heteroepitaxial growth, the film and the substrate have a different 

crystallographic properties, chemistry and expansion coefficients and 
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therefore, most of material combinations will not yield an epitaxial films. 

The most prominent, first-order consideration to determine the likelihood of 

epitaxial growth between film and the substrate is by calculating the lattice 

misfit at the interface by 

 𝜀𝑚 =
1−𝑑𝑓

𝑑𝑠
𝑥 100 

Where df and ds are lattice plane spacing in the in-plane direction between 

the film and the substrate, respectively. 

Epitaxial thin film growth is preferred in most applications as physical 

properties like conductivity can be enhanced by several orders of 

magnitude.1 Epitaxial thin films also have considerably smaller amounts of 

material required for achieving the same results as randomly oriented 

(polycrystalline or nanocrystalline) films which becomes an important 

consideration when using toxic materials. 

2.2. Lattice Matching Epitaxy 

In the case where the lattice misfit is small (7%>εm>0%), the film 

growth is possible with one-to-one matching of lattice planes. The difference 

in the lattice constants gives rise to a lattice strain in the film that is 

increasing with film thickness. At a certain thickness, the accumulated strain 

is relaxed by dislocation nucleation on the surface and propagation in the 

film. This film thickness is defined as critical thickness of the film and is 

directly related to the lattice misfit, energy of dislocation formation and 

Schmidt factor. The critical thickness is inversely proportional to the lattice 
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misfit, meaning that the higher lattice misfit will cause relaxation via 

dislocations at a lower film thickness. 

2.3. Domain Matching Epitaxy 

It was shown in the past that traditional lattice matching epitaxy is not 

able to explain the growth of epitaxial titanium nitride on silicon 

demonstrated by Narayan et al.2 In the referenced case, the lattice misfit is 

~22.5%, indicating that the lattice strain imposed on the film by the 

substrate would create immediate dislocation at the first step of growth. 

This idea cumulated with the proposal of Domain Matching Epitaxy (DME) 

paradigm.3 With further research, it was shown that epitaxial growth is 

possible for many film/susbstrate systems such as AlN/Al2O3, TiN/Al2O3, 

ZnO/Al2O3, MgO/Al2O3, MgO/STO, LSMO/MgO, MgO/Si, STO/Si etc.4–10 In DME, 

growth of large misfit systems (>7-50%) is possible due to matching of 

integral multiple of lattice planes where film’s critical thickness is less than 

few monolayers so relaxation occurs at the interface. After initial relaxation 

occurs, a defect-free crystal grows with only residual thermal stress.7 

The schematic in Figure 2.1. an example of a large lattice misfit 

interface and the relaxation via dislocation. The residual strain is lowered 

with matching of m planes of the film with n planes of the substrate, given 

as  

 𝜀𝑟 =
𝑚𝑑𝑓

𝑛𝑑𝑠
− 1 ……………………………………………………. (1.4) 
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Where m and n are integers and 𝑑𝑓 and 𝑑𝑠 are inter-planar spacing in the 

plane of the film and the substrate, respectively. Theoretically, if the misfit 

yields the perfect matching ratios of planes (𝑚𝑑𝑓 =  𝑛𝑑𝑠), the residual strain 

will be zero. Contrastingly, if the misfit yields non-zero residual strain, it is 

alleviated by two domains, alternating with a certain frequency (α) to 

minimize the residual strain, given as 

(𝑚 + 𝛼)𝑑𝑓 = (𝑛 + 𝛼)𝑑𝑠 ……………………………………………… (1.5) 

Where α is the domain variation (frequency) parameter. For example, if α = 

0.5, then m/n and (m+1)/(n+1) domains alternate with the same frequency.7 

 

 

Figure 2.1: A sketch of domain matching epitaxy (DME) interface, where three 

lattice planes of the film match with four planes of the substrate. 
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2.4. Ferroelectricity, Ferromagnetism and Multiferroics 

Ferroelectricity 

Ferroelectricity is a physical phenomenon in which specific materials 

possess the ability to change their electric polarization with the application 

of an external electric field.11 Most materials demonstrate linear polarization 

(a.k.a. dielectrics) with applied electric field where the slope of the curve is 

known as permittivity (ε). In some cases, the enhanced nonlinear 

polarization is observed in para-electric materials. Finally, when a 

spontaneous non-zero polarization is observed and can be made reversible 

with applied electric field forming a hysteresis loops similar to the 

magnetization curves in ferromagnetic materials, we call that class of 

materials ferroelectrics.12 A typical hysteresis loops of a ferromagnet and a 

ferroelectric are shown in Figure 2.2. 

 

 

Figure 2.2: Schematic of characteristic magnetization vs. magnetic field and 

analogous polarization vs. electric field grap 
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Ferromagnetism 

Similar to ferroelectricity, ferromagnetism terms describes a class of 

magnetic materials where magnetization direction for all magnetic spins is 

the same. Fundamentally, the origin of magnetism in materials comes from 

two, purely quantum-mechanical effects: Pauli exclusion principle and spins. 

The spins of the electrons are the main contributor to overall magnetic 

behavior of the material as unpaired electrons have the same spin (Hund’s 

rule) and therefore, add to create a large magnetic dipole. The behavior of 

ferromagnets with applied magnetic field is also shown in Figure 2.2. The rise 

of hysteresis is caused by the spins that form magnetic domain resist the 

change in magnetic orientation with applied magnetic field. The area under 

the magnetization vs magnetic field curve defines the power needed to change 

the magnetization direction of a material. It is a standardized metric used to 

define a “hard” and “soft” magnet. 

Multiferroics 

A new class of materials called multiferroics is defined in cases where 

a material possesses more than one ferroic ordering. In materials science 

however, multiferroics are most commonly referred to magnetoelectric 

multiferroics that are simultaneously exhibiting ferroelectric and 

ferromagnetic properties. In some cases, multiferroics also refer to 

anitiferromagnetic or ferromagnetic ferroelectrics such as bismuth ferrite 

discussed in length in this thesis. 
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2.5. Exchange Coupling 

Exchange coupling phenomenon occurs when a ferromagnetic (FM) 

and antiferromagnetic (AFM) interface is cooled through the Néel 

temperature (TN) of the antiferromagnet with the magnetic field applied13. 

The interfacial pinning of the spins in the ferromagnetic film due to 

exchange-coupling with the antiferromagnetic layer was the fundamental 

discovery that lead to hard disc drive technology. A schematic in Figure 2.3. 

shows the exchange coupling mechanism. 

 

 

Figure 2.3: Schematic diagram showing the configuration of spins in a FM-AFM 

bilayer at different conditions of an exchange biased hysteresis loop.14         
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2.6. Magnetoresistance 

The phenomena where the material shows a change in electrical 

conductivity due to an externally applied magnetic field is called 

magnetoresistance. It has applications in magnetic data storage, sensing 

technology and biosensors. In certain materials, the change in resistivity is 

orders of magnitude. In the case of manganites, this phenomena is called 

colossal magnetoresistance (CMR). To date, there has not been a uniform 

theory to explain CMR, however, several prominent models are proposed. 

Half-metallic ferromagnetic model that is based on density functional theory 

(DFT) and spin-density approximation calculations explains the existence of 

metallic spin band and non-metallic minority spin band in ferromagnetic 

phase.15 

2.7. Sapphire 

Aluminum oxide (alumina, sapphire) has a chemical formula Al2O3 with 

a hexagonal close packed crystal structure.16 It is transparent, electrical 

insulator with a high thermal conductivity (~30Wm-1K-1).17 It is commonly used 

as a substrate for thin film growth where insulating and transparent material 

with large band-gap is desired. It is also used as a tunneling barrier, insulating 

barrier for capacitors and abrasive. Figure 2.4 shows a schematic of a unit cell 

and the respective planes of sapphire. 
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Figure 2.4: A schematic of a unit cell of single-crystal sapphire. 
 

2.8. Titanium Nitride & Magnesium Oxide 

Titanium Nitride 

Titanium nitride (TiN) is a gold-colored and hard ceramic material 

with rock-salt crystal structure. It is commonly used as a gold replica due to 

it being a cheaper alternative with better coating properties. It is also 

characterized by high melting temperature (~3200K) and low resistivity. It is 

also used extensively in tool-coating, biomedical implants and as a diffusion 

barrier in thin films. It is paramagnetic, with magnetic susceptibility (χ) of 

~38 x 10-6 emu/mol and thermal expansion coefficient of ~9.35 x 10-6K-1.18 
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Magnesium Oxide 

Magnesium oxide (MgO or magnesia) is an insulating ionic crystal with 

large bandgap of ~7.8 eV, rock-salt crystal structure and high melting point 

of ~3100K. It has a very similar lattice parameter to TiN (4.212 �̇� compared 

to 4.24 �̇�), melting and boiling points. It is also used as a diffusion barrier 

and it has diamagnetic properties.18 

Both titanium nitride and magnesium oxide are fascinating materials 

because they provide an insight into differences in epitaxial growth between 

oxides and nitrides with similar lattice constants and completely different 

physical properties. In this dissertation, extensive research was performed 

to investigate the room temperature epitaxy in TiN and MgO and to use 

them as a buffer layers of choice in creating a functional devices. 

2.9. Lanthanum Strontium Manganese Oxide 

Lanthanum Strontium manganese oxide (La0.7Sr0.3MnO3)  is a 

ferroelectric  half-metal  that demonstrates high Curie temperature (~370K 

in bulk). By changing the trivalent lanthanum with divalent strontium, LSMO 

gradually becomes ferromagnetic metal.19 Generally used as a cathode due to 

high electrical conductivity, LSMO has also demonstrated remarkable 

magnetic properties as well. Its use in spintronics has raised a substantial 

interest in recent years and for that reason further investigation in 

structure-property relation is required.20 A diagram showing the magnetic 

and transport properties of LSMO with changing Sr doping level is shown in 

Figure 2.5. 
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Figure 2.5: A phase diagram of LSMO with different Sr doping level (x) showing the 
change in magnetic and transport properties.21 
 

Perovskite materials have ABX3 structural formula where A represents 

large cation that fills cubo-octahedral sites while the small B cation is placed 

at the center of octahedral site surrounded by six anions. In the case of the 

LSMO, the A cation is lanthanum and strontium atoms while B cation is a 

smaller, manganese atom. Finally, the X anions are oxygen. The schematic of 

a unit cell in LSMO is shown in Figure 2.6. 
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Figure 2.6: The schematic of the perovskite unit cell of ABO3. Yellow: La and/or Sr; 

Black: Mn; White: O. 
 

Depending on the Sr doping, a variety of phases can be achieved, 

ranging from ferromagnetic or antiferromagnetic metallic phases, to 

antiferromagnetic insulating phases. Oxygen concentration is another 

important factor to consider, as oxygen vacancies degrade the magnetic 

properties due to promotion of antiferromagnetic super-exchange 

coupling.22 LSMO shows a complex interplay between the orbital, lattice, spin 

and charge degrees of freedom, which depend on d orbital occupancy.15,19,23  

By changing the strontium concentration, the manganese valence state 

changes from Mn3+ to Mn4+ while oxygen deficiency disables the spin transfer 

via double-exchange mechanism and promotes antiferromagnetic ordering. 

Practically speaking, the Mn-O octahedral dictates the properties of the 

LSMO. By epitaxial thin film growth of LSMO, the strain anisotropy imposed 

by the substrate gives rise to two kinds of octahedral distortions. Figure 2.7 

shows a model of temperature induced fluctuations in LSMO octahedrals 
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where the angle between oxygen and manganese is not 180° causing increase 

in electron hopping amplitude that decreases conductivity.  

 

 

Figure 2.7: A model demonstrating the temperature-induced octahedral distortions 

in the LSMO film. 

 

The second kind of octahedral distortion is Jahn-Teller distortion 

(elongation or compression) of the LSMO octahedral.24 When Jahn-Teller 

distortion occurs, the energy splitting in the orbitals occurs that leads to 

changes in magnetic and electronic configurations of the material. In this 

dissertation, due to relaxation of the films at the interface by DME, the 

complexities of Jahn-Teller distortions are avoided. 

2.10. Bismuth Ferrite 

Bismuth ferrite (BiFeO3 or BFO) is a perovskite with antiferromagnetic 

and ferroelectric ordering. It has a Neel temperature of ~650K and Currie 

temperature of ~1100K making it a good candidate for applications such as 

photovoltaics and spintronics.25 Because the ferroelectric and 

antiferromagnetic ordering arise from different mechanisms, the BFO is 
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labelled as a type I multiferroic. In general, the ferroelectric ordering is 

always followed by breaking of space inversion symmetry, while magnetic 

ordering creates a time-reversal symmetry breaking. Therefore, symmetry 

breaking in multiferroics can lead to coupling of ferroic order parameters 

and in the case of BFO, it causes the magnetic moments to be coupled with 

polarization vectors.26 This property allows, theoretically, to change the 

direction of magnetic moments via external electric field. This fundamental 

idea is outlining the work of this dissertation.  
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Chapter 3 Experimental Methods 

3.1. Pulsed Laser Deposition 

One of the most powerful and versatile growth methods used in 

laboratories today is pulsed laser deposition. Main advantages over 

sputtering, PVD, CVD and other technique is its forward-directed non-

equilibrium growth of stoichiometrically preserved multi-layered exotic 

materials at much lower temperatures.1 On the other hand, the 

disadvantages are Z-based contrast with cos(θ) dependence during growth, 

thickness gradient and price of the large scale manufacturing.2 In the case of 

epitaxial thin film growth, the PLD allows lower temperatures of deposition 

as compared to other alternatives making energetically less favorable 

configurations possible. This is the main requirement for single domain 

growth and epitaxial films under strain. The PLD growth method requires a 

high vacuum as the mean free path shortens with increasing pressure, 

making the energy of constituent particles lower, thus, getting the overall 

energetics of the process closer to the equilibrium. The main advantage of 

the PLD process is the ability to deposit several exotic materials in-situ with 

stoichiometry preserved. Control of gas flow in the case of nitrides and 

oxides guarantees low concentration of point defects that are detrimental to 

the physical properties of a heterostructure. In Figure 3.1. a schematic of a 

PLD assembly is shown. The high energy pulsed laser is used to ablate the 

target and form a high-energy, forward directed plume that deposits on the 

substrate. The number of pulses dictates the thickness of the film, and 
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rotating the target assembly allows for growth of alternating functional 

layers. In PLD, the energy of the ablated species is between 10 and 100 eV, 

compared to the energy of the ejected species in electron and thermal beam 

evaporation techniques (e.q. thermal energy [KT] at 1200 K is ~0.1 eV). This 

high energy of deposited species lowers the overall temperature requirement 

for epitaxial growth.3 

 

Figure 3.1: Sketch showing the pulsed laser deposition assembly. 

 

3.2. X-ray Diffraction 

To analyze the growth orientations and relationship between the film 

and the substrate, an X-ray diffraction (XRD) is often used in thin films.  XRD 

is a powerful tool for not only establishing the epitaxial relation, but also for 

calculating strain in the films in both in-plane and out-of-plane direction. 
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Furthermore, XRD gives insight into defects and dislocations in the 

films as well as grain misalignment by broadening of the FWHM of peaks 

observed in intensity vs angle measurements. It can also be used to establish 

the pahse composition, lattice parameters of the film and grain size. The 

XRD technique is based on the Bragg’s law of diffraction. In principle, 

diffraction occurs when electromagnetic waves of a certain wavelength 

satisfy the Bragg equation. Standard X-rays have a wavelength of 1.54 

angstrom which is in the order of a unit cell size, thus satisfying the Bragg 

equation yields a lattice constant of a material. Specifically, when X-ray 

interacts with a crystal at an angle θ, the waves will create constructive 

interference at a specific angle 2θ when the path difference between two 

incident x-rays is a integer multiple of the wavelength of an x-ray. The 

mathematical formulation of a Bragg law is as follows: 

nλ= 2d sinθ ……………………………………………………………………….. 2.1 

Where λ is the wavelength of the X‐rays, n is an integer, d is the spacing 

between lattice planes and θ is the incident angle of incoming X-rays.4 

The schematic of an XRD θ-2θ configuration is shown in Figure 3.2. In 

this configuration, the x-ray source arm moves by θ while the detector arm 

measures the diffracted beam at an angle 2θ. Finally, the X‐ray diffraction is 

non‐destructive investigation technique that provides large area sample 

information without any sample preparation. 



 

30 

 

 

Figure 3.2: Sketch showing the pulsed laser deposition assembly. 

 

While the θ-2θ configuration provides out-of-plane information of the 

sample, it is not enough to establish the epitaxial relationship between the 

substrate and the film. Therefore, the sample can be tilted at a specific angle 

Ψ while the 2θ detector is fixed at a known out-of-plane diffraction peak. The 

sample is then rotated by a phi (φ) angle for 360° around the axis. This setup 

and the corresponding measurement are traditionally called the “phi” scan. A 

schematic of a phi scan XRD configuration is shown in Figure 3.3. 
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Figure 3.3: Schematic representation of the Philips X’Pert diffractometer used for φ‐

scans. IBO: Incident beam optics, DBO:  diffracted beam optics.6 

 

3.3. Transmission Electron Microscopy 

Transmission electron microscopy is a powerful analysis tool used in 

thin film science to investigate defects, interface quality, sample thickness, 

surface roughness, epitaxial relationship, grain boundary, etc. 

Selected Area Diffraction 

Selected area diffraction (SAD) and the convergent beam electron 

diffraction (CBED) patterns are two methods to obtain complimentary 

structural information of a crystalline material using transmission electron 

microscopy (TEM). SAD is utilized for checking the presence of weak 

reflections or to look for structure in the diffuse scattering.  It is effectively 

utilized to obtain diffraction from specific regions in polycrystalline samples 

with or without precipitates. SAD acquires diffraction pattern via parallel 

beam and CBED via focused beam.7 The aperture size and the convergence 

angle are linearly related to each other. In CBED, the beam is focused on a 

small area (approximately 30nm - 100 nm), probing the sample locally. In 
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SAD specimen region being analyzed is about 0.5 μm. Therefore, SAD is 

more desirable for a region that contains more than one grain. Although the 

position of the spots in SAD has a clear meaning but intensities of the spot 

carries limited information. Intensity of discs in CBED contains 3D 

information about the lattice, symmetry, lattice parameter, and thickness 

changes. If the specimen is polycrystalline, SAD is preferred as it produces a 

sharp ring pattern which can be easily used to determine the crystal 

structure. The Kikuchi lines contain valuable information about the 

orientation of the sample. They are also used as a “road map” to tilt the 

sample to find a specific orientation and move from one zone axis to 

another. Moreover, one can measure the average spacing between layers or 

rows of atoms, determine the orientation of a single crystal or grain, and 

find the crystal structure of an unknown material. One can also measure the 

size, shape and internal stress of small crystalline regions, determine the 

thickness of sample, define the symmetry elements of a crystal and 

determine low-order structure factor amplitude, phase and Burger's vector 

from the diffraction patterns.  

Bright and Dark Field Imaging 

Bright field (BF), and dark field (DF) modes are the typical modes used 

to acquire TEM images. The basic ray diagram of the BF and DF imaging is 

shown in Figure 1. BF image is formed when the objective aperture selects 

“0” rays. On the other hand, when the objective aperture is positioned such 

that it selects “g1” rays, it forms dark field image. Therefore, in BF imaging 
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one selects the direct beam and in dark field imaging one selects electron 

beams those are not in the direct beam direction.7 Diffraction and mass 

thickness contribute to image formation in BF imaging. On the other hand, 

heavy atom enriched parts (Z contrast) and crystalline areas appear darker 

in BF imaging. In DF imaging, diffracted beam strongly interacts with the 

specimen. Therefore, it gives information about planar defects, particle size 

and stacking faults. There are two techniques utilized to perform dark field 

imaging, among them ‘dirty’ dark field is a crude technique used to get an 

idea regarding crystalline orientation of the specimen.  

To see the cross section of the interface between film and substrate, 

high resolution TEM is used. Dislocation periodicity is easily observed by 

using Fourier transforms of SAED pattern, while HAADF is used for strain 

analysis. SAED diffraction spots splitting has been reported to indicate 

double domain growth8 BF imaging gives a Z contrast and EELS gives the 

chemical information about the sample.  

HRTEM & STEM 

High resolution transmission electron microscopy (HRTEM) involves 

preservation of diffracted electron wave phase as it interferes constructively 

or destructively with the transmitted wave. This technique of phase contrast 

imaging is utilized to form images of columns of atoms. Earlier we 

performed conventional transmission electron microscopy where the 

intensity of diffracted waves was acquired to form the image. In case of 

HRTEM the biggest challenge is correct interpretation of observed images. By 
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using HRTEM microscopicists can image the finer details in the specimen 

around size scales of 0.2nm. Contrastingly, interpretation of the acquired 

images is not as simple as the imaging technique. This challenge is 

particularly critical in case of nanocrystalline specimens. However, HRTEM 

has been successfully used for the imaging in-plane atomic arrangements, 

such as crystals and various defects like dislocations, stacking faults, twins, 

grain boundaries, anti-phase boundaries or inversion domain boundaries. To 

enhance the imaging quality, HRTEM is equipped with small angle 

illumination Field emission electron gun source with a high degree of 

coherence and narrow energy (wavelength) spread coupled with the electron 

lenses having low spherical and chromatic aberrations. Under ideal imaging 

and sample conditions a HRTEM image is an interference pattern of 

unscattered electrons and those scattered by the sample.  
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Figure 3.4: Schematic diagram showing various lenses in (a) STEM and (b) TEM.7 

 

The interference pattern is affected by phase modulation introduced 

by the aberration of the objective lens, i.e. the image is a convolution of the 

point transfer function of the objective lens T(r) with the object exit wave 

function ψo(r). Figure 3.4 shows the lens configuration of these two 

microscopes. The scan coils are absent in CTEM as we do not raster the 

beam at every atomic column. The objective aperture sits below the 

specimen in CTEM where as it is above in STEM and we don’t use any SA 

aperture in STEM. Condenser lenses C1, C2, condenser aperture and 

objective lenses are common in both microscopes. Comparatively, C2 is 
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stronger in STEM which is a requirement to de-magnify the probe to sub 

angstrom resolution.  In HRTEM the images acquired need to be coupled 

with the simulated thickness and defocus maps.  

 

Figure 3.5: An example of a simulated image in JEMS software for [101] Silicon with 

varying thickness and defocus value 

 

In Figure 3.5, role of thickness of the sample as well as defocusing is 

shown with simulated images. It shows inversion of contrast for atoms 

observed, making data interpretation impossible without adequate 

simulation program as well as knowledge of the sample parameters and 
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microscope imaging conditions. To actualy interpret data using HRTEM 

technique, JEMS simulation is necessary.  

Defect Analysis 

For the defect analysis, minimizing aberration and enhancing contrast 

is essential. TEM imaging is the projection of 3D material on the image 

plane. Amplitude and phase variations in the transmitted beam provide 

image contrast that is a function of the sample thickness (the amount of 

material that the electron beam must pass through) and the atoms in 

specimen. Specimen constituents are important, as heavier atoms scatter 

more electrons and therefore have a smaller electron mean free path than 

lighter atoms. Notably, TEM images do not show the exact position of the 

core of the defect/dislocation as the excitation error is different on both 

sides of a dislocation (Related effective excitation equation is discussed in 

the invisibility criterion part). Therefore, the contrast is different and the 

half of the dislocation side which matches close to the Bragg’s condition is 

going to be visible. The other side has relatively wane contrast and gradually 

vanishes in the image. In TEM the diffraction pattern of any sample is very 

important to identify the crystalline nature of the sample (i.e. single 

crystalline/polycrystalline/ amorphous). If the specimen is crystalline then 

from diffraction pattern we can determine the separation between the 

planes in that sample.  
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3.4. Magnetic Measurements  

Magnetic measurements were performed by the superconducting 

quantum interference device (SQUID) from Quantum Design. The basic 

operating principle is based on a vibrating sample stage on which a magnetic 

sample is placed.  The SQUID magnetometer contains two Josephson 

junctions that are parallel and enables the detection of magnetic flux 

changes in the order of ~1 x 10-7
 emu. When the sample is vibrated, the 

change in flux is created in Josephson junction that consists of two 

superconducting electrode spaced by a layer of non-conducting material. 

The rise of electric bias is measured by the instrument, and the magnetic 

response from the sample is calculated. 

3.5. Transport Measurements 

The transport measurements are one of the most important 

measurements in materials science. The standard four probe measurement 

is used to measure resistivity of a material when subjected to an applied 

electric field by measuring the current and calculating the resistance. Then, 

the sample dimensions are taken into account to yield resistivity. However, 

in thin films, the standard four probe setup would yield incorrect results 

due to investigating a very small amount of material. Creating contacts and 

getting reputable resistivity is problematic. In the thin film case, the Van der 

Pauw setup is used to most accurately solve the equation for resistivity. In 

an arbitrary sample geometry, the 4 contacts are made at the edges of the 
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sample and the current is measured in two perpendicular directions. The 

equation that yields the resistivity of the sample is 

𝑒−𝜋𝑅𝐴𝐵,𝐶𝐷𝑑/𝜌 + 𝑒−𝜋𝑅𝐵𝐶,𝐷𝐴𝑑/𝜌 = 1 

Where d is the thickness of the sample, ρ is the resistivity, RAB,CD is the 

resistance determined by dividing the potential difference VD −VC by the 

current going from A to B, and RBC,DA is defined as resistance determined by 

dividing the potential difference VD-VA by the current going from B to C.9 In 

this dissertation, all the measurements were performed by Van der Pauw 

setup and the resistivity reported was calculated using the equation 

provided from the reference. 
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4.1. Abstract 

Reducing the thermal budget of epitaxial thin film growth has been one 

of the biggest challenges for the electronics industry. In this report, the room-

temperature epitaxial growth of titanium nitride (TiN) thin films (~75nm) on 

(0001) Al2O3 substrates is demonstrated using a pulsed laser deposition 

technique. In TiN thin films, the epitaxial relationship is established by X-ray 

diffraction for (111)TiN//(0001) Al2O3 and <11̅0>TiN // <101̅0> Al2O3 which 

corresponds to a 30° rotation of titanium and nitrogen atoms with respect to 

the hexagon arrangement of aluminum atoms. An increase in the defect 

concentration is shown in the room-temperature thin film growth as 

compared to the ones grown at elevated temperature. A shift and broadening 

of the diffraction peaks is observed in the thin films as compared to the bulk 

value, indicating a higher residual tensile strain with decreasing growth 

temperature and an increase in defect concentration at room-temperature. 

The increased defect concentration observed at lower growth temperature is 

explained by the lower energy budget that limits defect recombination and 

film relaxation. The residual strain in all films is dominated by the lattice 

mismatch (~8.46% misfit) and defects, and not due to the thermal expansion 

mismatch, as Al2O3 and TiN have similar coefficients of thermal expansion. 

Raman spectroscopy measurements also confirm an increased concentration 

of vacancies in TiN films grown at lower temperature. Using atomic resolution 

scanning transmission electron microscopy, it is shown that the room-

temperature grown films contain a lower density of periodic dislocations at 
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the film/substrate interface, a characteristic of the large misfit systems, but 

have more dislocations trapped within the film. The lower density of 

dislocations near the film-substrate interface signifies incomplete relaxation 

at lower temperatures. In view of more defects in the film, resistivity of the 

film grown at room temperature is ~55 µΩ·cm as compared to ~22 µΩ·cm for 

films grown at 650°C, showing similar performance at a reduced thermal 

budget. 

 

 

4.2. Introduction 

Pulsed laser deposition (PLD) has been used extensively as the 

deposition method for scientific investigation due to its non-equilibrium, 

forward directed, stoichiometrically preserved depositions of multi-

component materials that can be difficult to fabricate using other deposition 

techniques1. Due to higher energetics of laser ablated species (average 

energy ~16 eV) compared to kT = 0.1 eV (at T=1200 K) for equilibrium 

methods, PLD leads to higher quality (less defective) films at lower 

temperatures. Moreover, the implementation of lower growth temperatures 

avoids the introduction of additional residual thermal strain incurred during 

post-deposition cooldown arising from the difference in thermal coefficients 

of expansion between the film and the substrate.  The role of temperature in 

growth of thin films has always been considered fundamental.  In general, a 

higher energy budget allows for defect segregation and annihilation at the 
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interfaces and stress relaxation of the lattice mismatch between the film and 

the substrate 2.  The additional energy input also favors textured or epitaxial 

growth to occur instead of polycrystalline growth 3,4. From a material 

perspective, the epitaxial growth of thin titanium nitride (TiN) films is highly 

important, especially in light of their extensive use as  coatings 5,6 in 

electronics and bioengineering 7,8.  TiN is a mechanically robust, stable and 

conductive nitride with rock-salt (NaCl) crystal stricture 9,10. In thin film 

applications, TiN has been used as a diffusion barrier and as a bottom 

conductive electrode layer11. Polycrystaline growth of TiN has been 

demonstrated by various research groups 6,12–14, but the grain-to-grain 

misalignment degrades its electrical performance. It is noteworthy that 

single crystal TiN has a resistivity of 11 µΩcm 15, which is considerably lower 

than the values of  40 µΩcm - 0.4 Ωcm obtained for randomly oriented, thin 

films 16,17.  To exploit TiN for electrical applications, it is of paramount 

importance to achieve epitaxial growth conditions. The epitaxial growth of 

(100) TiN was first achieved on Si (100) substrate at elevated temperatures 

which was explained by domain matching epitaxy, where a large lattice 

misfit was accommodated by matching of integral multiples of lattice planes 

across the film-substrate interface (U.S. patent 5,406,123 (1995)).18 The 

epitaxial growth of TiN at elevated temperatures has been reported for a 

variety of substrates such as sapphire (Al2O3), magnesium oxide19 and silicon 

substrates 20.  For example, Talyansky et al. 21 demonstrated successful, high 

quality film deposition of TiN on c-cut Al2O3 using PLD, and reported a 
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resistivity of 13 µΩcm for the best films.  However, they were unsuccessful 

in growing high quality films at lower temperatures. Lower temperature 

growth has been demonstrated on c- Al2O3 by Chen et al. 22 and on 6H-SiC by 

Yang et al.23 using reactive sputtering, however, no property measurements 

were conducted. Finally, the room temperature deposition of epitaxial TiN 

was done on SiC substrate by Yang et al.23 where (111) TiN //(0001) SiC and 

[01̅1]TiN//[12̅10]SiC demonstrating no rotation between substrate and film 

plane. The lack of rotation is due to weaker bonds between the titanium and 

SiC, as opposed to the Al2O3 case, where the strong Ti-O bond forces the 30° 

rotation of the film. 

In this paper, the room temperature (RT) growth of the epitaxial TiN 

thin films on c-Al2O3 substrate is reported and the role of defects on the film 

resistance investigated. The epitaxial relationship was established by X-ray 

diffraction (XRD) and scanning transmission electron microscopy (STEM) and 

compared to the model created using the Domain Matching Epitaxy (DME) 

Paradigm2. Raman spectroscopy confirmed that the vacancy concentration 

increased in films grown at lower growth temperatures. Finally, the electrical 

properties were measured to confirm the applicability of the films grown at 

the room temperature as contact layers for electronic applications.  

4.3. Experimental Procedure 

C-plane (0001) Al2O3 substrates were cleaned by acetone and methanol 

in a sonicating bath for 3-5 minutes to remove any impurities from the 
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surface. Substrates were then dried by a high purity nitrogen gun and loaded 

into the vacuum chamber. Using a combination of turbo-molecular and 

mechanical scroll pump a base pressure of ~5x10-7 Torr was achieved prior 

to the deposition. A 99.9% pure TiN target was attached to the rotational 

assembly to allow for rastered ablation by the 248 nm KrF excimer laser 

with a pulse duration τ=25 ns. The target-sample distance was maintained at 

~4.5 cm to ensure that a high energy plume was uniformly depositing on the 

substrate. A laser energy of ~150 mJ was focused down to an ablation area 

of ~0.03 cm2, corresponding to an energy density of ~5 J/cm2. It is important 

to note that higher energy densities lead to higher atom mobility during the 

growth process and improved crystalline quality. On the other hand, a 

higher energy results in larger thickness gradients across the width of the 

substrate as well as a higher atomic number (Z) contrast distribution of 

species within the plume causing stoichiometry breakdown.24 A laser pulse 

repetition rate of 10 Hz was used for a total of 3500 shots, resulting in layer 

thicknesses of ~75 nm, confirmed by TEM imaging. The deposition rate 

depends strongly on the energy density and also the pressure conditions 

inside the chamber. An increase in the gas pressure lowers the mean free 

path and kinetic energy of ionized particles ablated from the target. For this 

paper, the temperature of the deposition was changed from the ~25°C (RT) 

to ~450°C (MT) and ~650°C (HT), while keeping all other deposition 

conditions constant. Structural properties of the samples were then 

investigated by the Rigaku X-ray diffractometer with CuKα radiation source 
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(λ = 1.54 Å) in a parallel beam configuration (divergence 0.5°). A Quantum 

Design physical property measurement system (PPMS) using a Van Der Pauw 

setup was used for the resistivity measurements. A Whitetech Spectrometer 

with 532 nm source was used for Raman measurements.  The HAADF 

imaging was performed using 200 keV aberration corrected Nion UltraSTEM 

and FEI Titan microscopes. The convergence and collection angle used for 

the HAADF imaging were 30 and 65 mrad for Nion UltraSTEM and 19 and 77 

mrad for FEI Titan, respectively. Atomically resolved EELS data was acquired 

with a collection semi-angle of 48 mrad. 

4.4. Results and Discussion:  

To confirm out-of-plane alignment of crystal planes, θ-2θ XRD scans 

were performed. Both first and second order reflections are observed for the 

film and the substrate, confirming the high quality of the films. The results 

are shown in Figure 4.1, indicating the strong texture of titanium nitride 

films on the Al2O3 substrate. The figure shows that a (111) plane of the 

titanium nitride grows on the (0001) plane of Al2O3, with (111) planar d-

spacing calculated to be 0.2484±0.0001nm for the RT deposition and 

0.2478±0.0001nm for the HT deposition.  The d-spacing for bulk (111) TiN is 

0.2448 nm, indicating that a higher trapped lattice strain is present in the 

film grown at lower deposition temperatures. The TiN deposited at HT 

shows an out-of-plane residual tensile strain of ~1.23%, while the RT-

deposited TiN film experiences a tensile strain of ~1.47%. The total strain in 

thin film is due to the combination of strain resulting from the thermal 
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expansion mismatch, lattice misfit and defects.2  Since TiN and Al2O3 have 

similar coefficients of thermal expansion (9.35 × 10−6 °C for TiN and 8.40 × 

10−6 °C for Al2O3 at room temperature 15), the contribution of thermal strain is 

calculated, using εT=(αs-αf)*∆T, to be quite small,  <~0.059% (in-plane).2 

Because titanium nitride is prevented from contracting during cooldown by 

the underlying Al2O3 substrate, the film experiences a small in-plane tensile 

strain. In this case, the lattice misfit is the dominant contribution to the 

resultant residual strain in the film.  The increased residual strain observed 

in the RT deposited film is attributed to the lower mobility of atoms and 

defects afforded by the lower thermal budget, which results in lower 

vacancy recombination and defect annihilation rates 25 . For this reason, both 

post-deposition annealing and higher deposition temperatures are found to 

improve the crystalline quality.  The higher defect concentration is reflected 

in the larger FWHM of the (111) TiN 2θ diffraction peak, which increases 

from 0.68±0.05° to 0.93±0.05° for the HT grown sample and the RT 

deposited films, respectively. This increase in the FWHM of 2θ plane peaks 

indicates a higher defect concentration as well as higher number of low 

angle grain misalignments which also lead to a sharp drop in the intensity. 

An XRD φ scan was performed, which established the in-plane epitaxial 

relationship between the film and substrate as (111)TiN//(0001) Al2O3 and 

<11̅0>TiN // <101̅0> Al2O3. The results are shown in Figure 4.2. The observed 

reflections are (220) for TiN and (012) plane for the Al2O3. The Al2O3 is 

showing a characteristic 3-fold symmetry with a 120° spacing of the 
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diffraction peaks, while the TiN peak is showing a 30° rotation of the 

diffraction peaks with respect to the Al2O3. These shifts correspond to a 

rotation of a nitrogen plane with respect to the aluminum plane of the 

substrate leading to the energetically preferred orientation shown in Figure 

4.2, where every titanium atom is directly bonded to an oxygen atom in the 

lower plane. Both φ scans of the RT and HT depositions are shown with 

overlap with respect to each other.  However, broadening and lowering of 

the intensity of diffraction peaks is again observed, consistent with the 

rationalization introduced previously for the θ-2θ XRD scans.  

A representative, low-magnification, high-angle annular dark field 

(HAADF) image of TiN film grown at HT is shown in Figure 4.3a. A uniform 

thickness (~75 nm) of the film is observed from the figure. In Figure 4.3b, a 

magnified atomic resolution image of the TiN film is shown, illustrating 

epitaxial growth of the film with negligible deformation due to lattice 

relaxation. An atomic model is displayed in Figure 4.3c, corresponding to 

the boxed region in Figure 3b. The model elucidates the evolution of the 

misfit dislocations forming at the TiN-substrate interface that are leading to 

partial relaxation of the large lattice mismatch. The SAED patterns of TiN 

and substrate are shown as green and yellow insets in Figure 3, showing an 

allignment of (111) diffraction spot of TiN and (006) of Al2O3 and (110) 

diffraction spot of TiN with (3̅30) of Al2O3. This confirms the XRD-phi scan 

results in establishing epitaxial relations using domain matching epitaxy. 
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A detailed analysis of the dislocations and defect formation is given in 

Figure 4.4. Figure 4.4a and b show the HAADF images of the TiN films 

grown at the HT and the RT, respectively. It is seen from the figures that the 

zone axes of the film and the substrate are nicely aligned in the case of HT 

growth, while 4o tilt is seen in zone axes between two grains found in the RT 

films. This grain misalignment leads to off-zone-axis diffraction conditions 

for the substrate in Figure 4.4b. This tilting of the grains is attributed to the 

low energy budget during RT deposition, which traps the TiN atoms in 

energetically less favorable positions.  The energy is just not sufficient to 

realign the grains and annihilate defects. For HT grown films, the energy 

budget allows the post-deposition diffusion of atoms and approach to the 

lowest energy of the system (i.e. good substrate-film alignment). The 

complementary image where the substrate is zone-axis aligned has been 

provided in the supporting information, Figure 4.8.  

The TiN/Al2O3 system is a large misfit system, which is expected to 

form periodic dislocations at the film-substrate interface, based on the 

domain matching epitaxy.  Long-range ordering is characterized by a lattice 

misfit of ~8.46% at room temperature (~8.42% at 650 °C) between the TiN 

and the oxygen plane of Al2O3, leading to an in-plane compressive strain of 

the film, as shown in Figure 4.2, and tensile out-of-plane strain, 

corresponding to a related Poisson’s expansion of the lattice, which is seen 

by lower angle shift from the bulk value (2θ=36.662°) in XRD peaks in Figure 

4.1. As the film thickens, a crossover will occur where the energy of a misfit 
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dislocation at the interface becomes lower than the elastic strain of the 

unrelaxed film and relaxation can begin via dislocation nucleation at the film 

surface and propagation down to the film substrate interface. In this system, 

due to large misfit, this occurs after only few monolayers. The average linear 

density of dislocation along the interface is estimated 0.68/nm for the film 

grown at HT while it is 0.52/nm for the one grown at RT. The inverse fast 

Fourier transforms (IFFTs) corresponding to (11̅0) diffractions for both the 

cases are shown in Figure 4.4c and d respectively, illustrating a decrease in 

number of dislocations along the interface. TiN grown at HT shows an 

average dislocation periodicity formed by matching 11 planes of TiN with 12 

planes of Al2O3 creating an average dislocation periodicity with a spacing of 

10-12 atomic columns of the film, which is consistent with the DME 

predictions. Figure 4.4(e, g) and Figure 4.4(f, h) show the IFFTs 

corresponding to the marked region in Figure 4.4a (HT) and Figure 4.4b (RT) 

for (11̅0) and (111) diffraction spots. The figure reveals the presence of 

trapped dislocations within the film grown at the RT, while the one grown at 

HT appears relaxed. It is important to note that for given orientation of the 

film observed in this study, the Schmid factor for the primary slip system 

a/2 <110> {110} of TiN is zero. This implies that the critical resolved shear 

stress is also zero, meaning that stress relaxation by primary slip system is 

forbidden. Therefore, secondary slip systems are activated to relax the 

stress on the film. The active secondary slip system in this case is a/2 <110> 

{111} 2.  
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One aspect of the thin film growth at high temperatures is the 

formation of a pseudomorphic phase at the film-substrate interface due to 

high temperature surface reactivity of the atoms, seen in Figure 4.5. The 

formation of this pseudomorphic TiNxOy  phase has been characterized using 

plane-by-plane EELS analysis across the interface26. Figure 4.5(c) shows the 

spectra containing N-K (401 eV), Ti-L23 (456 eV) and O-K (532 eV) edges 

corresponding to the eleven planes that bridge the interface. The spectra 

corresponding to the TiN film (planes #1-4) distinctly display only the N and 

Ti edges, while the spectra for Al2O3 substrate (plane #8-9) are characteristic 

of pure Al2O3. At the interface, the presence of both O and N is observed 

along with Ti in a 3-monolayer thick region (plane #4-7), suggesting the 

formation of TiNxOy. This occurs due to the surface reaction of Al2O3 

substrate with depositing TiN at high temperatures and the subsequent 

formation of a pseudomorphic phase containing Ti, N and O. With further 

analysis, we determine that the atomic % of O varies between 20-60% in the 

interface layer, as shown in Figure 4.5(d). Since the mobility of surface 

atoms on Al2O3 surface is high at high temperatures, the incoming energized 

particles of titanium and nitrogen penetrate through few monolayers of the 

substrate causing intermixing of phases. As seen in Figure 4.5(d), the larger 

oxygen atom partially substitutes nitrogen and creates a strained TiNxOy at 

the interface that leads to residual strain throughout the film. This 

pseduomorphic TiNxOy phase affects the atom matching and strain 
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relaxation in the HT film as evident by relatively high (~1.27%) out-of-plane 

residual strain. 

Raman spectroscopy is a useful tool for determining the concentration 

of defects in the TiN lattice; results are shown in Figure 4.6. Scattering of 

acoustic phonons (range below ~400 cm-1) are associated with titanium 

atoms, while optical phonon scattering is mainly due to the nitrogen atoms 

(~540 cm-1)14. This can be qualitatively used to estimate the number of 

vacancies in titanium nitride films by taking the ratio of acoustic and optical 

modes. In the graph, a gradual decrease in TO (transverse optical) intensity 

and spectral blue shift are observed as the temperature of growth decreases. 

This confirms that the number of nitrogen vacancies is increasing with 

decreasing deposition temperature. The peak observed at ~450 cm-1  

corresponds to second order scattering of the TA (transverse acoustic) 

mode.14 A blue shift is observed between TA peaks for the films, which is 

even more pronounced in the 2xTA peaks. The ratio between LA 

(longitudinal acoustic) and TA modes also drops with decreasing growth 

temperature. This trend is attributed to an increase in titanium vacancies. It 

is also interesting to note that the appearance of the LA+TO mode in the HT 

film is indicative of the increasing strength of the LA mode. The increased 

intensities of the Raman spectra reveal an increase in both titanium and 

nitrogen vacancies as the growth temperature decreases.  These are 

expected to introduce additional scattering centers for charge carriers that 

ultimately lead to a degradation of the electrical properties of the films.  
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The resistivities of the films were measured as a function of 

deposition temperature using a standard 4-probe Van der Pauw setup. The 

results for all three samples are shown in Figure 4.7. All films show a 

characteristic metallic behavior over the measurement range (5K-300K) with 

linear temperature dependence. The room-temperature resistivity of films 

changes from ~55 µΩcm for RT deposited films to ~31 µΩcm for MT and ~22 

µΩcm for HT grown films. The nitrogen concentration in TiN films is known 

to correlate directly with the resistivity of the material16,26, where it is found 

that stoichiometric films lead to the highest conductivity.  In this paper, the 

films were grown with no supplemental nitrogen flow; essentially all of the 

nitrogen was provided from the stoichiometric TiN target.  As a result, TiN 

films grown in this study are deficient in nitrogen. In addition, no additional 

annealing step was employed, which is known to enhance defect mobility, 

reduce defect concentration and encourage grain growth. Thus, it is not 

surprising that the electrical resistivity reported in this paper are higher 

than the reported values of 13 µΩcm (from Talyansky et al.21).  A 

supplemental flow of nitrogen during deposition, higher temperatures of 

growth and post-deposition annealing are all primary processing steps that 

would lower the resistivity of the films. 

Furthermore, all three samples show low temperature flattening, which 

is due to defect scattering becoming the dominant resistance mechanism at 

low temperature. At higher temperatures, the thermal lattice vibrations 

overwhelm crystal imperfections and electrons are predominately scattered 
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by phonon interactions. In the RT film, the flattening occurs at a higher 

temperature (at ~ 35 K) than seen in the other films, (~27.5 K for HT sample 

and ~32.5 K for MT sample). This reaffirms that the concentration of defects 

increases in the films grown at lower temperatures. 

4.5. Conclusions 

TiN thin films were grown epitaxially on c-cut Al2O3 substrates using 

pulsed laser deposition at room temperature, 450° C and 650° C.  X-ray 

diffraction, both in-plane and out-of-plane, was used to establish the 

epitaxial relationship between the film and the substrate. The relationship is 

determined to be (111)TiN//(0001) Al2O3 and <11̅0>TiN // <101̅0> Al2O3 which 

represents a 30° rotation of TiN lattice with respect to aluminum plane of 

Al2O3. Higher out-of-plane residual strain was observed for RT grown films 

and is explained by lower defect mobility and the reduced energy budget 

available to drive the relaxation of the lattice. The assumption that the larger 

defect concentrations were present in the films grown at lower temperature 

was confirmed by broadening in FWHM of the XRD peaks, increasing ratio of 

TA and LA scattering modes seen in Raman spectroscopy, and enhanced 

flattening of R vs. T curves. Resistivity of TiN film grown at HT was ~22 

µΩcm while RT film showed resistivity of ~55 µΩcm, demonstrating 

comparable values, potentially opening the door for room temperature thin 

film depositions for advanced microelectronic devices requiring low thermal 

budget which will become more important as the length scale becomes 

smaller and inter-diffusion between interfaces becomes more prominent. 
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4.6. Figures 

 

Figure 4.1: (a) XRD θ-2θ of RT and HT TiN thin film on (0001) Al2O3 substrate with 

epitaxial relation as follows: (111)TiN//(0001)Al2O3. Shoulder on substrate peaks are 

due to nickel filter absorbing the kα reflections.  (b) TiN (111) diffraction peak 

showing increase in FWHM and decrease in intensity with temperature of growth. 

*The intensity of RT sample is multiplied by 3 for easier viewing. 
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Figure 4.2: (a) and (c) show φ scan of (220) plane of TiN and (012) Al2O3 respectively 

showing 30° rotation of the films in the basal plane with respect to the substrate. (b) 

illustration of atomic matching between aluminum (green) and nitrogen (blue) layer.  

In this configuration, a 30° rotation is obseved between aluminum hexagon and 

nitrogen hexagon as drawn on the illustration. The distance between aluminum and 

nitrogen is considerably smaller, allowing for every aluminum atom to bond with 

nitrogen, thus explaining the preffered growth orientation that is observed 

experimentally.(d.) Illustration of atomic matching between oxygen layer of Al2O3 and 

titanium layer of TiN. In this configuration, an overlap between titanium and oxygen 

is prefered atomic arrangement as every titanium atom will bond with oxygen 
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Figure 4.3: (a) An overview HAADF image of TiN thin film grown on Al2O3 at 650° 

C.The thickness of the film is measured to be 75 nm. (b) cross section TEM image 

showing interface between Al2O3 and TiN film. View direction is alligned and the scale 

is calibrated with the model to show the atomic matching. The SAED pattern of TiN 

and the substrate are shown as green and yellow insets showing the epitaxial 

relationship. 
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Figure 4.4: HAADF images of TiN films grown at (a) HT and (b) RT conditions. The 

inset images show the magnified interface between TiN and the substrate. IFFT along 

(110) from the TiN/Al2O3 interface region (marked in (a) and (b)) in (c) HT and (d) RT 

grown TiN films. IFFTs along (110) and (111) in the (e,f) HT and (g,h) in RT films. The 

images show the trapped dislocation in the RT grown TiN film with a burgers vector 

in [110] direction. The selected diffraction spots are shown in the insets.   

 

 



 

60 

 

 

Figure 4.5: A plane-by-plane EELS analysis at TiN/Al2O3 interface showing the 

formation of pseudomorphic phase formation of TiNxOy in the film grown at HT 

conditions. (a) HAADF image containing the region analyzed by EELS.(b) atomic 

resolution HAADF image acquired simultaniously with the EELS data acquizition 

showing various planes across the interface (c) EELS spectra from plane 1 to 11, 

displaying the N-K (401 eV), Ti-L23 (456 eV) and O-K (532 eV) edges. Elemental 

distribution (at%) of Ti, N and O along the marked planes (1-11) showing the 

formation of 3 monolayer thick TiNxOy at the interface.    
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Figure 4.6: The Raman spectra of samples grown at different temperatures. 

Characteristic peaks are observed in all films. The intensities of 650°C sample are 

increased by factor of 5 for easier interpretation. The lower intensities for higher 

quality film are expected as vibrational scattering modes are enhanced with higher 

vacancy concentrations. 
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Figure 4.7: The resistance vs temperature measurements of room temperature, 450°C  

and 650°C grown TiN films showing increase in resistivity with decrease of the growth 

temperature. The flattening of the curves below ~35K is due to defects becoming the 

dominant scattering mechanism for charge carriers. 
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4.9. Supporting Information 

 

Figure 4.8: HAADF image of room-temperature epitaxial TiN on c-Al2O3 with zone-

axis aligned with (a) TiN film and (b) with substrate, showing a 4o in-plane rotation 

between the film and substrate.  
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Chapter 5 Room Temperature Epitaxial Growth of Magnesium Oxide Thin 

Films by Pulsed Laser Deposition 

5.1. Abstract 

Epitaxial magnesium oxide (MgO) thin films were successfully grown 

on c-cut (0001) Al2O3 substrate at room and at high (~650˚C) temperature of 

deposition. Epitaxial relationships was determined to be (111)film//(0001) Al2O3 

and <11̅0>film // <101̅0> Al2O3 ,which indicates a 30 degree rotation of 

magnesium oxide with respect to sapphire hexagon. Both high and room 

temperature grown films show high quality epitaxy. The magnetic properties 

were investigated and showed a higher magnetization saturation for higher 

temperature grown films indicating stoichiometric inequality due to growth 

conditions. High temperature grown films showed a residual thermal strain 

of ~0.14% which was absent from the room temperature grown films. The 

room temperature films however, showed lower overall crystalline quality 

due to large number of point defects and clinging dislocations trapped 

throughout the film. The growth of the large misfit magnesium oxide (~8.1%) 

was explained by the domain matching epitaxy paradigm and the samples 

were further investigated by transmission electron microscopy. The TEM 

results showed high quality interface with low roughness and no significant 

interfacial mixing between the film and the substrate indicating the potential 

use of MgO as a buffer layer for oxide growth and diffusion barrier. 
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5.2. Introduction 

Pulsed laser deposition (PLD) is the deposition technique of choice in 

exotic, multicomponent materials because of its high-energy, forward 

directed and non-equilibrium kinetics.1 In comparison, the PLD deposition 

usually contains species of energies between 10 and 100 eV while traditional 

equilibrium methods have a kT of ~0.1 eV at 1200K.  Due to the high-energy 

of the deposition technique, PLD allows for lower temperature requirements 

during growth, or in this case, ability for epitaxial growth at room 

temperature. Magnesium oxide (MgO) is a rock-salt structured mineral with 

wide bandgap (7.8 eV).2 Its use as an epitaxial film is mostly confined as a 

buffer layer3, a substrate or an barrier layer4,5. Strongly oriented (111) MgO 

films were grown on c-sapphire by MOCVD at 500°C but polycrystalline 

samples were observed at higher and lower temperatures.6 

In the past, it has always been considered that the high-temperatures and 

small lattice misfit between the substrate and the film is necessary for the 

high-quality epitaxial growth. However, Narayan et al. showed that the 

epitaxial growth is possible for large misfit systems by domain matching 

epitaxy.7 Furthermore, room temperature epitaxy in titanium nitride was 

demonstrated in the previous work.8 In this work, magnesium oxide films 

grown at room temperature demonstrated complete epitaxy explained by 

the same principles of domain matching epitaxy paradigm. The subsequent 

magnetic properties were evaluated to establish the importance of defects 

and stoichiometry. 
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5.3. Experimental Procedure 

Aluminum oxide substrates with (0001) out-of-plane orientation were 

cleaned using acetone and methanol using the sonicating bath at 

temperatures between 50-60˚C for 5 minutes. Samples were dried using a 

high-purity (99.99%) nitrogen gun and loaded into the ultra-high PLD vacuum 

chamber with MgO target. The target was made in the lab using solid-state 

reaction technique and sintered for over 100 hours at ~1400˚C. The energy 

dispersive X-ray was used to determine that the MgO target made was 

96.67% pure. The mechanical pump and turbo-molecular pump were used to 

create a vacuum of ~4-7x10-7
 Torr before the deposition. The oxygen gas flow 

was set at ~1x10-3 Torr and the HT films were grown at ~650˚C. Optics were 

configured to create a rectangular spot on the target during laser ablation 

with energy density of ~2.7 J/cm2. Frequency of 248nm KrF pulsed laser was 

set to 10 Hz for all samples with number of pulses (duration τ=25ns) set at 

1000, corresponding to the thickness of ~40nm. The cool-down for the HT 

MgO samples was 2.5 hours long to minimize the residual thermal stresses 

in the film and was done with constant oxygen flow of 1x10-3 Torr. The 

deposition parameters for titanium nitride films are described in the 

previous paper.8 The thickness of magnesium oxide layer was established to 

be 25 nm throughout by TEM. To eliminate the thickness effect observed 

here, all of the structural, magnetic and physical properties of thicker MgO 

films are available in supplemental data. Structural properties of the 

samples were investigated by the Rigaku X-ray diffractometer with CuKα 
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radiation source (λ = 1.54 Å) in a parallel beam configuration (divergence 

0.5°). A Quantum Design physical property measurement system (PPMS) 

using a Van Der Pauw setup was used for the resistivity measurements. The 

gold contacts were sputtered on the samples and wire connections were 

made by Westbond Wire bonder. A Whitetech Spectrometer with 532 nm 

source was used for Raman measurements.  The HAADF imaging was 

performed using 200 keV aberration corrected Nion UltraSTEM and FEI Titan 

microscopes. The convergence and collection angle used for the HAADF 

imaging were 30 and 65 mrad for Nion UltraSTEM and 19 and 77 mrad for 

FEI Titan, respectively. Atomically resolved EELS data was acquired with a 

collection semi-angle of 48 mrad 

5.4. Results and Discussion 

 To establish the quality of the films and the out-of-plane alignment, 

the X-ray diffraction is used in the standard θ-2θ setup. The results are 

shown in Figure 5.1. In both high-temperature (HT) and room-temperature 

(RT) grown MgO films, the same Bragg peaks are observed indicating the 

same out-of-plane growth. Both (111) and (222) diffraction peaks of MgO are 

observed, however, in the HT film, the peak intensities are higher suggesting 

better crystalline quality, larger grain size and smaller dislocation 

concentration that contribute to scattering ox incident X-rays. A shift in the 

detector angle is also observed indicating that the HT film has a larger 

interplanar spacing than the RT film. This is explained by residual thermal 

strain being present in HT grown film that is absent in RT grown film. 
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By domain matching epitaxy (DME), there are three components of 

strain that dictate the growth of an epitaxial thin film.7 Those strains are 

thermal strain that arises from expansion coefficient mismatch, the defect 

induced strain and the lattice misfit strain. The sum of all strains on the film 

during growth is equal to zero, however, in room temperature grown films, 

there is no thermal expansion mismatch component present, creating a film 

with no residual thermal strain.8,9 The interplanar spacing of a bulk MgO in 

(111) orientation is 2.43 angstrom thus, the corresponding 2theta value is 

36.9459 degrees. The lattice mismatch between the MgO (d (110)=2.97Ȧ) and 

Al2O3 (d(1010)=2.747Ȧ) is ~8.1% using the formula for lattice misfit strain in 

the x-y film plane given by: 9 

𝜖𝑙𝑎𝑡𝑡𝑖𝑐𝑒 = (1 −
𝑑𝑓𝑖𝑙𝑚

𝑑𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
)         (1) 

From Figure 5.1, it is calculated that the HT grown film has an interplanar 

spacing of ~0.2427 nm indicating a residual strain of ~0.14% while the RT 

films shows interplanar spacing of ~0.2432 nm indicating complete 

relaxation with no residual thermal strain. These results compliment the 

residual thermal strain calculations as the HT MgO gives ~0.13% indicating 

in-plane tensile strain of the film using the rough estimate from εT= (αs-

αf)*∆T (using αMgO~10.4x10-6K-1 , αAl2O3~8.4x10-6K-1)10,2. The tradeoff for lower 

residual strain observed in RT is higher defect concentration as higher 

temperatures allow for defect segregation and mutual annihilation that is 

not present in the RT films and therefore, show lower performance.  
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To establish in-plane correlation between the substrate and the 

magnesium oxide, an X-ray diffraction is used in the “phi” scan setup. Figure 

5.2 shows the phi scan of HT and RT grown MgO films with 3 peaks 

approximately 120° apart indicating a three-fold symmetry around (220) 

peak. A 30° rotation is observed between the sapphire and MgO peaks 

indicating a rotation of oxygen plane of MgO layer with respect to aluminum 

hexagonal plane of sapphire.11 The schematic of atomic arrangement during 

growth is shown in Figure 5.3. The complete epitaxial relationship is 

therefore established to be <11̅0>MgO // <101̅0> Al2O3 in the plane of the sample 

and (111)MgO//(0001) Al2O3 in the out-of-plane direction. Finally, the broadening 

and lowering of the intensity observed in the RT films is consistent with 

increasing number of scattering centers due to large number of point 

defects, trapped dislocations and small-angle grain boundaries.  

High-angle annular dark field (HAADF) images were taken of the films 

and the results are shown in Figure 5.4. Epitaxial growth suggested in the 

XRD scans is confirmed and low inter-diffusion at the interface is observed 

in the HT film. Indicating that the quality of the interface is not sacrificed at 

higher temperatures. Dislocations are observed at the interface in HT film 

and support the domain matching epitaxy paradigm on large lattice misfit 

growth. 
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Magnetic Measurements 

The magnetic properties of magnesium oxide were investigated using 

superconducting quantum interference device (SQUID) with a vibrating 

sample holder. The Figure 5.5. Shows magnetization vs. applied magnetic 

field in-the-plane results. The Figure shows higher magnetization saturation 

~8 emu/ccm for HT sample compared to ~3 emu/ccm for RT sample. Higher 

coercivity in the RT grown film confirms the increase in defect concentration 

and low-angle grain boundaries that degrade the spin alignment. The results 

shown in the Figure 5.5 are performed at 10K where the highest magnetic 

response is observed. In the literature, the increase in magnetization 

saturation of magnesium oxide thin films was followed by lower deposition 

temperature,11 indicating that the oxygen vacancies are responsible. In films 

grown here, the HT grown film suffer for oxygen deficiency as the lighter 

oxygen atoms are more easily scattered during the deposition than the 

heavier, magnesium atoms.12 Therefore, at lower temperatures of growth, the 

ion inequality between magnesium and oxygen is lower than at high 

temperature grown films. Contrastingly, the total number of point and line 

defects is lower with increasing growth temperature, creating a possibility of 

temperature controlled magnetic and transport properties in magnesium 

oxide. This point defect and stoichiometry inequity based hypothesis is 

supported by the literature. Room temperature ferromagnetism was 

observed in MgO thin films grown in the temperature range from 350°C to 

room temperature. It was shown that the films with lowest number of point 
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defects demonstrate lowest magnetization.11 Similarly, pristine MgO films 

grown on (001) silicon at 350°C showed magnetic moment in nitrogen, argon 

and oxygen atmosphere during growth, indicating that the cation deficiency 

was responsible.13 Room-temperature ferromagnetism was also observed in 

MgO nano-crystalline powders grown by sol-gel method. Subsequent 

reduction in magnetization was observed with post-deposition vacuum 

annealing indicating Mg vacancies contribution.14 contrastingly, oxygen 

vacancies were identified as the source of ferromagnetism in MgO nano-

crystallites15 and in (100) crystals upon neutron irradiation.16 Therefore, it is 

still unclear whether the oxygen or magnesium vacancies are responsible for 

rise of magnetic ordering in the MgO. However, in this work, a simple 

experiment was performed and demonstrated higher magnetic moment in 

high-temperature grown films indicating that the increase in oxygen 

vacancies is causing the magnetization. 

5.5. Conclusions 

 Epitaxial magnesium oxide thin films of approximately 25nm 

thickness were grown on (0001) oriented sapphire substrates using pulsed 

laser deposition. The epitaxial relationship was established by X-ray 

diffraction to be (111)film//(0001) Al2O3 in the out-of-plane direction and 

<11̅0>film // <101̅0> Al2O3 in the plane, which indicates a 30 degree rotation of 

magnesium oxide with respect to sapphire hexagon. Both high and room 

temperature grown films show high quality epitaxy, clean interface with no 

sign of interfacial mixing and minimal surface roughness. Magnetic 



 

75 

 

measurements showed an increase in magnetization saturation in the high-

temperature grown film indicating that the ion inequality is responsible 

while the room temperature films suffered from higher overall defect 

concentration. The magnesium oxide film growth on sapphire substrate is a 

large lattice misfit growth (~8.1%) explained by domain matching epitaxy. 

Primary advantage of room temperature grown magnesium oxide is the 

absence of residual thermal strain and lower cost of fabrication while higher 

temperature grown film demonstrate better physical properties and 

crystalline quality. Finally, it was shown that it is possible to control the 

physical and structural properties of a magnesium oxide thin films by 

temperature of growth. 
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5.6. Figures 

 

 

Figure 5.1: An X-ray diffraction of HT and RT samples showing out-of-plane 

matching. 
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Figure 5.2: A magnified image of the X-ray diffraction of the samples showing out-

of-plane matching emphasizing the MgO (111) peak differences between the HT and 

RT growth conditions. 
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Figure 5.3: A magnified image of the X-ray diffraction of the samples showing out-

of-plane matching emphasizing the MgO (222) peak differences between the HT and 

RT growth conditions. 
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Figure 5.4: An X-ray diffraction of the RT and HT grown samples showing in-plane 

matching emphasizing the MgO (220) plane peak differences between the HT and RT 

growth conditions and 30 degree rotation with respect to the substrate. 
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Figure 5.5: a) An overview high-angle annular dark field (HAADF) transmission 

electron image showing film thickness. b) High-resolution image showing the 

interface between the film and the substrate. The SAED patterns are shown for the 

film c) and substrate d) confirming the epitaxial matching established by the XRD. 
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Figure 5.6: Magnetization change with respect to externally applied magnetic field 

or HT and RT samples showing a ferromagnetic behavior in both films. The coercivity 

is shown in the inset in the fourth quadrant.  
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6.1. Abstract 

The multiferroic properties of mixed valence perovskites such as 

lanthanum strontium manganese oxide (La0.7Sr0.3MnO3) (LSMO) 

demonstrate a unique dependence on oxygen concentration, thickness, 

strain, and orientation. To better understand the role of each variable, a 

systematic study has been performed. In this study, epitaxial growth of 

LSMO (110) thin films with thicknesses ∼15 nm are reported on epitaxial 

magnesium oxide (111) buffered Al2O3 (0001) substrates. Four LSMO films 

with changing oxygen concentration have been investigated. The oxygen 

content in the films was controlled by varying the oxygen partial pressure 

from 1 × 10−4 to 1 × 10−1 Torr during deposition and subsequent cooldown. 

X-ray diffraction established the out-of-plane and in-plane plane matching to 

be (111)MgO ∥ (0001)Al2O3 and ⟨11 ̅0⟩MgO ∥ ⟨101 ̅0⟩Al2O3 for the buffer layer 

with the substrate, and an out-of-plane lattice matching of (110)LSMO ∥ 

(111)MgO for the LSMO layer. For the case of the LSMO growth on MgO, a 

novel growth mode has been demonstrated, showing that three in-plane 

matching variants are present: (i) ⟨11 ̅0⟩LSMO ∥ ⟨11 ̅0⟩MgO, (ii) ⟨11 ̅0⟩LSMO ∥ 

⟨101̅⟩MgO, and (iii) ⟨11 ̅0⟩LSMO ∥ ⟨01 ̅1⟩MgO. The atomic resolution scanning 

transmission electron microscopy (STEM) images were taken of the 

interfaces that showed a thin, ∼2 monolayer intermixed phase while high-

angle annular dark field (HAADF) cross-section images revealed 4/5 plane 

matching between the film and the buffer and similar domain sizes between 

different samples. Magnetic properties were measured for all films and the 
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gradual decrease in saturation magnetization is reported with decreasing 

oxygen partial pressure during growth. A systematic increase in the 

interplanar spacing was observed by X-ray diffraction of the films with lower 

oxygen concentration, indicating the decrease in the lattice constant in the 

plane due to the point defects. Samples demonstrated an insulating behavior 

for samples grown under low oxygen partial pressure and semiconducting 

behavior for the highest oxygen partial pressures. Magnetotransport 

measurements showed ∼36.2% decrease in electrical resistivity with an 

applied magnetic field of 10 T at 50 K and ∼1.3% at room temperature for 

the highly oxygenated sample. 

6.2. Introduction 

One of the most exciting research topics in the field of material 

science is on the mixed-valence manganese oxides that show a combination 

of interesting physical properties such metal-insulator transitions, half-

metallicity and colossal magnetoresistance1,2. In mixed-valence manganites 

with the general formula A1-x BxMnO3, where A is a trivalent rare-earth metal 

and B is a divalent alkaline earth element, the average Mn valence varies with 

Mn-site occupancy (x), and is therefore, referred to as hole-doping. The 

filling (n) of the eg electron conduction band is defined by n=1-x.3 The 

structural, magnetic and electronic properties are closely related and 

provide great potential for use in magnetic field sensors4, infrared detectors5 

and spintronics.6–9 Lanthanum strontium manganese oxide (La1-xSrxMnO3 or 

simply LSMO) is the most ferromagnetic of the mixed-valence manganites 
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with a Curie temperature that peaks around 370K at x=0.3 10  and a notably 

large magnetoresistance ratio.8 It has been shown that properties of LSMO 

can be drastically altered with the introduction of strain in the epitaxial 

films.11–14 Most of the research reported to date have focused on small lattice 

misfit systems where full relaxation occurs gradually, after few hundred 

monolayers. This suggests that the properties of these films are directly 

affected by the layer thickness. For example, LSMO is commonly grown on 

STO (strontium titanite) substrates due to their similar crystal structures 

and lattice constants, which results in a small lattice misfit of ~0.79%. Since 

LSMO lattice is smaller, the STO substrate forces in-plane expansion of the 

LSMO film which causes compression in the out-of-plane direction. In this 

system, due to the lattice misfit strain, the change in the thickness with each 

additional monolayer is altering the physical properties of the film. The STO 

substrate also introduces the titanium-oxygen octahedral rotations that 

directly affect the LSMO growth whereas for MgO, no such phenomenon was 

observed. Another issue of substrates such as STO, LAO and NGO is the 

electronic softening of the Mn-O bond near the surface which has been 

reported to lead to an interfacial region that strongly scatters spin and 

degrades the magnetotransport properties of the LSMO thin films.15,16 With 

increasing thickness however, the octahedral tilts and distortions (Jahn-

Teller effect) begin to influence the LSMO properties and thus, the 

contribution of the “dead layer” diminishes.17  



 

88 

 

It is noted that choosing a substrate with a lattice misfit that is larger 

than ~7%, e.g. MgO, can significantly increase the energetics favoring film 

relaxation such that full relaxation can occur within the first few monolayers 

of growth, allowing for subsequent strain-free growth independent of the 

thickness.  This process can be broadly understood within the context of 

Domain Matching Epitaxy (DME).18 Magnesium oxide (MgO) has a rock-salt 

crystal structure with lattice constant aMgO=0.421nm19, while the LSMO has a 

perovskite structure with lattice constant of 3.875 nm. However, depending 

on the strain imposed by the substrate or by the stoichiometry, the LSMO 

structure can be rhombohedral, monoclinic or orthorhombic.20  In the past, 

successful growth on (001) MgO substrate has been demonstrated and 

characterized by various groups.21–24 The influence of growth temperature for 

LSMO films deposited on (001) MgO substrates was also investigated;25 It was 

reported that the higher temperatures were needed to achieve epitaxial 

growth and lower resistivities. It is important to note that no successful, 

high-quality epitaxial growth has been demonstrated on (111) MgO substrate 

as the large lattice misfit systems energetically favor polycrystalline and 

nanocrystalline growth. In related work, the interdiffusion between Mn and 

Mg cations at the interface of polycrystalline LSMO films grown on MgO 

(100) substrates was reported to form an interfacial layer with 1-2 hour, 

high-temperature post-annealing.26 In this work however, during the initial 

deposition of LSMO, the cation mixing at the interface was minimal due to 
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no additional annealing treatments. The low mixing at the MgO/LSMO 

interface was confirmed by the TEM.  

In this study, ~15 nm thick, epitaxial (110) LSMO films were grown on 

(111) MgO buffered (0001) Al2O3 substrates at different oxygen partial 

pressures, which directly changed the point defect concentration (oxygen 

vacancies). The pulsed laser deposition technique was used because it favors 

the preservation of stoichiometry, monolayer-by-monolayer growth and 

highly non-equilibrium deposition of complex materials that allowed for 

epitaxial growth of the LSMO film on the (111) MgO buffer.27,28 The change in 

point defect concentration affected the overall strain in the films and 

affected the transport and magnetic properties of the LSMO films at fixed 

thickness. These films show behavior similar to ultrathin films (>10 unit 

cells) grown on STO with the exception that the cation mixing at the 

interface was significantly reduced.  TEM revealed the presence of ~1nm 

thick intermixed layer at the interface. Since the thickness of all LSMO films 

are ~15nm, the contribution to the physical properties of this intermixed 

layer is insignificant and effectively plays no role in explaining the behavior 

of the films. In Narayan’s previous work, a (110) oriented LSMO grown films 

on c-sapphire showed magnetic anisotropy29. In this case, however, by 

adding the MgO buffer layer that allows for three equal in-plane growth of 

domains, the magnetic in-plane anisotropy of the films is eliminated.  
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This paper reports on the effect of oxygen concentration on the 

properties of LSMO films that result in: i) unique epitaxial growth of the LSMO 

films that eliminates magnetic anisotropy, ii) low intermixing at the 

MgO/LSMO interface that marginalizes the influence of a “dead” layer and iii) 

the ability to maintain the same structure, thickness and orientation of the 

LSMO films while varying the oxygen stoichiometry through defect 

engineering. The oxygen concentration in turn, controls the magnetic and 

transport properties while the contributions of the interface, thickness and 

orientation are diminished.  

6.3. Experimental Details 

All films were grown using the KrF (λ=248nm) pulsed laser deposition 

technique. Prior to deposition, targets were ablated to remove all surface 

impurities. The (0001) Al2O3 substrates were cut and cleaned in the ultra-

sonicating baths of acetone and then methanol for 5 minutes at 50˚C. Base 

pressure inside the vacuum chamber prior to the deposition was ~5x10-7 

Torr and sample-target distance was maintained at ~4.5cm. During 

deposition, the laser energy density was ~3.1 J/cm2 for MgO deposition and 

~1.7 J/cm2 for LSMO growth while the laser pulse rate was 10 Hz and 5 Hz 

respectively. The films were grown with 1000 pulses of MgO corresponding 

to a layer thickness of ~25nm and 200 pulses of LSMO leading to ~15nm 

thick films.  The substrate temperature was held at ~680˚C for MgO and 

~800˚C for LSMO and cooldown was set for ~2.5 hours. The oxygen partial 

pressure during growth was changed by an order of magnitude between 
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each run and maintained during the cooldown of the sample. In this study, 

the sample grown at ~1x10-1 Torr pressure of oxygen was labelled n1; and 

the same convention was then applied for n2-n4. X-ray diffraction was done 

using a Rigaku X-ray diffractometer with a CuKα radiation source (λ = 1.54 

Å) in a parallel beam configuration (divergence 0.5°). Resistivity and 

magnetoresistance measurements were performed over a temperature range 

from 375K-10K with a Quantum Design physical property measurement 

system (PPMS) using a standard Van Der Pauw configuration. Prior to the 

measurement, the gold contacts were sputtered onto the sample and a 

WestBond wire bonder was used for connecting aluminum wires. The 

superconducting quantum interference device (SQUID) from Quantum 

Design was used for magnetization vs magnetic field measurements at 10K, 

100K, 200K and 375K with magnetic field applied in the plane of the 

samples. HAADF imaging was performed using a 200 keV 5th order 

aberration-corrected Nion UltraSTEM which provided sub-angstrom spatial 

resolution (~800 pm). The convergence and collection angle used for the 

HAADF imaging were 30 and 65 mrad. The probe current used in the 

experiments was 18 pA ± 2pA. 

6.4. Results and Discussion: 

Following the deposition, the samples were investigated using X-ray 

diffraction to confirm the nature of growth and the quality of the films. In 

Figure 6.1, θ-2θ XRD results on n1-n4 show the alignment of (111) MgO, 

(110) LSMO and (0006) Al2O3 diffraction peaks. A large angle range was 
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scanned to ensure there were no other Bragg peaks for the films. The 

location of MgO peak is at the well-defined, bulk interplanar spacing for 

(111) orientation (dMgO=0.2431nm), indicating almost complete relaxation of 

the buffer layer. Second order (222) reflection of MgO also indicates a 

relaxed structure. The MgO growth on (0001) Al2O3 substrate is similar to 

previously published growth of titanium nitride30 that has the same crystal 

structure and similar lattice constant (aTiN/aMgO=1.0071) as the MgO. In this 

work, the epitaxial out-of-plane and in-plane relationship was observed to be 

(111) MgO //(0001)Al3O3 and <110>MgO // <1010> Al2O3. This in-plane relationship 

corresponds to a 30˚rotation of the cation sublattices between MgO and the 

Al2O3 substrate, as reported previously in the literature.31,32  

This epitaxial growth of a large misfit system (>7%) can be understood 

in terms of the domain matching epitaxy (DME) paradigm.18,33 According to 

DME, there are three components of strain in epitaxial films; i) the lattice 

misfit, ii) the residual thermal strain and iii) defects. For the case of large 

misfit systems grown at high temperatures all three strains sum to zero 

since the introduction of misfit dislocations at the interface is energetically 

favored. Then, upon cooldown a small net strain resulting from the 

difference in thermal coefficients of expansion between the substrate and 

the film is introduced.  In this work, the magnesium oxide and LSMO both 

contract at a faster rate than the Al2O3 substrate, resulting in a net tensile 

strain in the plane of the film at room temperature. The thermal expansion 

coefficient of magnesium oxide (~10.4x10-6K-1) and LSMO (~12.2x10-6K-1)34 are 
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larger than the Al2O3 substrate (~8.4x10-6K-1). Therefore, the residual thermal 

strain is calculated, using first approximations by εT=(αs-αf)*∆T, to be ~ 

0.131% for MgO and ~ 0.140% for the LSMO layer. The LSMO thin films show 

a gradual shift in the Bragg peaks towards higher 2θ angles with increasing 

oxygen partial pressure, implying the increase in the lattice constant in the 

plane. The change in the unit cell size with different oxygen partial pressure 

has previously been reported for epitaxial LSMO grown on STO, NGO and 

LAO substrates.35,36  The changes in the strain with oxygen partial pressure 

are shown as insets in Figure 6.1. At the highest oxygen partial pressure (for 

n1), the interplanar spacing of the LSMO film is dLSMO=2.730 ± 0.001 Ȧ, while 

the films grown at lower oxygen partial pressures show a gradual elongation 

in the out-of-plane lattice from 2.751 ± 0.001 Ȧ (for n2) to 2.758 ± 0.001 Ȧ 

(for n4). 

The matching of (110) LSMO films with (111) MgO buffer layer is 

shown by XRD’s φ-scan as shown in Figure 6.2. The three-fold symmetry of 

MgO (111) surface is allowing three equivalent in-plane orientations for 

matching to the rectangular facets of (110) LSMO films. A model showing the 

atomic arrangement is shown in Figure 6.2. Thus, the epitaxial relationships 

are established to be (111)MgO//(0001) Al2O3 for out-of-plane and <11̅0>MgO // 

<101̅0> Al2O3 for in-plane between the substrate and the buffer layer. In the 

case of the LSMO film, a fixed out-of-plane lattice matching relationship is 

established to be (110)LSMO//(111)MgO and combination of three different in-

plane relationships are observed; i) <110>LSMO // <110>MgO, ii) <110>LSMO // 
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<101>MgO and iii) <110>LSMO // <011>MgO. The angular spacing between LSMO 

peaks in XRD φ scan are 60˚ which confirms the predicted matching. 

High-angle annular dark field (HAADF) images of n1 and n2 (LSMO 

films grown at P(O2) = 1x10-1 and 1x10-2 Torr, respectively) are shown in 

Figure 6.3(a) and (b). The thickness of both samples are estimated to be 

~15±1 nm for the LSMO layer that was grown on a ~25 nm thick MgO layer 

suggesting that the deposition rate was approximately the same in the 

experiments (n1-n4). A magnified (HAADF) view of n2 sample is shown in 

Figure 6.3(c), which reveals the presence of multiple domains in the LSMO 

film, as suggested by the XRD φ-scan. The domains oriented in the (1̅1̅0) out-

of-plane direction are indicated in the figure. The size of the domains was 

estimated to be 6±1 nm. The fast Fourier diffractograms (FFTs) 

corresponding to the LSMO, MgO and Al2O3 are shown in Figure 6.3(d-f), 

showing the alignment of (110) diffraction spot of LSMO with (111) MgO and 

(0006) Al2O3 confirming the out-of-plane XRD results. Furthermore, the (220) 

diffraction spot of LSMO is aligned with (220) MgO and (3300) Al2O3. This 

confirms the XRD φ-phi scan results in establishing the epitaxial relations 

using the domain matching epitaxy.  

An atomic resolution HAADF image of the LSMO/MgO interface is 

shown in Figure 6.4(a). Since LSMO/MgO is a large misfit system (>7%) that 

follows the domain matching epitaxy (DME), a relaxed (zero lattice mismatch 

strain) LSMO film is expected with the formation of dislocations that 
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terminate at the LSMO/MgO interface with a 4/5 lattice plane periodicity. In 

the Figure 6.4(a), the predicted dislocations are indeed observed at the 

LMSO/MgO interface, confirming the validity of DME in the present case. A 

sharp interface is also observed between the LSMO and the MgO with two 

atomic-plane thick intermixed layer, as shown in Figure 6.4(b). An averaged 

atomic column intensity profile as a function of atomic distance is plotted in 

Figure 6.4(b), showing uniform intensity of LSMO columns throughout the 

film. Figure 6.4(d) shows the absence of lattice distortions through the 

inverse FFTs in xx directions, which is confirmed by the presence of 

uniformly spaced distances between lattice planes. This figure also 

demonstrates the equidistant LSMO atomic columns, consistent with full 

lattice relaxation. 

Electron energy-loss spectroscopic (EELS) spectra for the n1 and n2 

samples were also acquired and the results are provided in the Figure 6.9 in 

the supporting information. No noticeable chemical-shift or intensity 

variation in the O-K, Mn-L32 and La-M45 edges between the films was 

observed, suggesting preservation of the overall stoichiometry of the films 

with small changes in oxygen defect concentration.  

Magnetic measurements 

The results for 10K measurements are shown in Figure 6.5. A 

systematic decrease in magnetization saturation of the LSMO is observed as 

function of decreasing oxygen partial pressure.  In LSMO, the rise of 

ferromagnetism comes from the manganese and oxygen octahedra, where 
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neighboring manganese atoms are connected by bridging oxygens.  Here, the 

bond angle and distance determines the extent of the orbital overlap of the 

manganese 3d electrons and the oxygen’s 2p electrons. Initially, in a fully 

relaxed film, the bond angle is 180°. As the angle changes or the bonds 

stretch, the orbital overlap decreases, directly affecting charge transfer and 

magnetic exchange coupling of neighboring Mn moments.37 In films grown 

here, no significant tilt of the octahedra is observed. Rather, the gradual loss 

of magnetic properties is attributed to the gradual increase of oxygen 

vacancies that break the exchange coupling. The influence of the bridging 

oxygen on the magnetic properties of the LSMO is shown in Figure 6.6. The 

oxygen concentration in the films clearly alters the interplanar spacing in 

the films;  reduced oxygen content leads to films with smaller unit cell and 

lower magnetization saturation.  It is believed that this alters the coupling 

between neighboring manganese atoms, both by disrupting the double-

exchange mechanism responsible for bringing about long-range 

ferromagnetic order, and by introducing a competing superexchange 

mechanism (a.k.a. Kramers-Anderson superexchange) at missing oxygen 

sites, which promote antiferromagnetic spin coupling. In the n1 sample, the 

double-exchange coupling dominates giving rise to a combination of 

ferromagnetic and semiconducting physical properties. In these samples, 

therefore, a gradual decrease in the magnetization is observed due to 

lowering of the oxygen conentration, as explained by competition between 

the double exchange and superexchange mechanisms. This competition 
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would be expected to quickly disorder the system and drop its overall 

saturation moment of the sample. 

The magnetic moment measurement vs the temperature for n1 sample 

is shown as inset in Figure 6.5. The measurement shows a temperature 

dependence that is typical of ferromagnets with a Curie temperature Tc of 

~300 K, slightly lower than the bulk value of ~375 K. 38 In contrast, the n2-n4 

samples show a very small decrease in magnetization with increasing 

temperature and there is no crossover with the magnetization axis in the 10-

375 K range. The magnetization vs temperature curves for samples n2-n4 

are provided in the supporting information, Figure 6.10. Extrapolating the 

slope of these curves, the Curie temperature values would be >450K, 

suggesting the presence of the canted AFI (antiferromagnetic insulating) and 

weak FI (ferromagnetic insulating) phases in  the more oxygen defiecient 

films. As the oxygen concentration goes down, the AFI vs FI phase fraction 

increases. This lowers the magnetization and makes the M vs T curve flatter, 

pointing at higher Curie temperatures. The seemingly high Curie 

temperature values with finite spontanious magnetization have been 

reported previously by Boschker et al. in the LSMO films grown on (110) STO 

substrates. They reported a critical thickness of 10 unit cells below which 

conductivity of the films disappeared and the Curie temperature rose,which 

was attributed to the presence of the magnetic insulating phase.16 

Furthermore, a similar behavior was reported in the bulk La1-xSrxMnO3 films 

when x=0.15 and x=0.13 where the loss of metallic character is explained by 
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Anderson localization of charge carriers due to the structural disorders.39,40 

Therefore, the AFI behaviour with a finite spontanious magnetization in this 

work is attributed to the oxygen concentration of the films, since no 

significant change in film thickness, octahedral rotation and distortion 

(Jahn-Teller effect) is observed, while the influence of a dead layer is 

minimized.  

Transport measurements 

In LSMO the valence inequality controls the number of charge carriers.  

The carrier density is highest when lanthanum to strontinum ratio is 2.41  

The characteristic “R vs. T” curves for samples n1-n4 are shown in Figure 

6.7. An increase in resistivity is observed for films grown at lower oxygen 

partial pressures.  The n1 sample shows good electrical conductivity above 

~50K. At high temperatures (>175K), a variable range hopping model 

showed a good fit to the experimental data in previous studies42. At lower 

temperatures, a thermally activated transition takes place and fully develops 

at temperatures below ~80K. Finally, below ~30K the sample becomes 

insulating due to decrease in thermally activated charge carriers available. 

This behavior is similar to that observed for a 9 unit cell thick (110) LSMO 

on (110) STO substrate.16  In contrast, samples n2-n4 all show an insulating 

behavior indicating the loss of charge carriers due to oxygen deficiency. 

Transport properties of LSMO with increasing thickness have been 

studied by various groups. The oxygen sufficient, epitaxial (001) LSMO thin 

films have been grown on (001) STO, showing an insulating behavior (a 
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“dead layer”) for LSMO thickness below 8 unit cells (~0.32nm) and metallic 

behavior above 13 unit cells.43 Additionally, the physical behavior of the 

20nm thick LSMO films was shown to be tunable by the application of the 

electric field via ionic liquid. An increase in resistivity and lowering of Tc was 

shown with the application of electric field indicating the behavior is related 

to Mn3+/Mn4+ ratio change.44 

The magnetotransport properties of the LSMO films were measured 

using a Quantum Design PPMS. The isothermal magnetoresistance 

measurements for n1 sample are shown in Figure 6.8. The 

magnetoresistance was calculated using a standard formula given as  

𝑀𝑅 = (
𝜌(𝐻)−𝜌(0)

𝜌(0)
) 𝑥100         (1) 

Where, 𝜌(𝐻) is the resistivity at applied magnetic field H, and 𝜌(0) is the 

resistivity at no applied magnetic field. A systematic change of MR response 

is observed with temperature. The resistance decreases with the applied 

magnetic field (negative magnetoresistance) and peaks around 30 K (~-39%).  

The MR decreases to ~ -1.3% at room temperature.    

6.5. Conclusions 

Four samples of ~15nm thick, epitaxial LSMO films were grown on 

epitaxial (111) MgO buffered (0001) Al2O3 substrates. The physical properties 

were altered by manipulating the point defects. This was accomplished by 

changing the oxygen partial pressure during growth of the LSMO film by 
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pulsed laser deposition. X-ray diffraction showed that out-of-plane lattice 

matching was (111)MgO//(0001)Al2O3 while the in-plane lattice matching was  

<11̅0>MgO // <101̅0>Al2O3 for buffer layer and the substrate. In the case of the 

LSMO and the buffer layer, the out-of-plane matching was found to be 

(110)LSMO//(111)MgO  with three equal, 60° rotated, in-plane domain variants: i) 

<110>LSMO // <110>MgO, ii) <110>LSMO // <101>MgO and iii) <110>LSMO // <011>MgO. 

This led to a relaxed films. By changing the oxygen partial pressure, it was 

possible to introduce oxygen vacancies into the film, which reduced the unit 

cell size that was observed in the XRD measurements. The presence of 

oxygen vacancies degraded the magnetic coupling across the system as the 

bridging oxygen between manganese ions disrupted the double exchange 

mechanism that is responsible for ferromagnetic ordering. Magnetic and 

transport measurements confirmed the increase in magnetization and 

conductivity for the films prepared with higher oxygen content and smaller 

unit cell. The highly oxygenated sample showed strong ferromagnetism with 

a Tc~300 K and magnetoresistance of ~ -1.3% at room temperature while 

oxygen deficient samples (n2-n4) developed an insulating antiferromagnetic 

and ferromagnetic insulating phases of LSMO making them an interesting 

candidate for spin injectors in spin polarized tunneling devices. 
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6.6. Figures 

 

Figure 6.1: An X-ray diffraction θ-2θ (out-of-plane) scans of n1-n4 samples showing 

a gradual increase in the 2θ angle with increasing oxygen partial pressure of 

growth, leading to the in-plane expansion of the lattice and decrease in the out-of-

plane interplanar spacing of the LSMO films. 
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Figure 6.2: An X-ray diffraction Phi-scan of n1 sample (left), showing the in-plane 

epitaxial relations. A 30˚rotation is observed between the Al2O3 and the MgO which 

is explained by the rotation of the magnesium atoms to match with the oxygen 

hexagon of the substrate. The LSMO film shows three equal in-plane domain growth 

as 6 peaks are observed that overlap with the MgO film. An atomic model of 

LSMO/MgO interface showing one of three possible configurations for LSMO growth 

in-the-plane is shown in the upper right corner while the atomic model of the 

MgO/Al3O3 interface that shows a 30˚degree rotation between aluminum plane of the 

substrate and oxygen plane of the film is shown in the lower right corner) 
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Figure 6.3: An overview HAADF image of the LSMO thin film grown on the MgO 

buffered Al2O3 substrate for the n1 sample (a) and n2 sample (b) demonstrating the 

same layer thickness. (c) Cross section TEM image showing the interface between 

MgO buffer layer and LSMO film that confirms the multiple in-plane domain growth. 

(d) The SAED pattern of the n2 sample for the LSMO (d), MgO (e) and Al2O3 (f) showing 

the epitaxial relationship. 

 

 

 

 

 

 

 

 

 

 



 

104 

 

 

 

Figure 6.4: (a) HAADF image of the MgO/LSMO interface showing a 4/5 lattice 

matching and the dislocation periodicity. (b) Z-intensity vs distance plot shows the 

presence of ~2 monolayer thick intermixed layer. IFFT in yy (d) and xx (e) directions 

are shown from (c) confirming the in-plane and out-of-plane XRD results.  
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Figure 6.5: The magnetization vs magnetic field curves for n1-n4 samples at 10K 

showing a gradual decrease in saturation magnetization. This confirms the role of 

the bridging oxygen concentration in inhibiting the super-exchange mechanism that 

leads to antiferromagnetic spin alignment in the LSMO films. The inset in second 

quadrant shows a graph of the magnified area close to lower fields to exaggerate the 

coercivity with oxygen pressure. The temperature dependence of magnetization is 

shown as inset in fourth quadrant for n1 sample (P~10-1 Torr) showing a Tc~300K. 

The sample was cooled in the 5000 Oe magnetic field applied in-plane and the field 

of 3000 Oe was used for the measurement.  
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Figure 6.6: The interplanar spacing of the LSMO layer (black) as measured from XRD 

scan and the magnetization (blue) vs the oxygen partial pressure of growth in the n1-

n4.  
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Figure 6.7: Resistivity vs the temperature measurements showing an insulating 

behavior of the n2-n4 samples and semiconducting behavior of the n1 sample.  
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Figure 6.8: Isothermal magnetotransport measurements (left) of n1 sample showing 

a typical increase in MR with a decrease in temperature. The MR values at the 

highest magnetic field applied (10000 Oe) vs the temperature for n1 sample are 

shown (right). 
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6.9. Supporting Information 

 

 

 

 

Figure 6.9: Magnetization saturation behavior of n2,n3 and n4 films with respect to 

temperature. The slope of the curves indicates high Currie temperatures (450K>).  
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Figure 6.10: EELS spectra of (a) O-K, (b) Mn-L and (c) La-M edges of LSMO films grown 

at 10-1 and 10-2 Torr. 

Figure S2 shows the EELS spectra of (a) O-K, (b) Mn-L and (c) La-M edges of LSMO 

films grown at 10-1 and 10-2 Torr. This demonstrates that there is no noticeable 

chemical shift or intensity variation is observed between LSMO films. This suggests 

that the films, while having oxygen vacancies due to synthesis at different O2 

partial pressures, maintain the stoichiometry at large. This observation is also 

supported by the presented results on magnetic response of the films.   
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7.1. Abstract 

Mixed-valence perovskites have drawn significant research interest in 

the past due to their exotic properties. Lanthanum Strontium Manganese 

Oxide (LSMO) shows a ferromagnetic ordering that can be tuned with the 

control of defects and strain. Here, experiments were performed to decouple 

the effects of strain and oxygen content, which together control the 

magnetic properties of the LSMO (La0.7Sr0.3MnO3). In this work, thermal 

treatments show promise in effectively controlling the ferromagnetic 

response of LSMO films.  A set of three samples were grown on the same 

substrate-buffer platform with different oxygen partial pressures and 

annealed above their deposition temperature (~900° C) in air.  The physical 

and structural properties were measured and showed overall decrease in 

magnetization saturation as well as decrease in out-of-plane lattice spacing 

with decreasing oxygen partial pressure. A second anneal at lower (~700° C) 

temperature with flow of pure oxygen was performed for six hours to allow 

for defect annihilation and grain growth. All three films remained epitaxial 

allowing for direct correlation of magnetic measurements with defect 

concentration.  Partial recovery of the magnetic properties and a slight 

increase in interplanar spacing was observed.   The inability of the films to 

fully recover their original magnetic properties suggests irreversible strain 

relaxation during the initial, high-temperature air anneal. This hypothesis 

was further supported by the in-situ XRD that showed a linear increase in 

the interplanar spacing with temperature until ~520°C for LSMO and ~690°C 
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for MgO. With further increase in temperature, the films experienced both 

loss of oxygen and irreversible defect nucleation and recombination. High 

resolution high-angle annular dark field (HAADF) images showed uniform 

thickness and no interfacial mixing with subsequent annealing treatments 

while electron energy loss spectroscopy (EELS) showed a loss of 

characteristic pre-peak A in oxygen indicating formation of oxygen 

vacancies. Parallel annealing experiments in high vacuum instead of 

atmosphere were performed, which showed complete loss of crystal 

structure in the LSMO films due to significant loss of oxygen in the lattice 

that irreversibly collapsed the perovskite structure. Furthermore, a low-

temperature (~500° C) oxidation anneal was performed on a pristine sample 

with no change in the interplanar spacing observed indicating no change in 

the strain state of the film due to annealing below the deposition 

temperature. The reversibility of magnetic properties, which is observed as 

long as the crystal structure of the films is preserved, indicates the 

importance of bridging oxygen in controlling the magnetic behavior of 

mixed valence perovskites. Finally, it was determined that the highest 

magnetization saturation in the films is achieved with a high oxygen partial 

pressure during growth and subsequent thermal annealing below the 

deposition temperature. 
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7.2. Introduction and Background 

Lanthanum manganese oxide is a scientifically fascinating material 

with intriguing interplay of properties. Doping this ABX3 perovskite 

structure material with a finite concentration of strontium is proven to 

change its physical properties significantly. When the strontium 

concentration in the La1-xSrxMnO3 is between x= 0.2 and 0.4, room-

temperature ferromagnetism due to double-exchange mechanism is 

present.[1] The use of LSMO ranges from spin injection material of choice 

for thin film heterostructures to magnetic memory heads in next generation 

electric field driven ferroelectric-ferromagnet coupled switching.[2,3] It has 

been shown in the past that LSMO properties such as half-metallicity, 

ferromagnetism and colossal magnetoresistance change drastically with 

thickness, orientation, stoichiometry, substrate, growth temperature and 

strain.[4–12] Complexities associated with the orbital overlap, charge state 

and spin degrees of freedom make this system exciting but enigmatic, with 

recent research focusing on growing films with strong ferromagnetism, but 

absent of the formation of a “dead layer”[10,13,14]; an insulating and non-

magnetic layer that forms at the interface of STO and LSMO due to 

interdiffusion at high-temperature.  

Research has been reported on various thermal treatments of LSMO 

thin films.  However, few studies were successful in correlating the structure 

changes with physical properties of the LSMO films. For example, studies on 

polycrystalline LSMO films grown on (111) silicon substrate and then 
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annealed in air have indicated slight improvements of physical 

properties.[15] Likewise, polycrystalline La0.7Sr0.3MnO3 films grown on (001) 

silicon substrate and annealed with and without magnetic field for 20 

minutes at 800°C resulted in small enhancements in their magnetic 

properties.[16] Epitaxial LSMO films were grown on SrTiO3 and LaAlO3 

substrates and annealed at temperatures of 950°C with the pure oxygen 

flowing resulted in significant enhancement of the magnetization saturation 

and decreased coercivity.[17] Manganese depleted La0.55Sr0.08Mn0.37O3 epitaxial 

films grown on (001) STO substrates subsequently annealed in air showed 

an increase in magnetization with increasing anneal temperature.[18] An 

approximate ~2.5 minute ramp anneal was performed at 700°C in air on 

La0.84Sr0.16MnO3 films grown on (001) STO substrate, which is showed decrease 

in interplanar spacing for 70 nm thick films, but no strain relaxation for 20 

nm thick films. Improvement of magnetic properties was observed in both 

films with increasing oxygen content.[19] Finally, strongly-textured low Sr-

doped La0.96Sr0.04MnO3 films have been annealed at ~600°C in different oxygen 

pressures on the STO (001) and MgO (001) substrates and their physical 

properties compared[20]. Significant improvement in magnetic properties 

was observed on the STO substrates at higher oxygen partial pressures, but 

only slight improvement was observed on the MgO substrates. 

In the present work, the buffer layer of choice is Magnesium Oxide 

(MgO). Its insulating properties along with low diffusivity at high 

temperatures[21,22] makes it a good alternative to the more traditional STO 
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platform because it suppresses the formation of the dead layer observed in 

STO/LSMO interface[23]. In addition, the MgO buffer layer is compatible with 

sapphire substrates[24–26], which are of greater commercial value and in 

the case of c-cut sapphire (0001), enables epitaxial room-temperature growth 

of MgO and TiN that lowers the energy requirements for sample growth.[27] 

Finally, in the samples grown here, the characteristic magnetic in-plane 

anisotropy of LSMO is eliminated due to the growth of 3 equivalent in-plane 

domain variants of LSMO that form on (111) MgO buffer layers.[23] This 

allows for easy comparison between the films grown with different starting 

oxygen concentrations and provides insight on the evolution of the magnetic 

properties with thermal processing treatments.  

Finally, this paper identifies two main sources of stress acting on the 

epitaxial LSMO films during annealing: the lattice misfit strain and the 

thermal expansion mismatch strain. The three categories are proposed to 

explain the behavior of LSMO films: i) non-epitaxial samples, ii) lattice-

matching-epitaxy (LME) films and domain-matching-epitaxy (DME) films.  It 

was established that the samples with the highest magnetization saturation 

are grown with the highest oxygen partial pressures and thermally 

processed below deposition temperature. 
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7.3. Experimental Procedure 

The samples investigated in this paper were made by pulsed laser 

deposition using a domain matching epitaxy paradigm[28]. The growth 

conditions are described in a previous work[23] The three samples (labelled 

n1,n2 and n3 for convenience) were grown under identical conditions except 

for changing the oxygen partial pressure defined as P(O2)=1x10-n Torr where 

n=1,2 and 3, respectively. The growth temperature was ~680°C for the MgO 

and ~800°C for the LSMO layers, well below MgO-Al2O3 spinel formation 

temperature.[29] Therefore, no evidence of interfacial mixing between the 

buffer layer and the substrate was observed in the films. The MgO buffer 

layer had a measured thickness of ~25nm, while the thicknesses of the 

LSMO films were confirmed by TEM to be ~15nm. In-situ XRD data of the 

films were acquired using an X-ray diffractometer (Empyrean, Panalytical, 

Almelo, Netherlands) equipped with a high temperature oven chamber (HTK 

1200N, Anton Parr, Graz, Austria). Sample was first heated in an air-filled 

chamber from 25 °C to 900 °C at a heating rate of 10 °C/min. After that, 

samples were cooled to room temperature with a cooling rate of 10 °C/min. 

Diffraction patterns were measured throughout the whole heat treatment 

using Cu Kα x-ray radiation with a wavelength of 1.5418 Å and a 2θ range of 

30° – 45°. Each pattern was measured for 1 minute using a 2θ step size of 

0.01° and count time 1 sec/step. Similarly, the heating and cooling procedure 

for oxygen annealing experiment was done using a standard quartz vacuum 

tube. The oxygen annealing experiments were performed for 6 hours with 
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99.99999% pure oxygen flow at 700˚C. The vacuum annealing was 

performed in the vacuum chamber with a base pressure 1x10-6 Torr. Room 

temperature X-ray diffraction was done using a Rigaku X-ray diffractometer 

with CuKα radiation source (λ = 1.54 Å) in a parallel beam configuration 

(divergence 0.5°). An aberration-corrected STEM-FEI Titan 80−300 was used 

in conjunction with electron energy loss spectroscopy (EELS) to acquire 

HAADF images and EELS spectra. An electron probe current of 38 ± 2pA and 

collection semi-angle of 28 mrads were used during the EELS acquisition. For 

the HAADF images, the convergence and collection semi-angles were 19.4 

and 80 mrad, respectively. Superconducting quantum interference device 

(SQUID) from Quantum Design was used for magnetization vs magnetic field 

measurements at 10K with a magnetic field applied in the plane of the 

samples. 

7.4. Results and Discussion 

XRD θ-2θ 

The three samples (n1, n2 and n3) were investigated using an X-ray 

diffractometer in the θ-2θ setup, designed to establish the out-of-plane 

interplanar spacing (d). In Figure 7.1, a wide angle scan is shown for the n2 

sample in the as deposited (AD) condition and then following air annealing 

(AAA). The only Bragg peaks observed are the Bragg peaks associated with 

the Al2O3 substrate [(0006) and (00012)], the MgO buffer layer [(111) and 

(222)] and the LSMO film [(110) and (220)], indicating that the films have a 

fixed axial, preferential growth in the out-of-plane direction (texture). The 
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corresponding z-axis alignment is (0001) Al2O3 // (111) MgO // (110) LSMO. 

Expanded 2θ scans for the as-deposited n2 sample before and after thermal 

treatment are presented in the Figure 7.2. The results show that the 

interplanar spacings for the buffer layers and the LSMO films shift with 

processing conditions.  The bulk values reported for stoichiometric MgO and 

La0.7Sr0.3MnO3 at room temperature are d(110)LSMO=0.2739 nm[13] and 

d(111)MgO=0.2431 nm[30], respectively.  These values fall below the values of 

the as-deposited film, but greater than the values obtained after the thermal 

treatment. This result suggests that the air-annealing treatment to 

temperatures in excess of the deposition temperature may be associated 

with misfit dislocation formation and oxygen vacancy creation. This 

behavior is manifested as an XRD shift of the 2θ angle that corresponds to a 

change in the interplanar spacing (d) of the film. This was observed for both 

the buffer layer and the film, while the substrate, not surprisingly, seemed 

unaffected. The calculation of the interplanar spacing for the as-deposited 

(AD) n2 sample at room temperature shows that the MgO buffer has 

d(111)MgO= 0.2438nm, while the LSMO film has a d(110)LSMO=0.2751nm. The 

substrate interplanar spacing matches the bulk value of 

d(0006)Al2O3=0.2164nm. Interestingly, for as-deposited samples of n1 and n3, 

the MgO and substrate interplanar spacing values match those of the n2 

sample, while the LSMO film shows a gradual change with changing oxygen 

partial pressure from d(110)LSMO=0.2730nm for n1 to d(110)LSMO=0.2757nm for 

n3.  
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XRD Phi-scan 

The in-plane alignment between the film, buffer and the substrate was 

determined via XRD performed in the phi (φ) scan configuration. The results 

of the scans are shown elsewhere.[23] The in-plane relationship for this 

heterostructure was determined to be <110>MgO // <1010> Al2O3.This relation 

creates a 30˚rotation between the substrate and the MgO[24], Which is 

explained by bonding of magnesium atoms with the oxygen hexagon of 

alumina substrate, while the oxygen atoms bond with the aluminum atom. 

The in-plane relationship between buffer MgO layer and the LSMO film was 

established to be <110>LSMO // <110>MgO or <110>LSMO // <101>MgO or <110>LSMO // 

<011>MgO. In simple terms, the LSMO grows with three equivalent in-plane 

domain variants that are rotated by 60˚with respect to each other.  This 

growth mode leads to magnetically isotropic films where in-plane 

orientation does not play a significant role.  

Domain Matching Epitaxy (DME) 

Epitaxial film growth is usually associated with systems where the 

lattice mismatch between the film and its substrate is small (below 1%), 

which is not the case here. The in-plane lattice mismatch between MgO (d 

(110)=2.97Ȧ) and Al2O3 (d(1010)=2.747Ȧ) is ~8.1% using the formula for lattice 

misfit strain in the x-y film plane given by: [28] 

𝜖𝑙𝑎𝑡𝑡𝑖𝑐𝑒 = (1 −
𝑑𝑓𝑖𝑙𝑚

𝑑𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
)         (1) 
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Similarly, the mismatch between the MgO and the LSMO film is ~30.4% along 

<100>LSMO and ~15.6% along <011>LSMO. In general, when misfit strains 

approach these levels the matching of lattice planes between the films and 

the substrate is not possible and randomly oriented polycrystalline films 

form to alleviate the strain. However, in certain large misfit systems (>7%) 

including the LSMO/MgO and MgO/Al2O3 shown here, the epitaxial growth 

can be successfully explained by domain matching epitaxy (DME) [31,32]. For 

epitaxial growth of thin films in large misfit, single unit cell mismatch is not 

considered, rather, lattice planes are added to minimize the strain. The large 

mismatch translates to a small critical thickness that favors dislocation 

formation early in the film growth (first few monolayers) where dislocation 

insertion can be easily accommodated as a part of the film nucleation step, 

allowing the rest of the film to grow strain free.[28] 

In the films grown here, the relaxation occurs in the initial stages of 

growth for both the buffer and the film. However, the stoichiometry is not 

fully preserved from the target. Heavier atoms deposit readily, while lighter 

atoms such as oxygen tend to be lost due to scattering (i.e. lower mean free 

path). To compensate for this ionic imbalance, additional flow of oxygen is 

required during the deposition. In the present study, the oxygen partial 

pressure has been varied by several orders of magnitude among the samples 

investigated. Thus, their as-deposited oxygen content is different, which 

explains the change in unit cell size seen in the XRD data. This growth 
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process allows for good control of oxygen content in the samples while 

maintaining epitaxial, high-quality films. 

Under ideal DME growth conditions, for large misfit systems, the three 

components of strain in epitaxial films (the lattice misfit, defects and 

residual thermal strain) will equal zero at the growth temperature.[32] Upon 

cooldown to the room temperature, differences in the thermal expansion 

coefficient for the different layers will introduce thermal residual strain. For 

MgO and LSMO this is calculated to be ~0.13% and ~0.25%, respectively, 

indicating in-plane tensile strain of the film using the rough estimate from 

εT= (αs-αf)*∆T (using αMgO~10.4x10-6K-1 , αAl2O3~8.4x10-6K-1and αLSMO~12.2x10-6K-1) 

[33,34]. In this case, the remaining unrelaxed strain observed in MgO 

(~0.11%) and LSMO (~0.20%) is explained by point defects and trapped 

dislocations introduced during the pulsed laser deposition process. 

Similarly, in the LSMO films, the magnetic properties are closely controlled 

by changing the oxygen partial pressure, which in turn, dictates the 

stoichiometry of the film. The change in stoichiometry ultimately alters the 

unit cell dimensions that can be mapped via XRD. The control of anion 

content by point defects can also be controlled by changing the deposition 

temperature[24,27] or in case of this paper, post-deposition annealing of the 

films. Similarly, unrelaxed defect-induced strain for the LSMO is dependent 

on the oxygen partial pressure used during deposition.[23] 
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In-situ X-ray Diffraction  

For easier viewing, Figure 7.2 shows an expanded view of the first 

order reflections of the buffer MgO (111) layer and the LSMO (110) film of 

the n2 sample. Here, a clear shift is observed with air annealing of the 

sample. Both the (111) MgO peak and (110) LSMO peak shift to higher 2θ 

angles causing the interplanar spacing to decrease in the out-of-plane 

direction. This decrease in overall unit cell size is explained by strain 

relaxation via additional dislocation formation and oxygen diffusion out of 

the heterostructure (film reduction). A similar decrease of unit cell size with 

increase in oxygen vacancies in LSMO films has previously been reported in 

the literature in the case of LaAlO3 substrates, while the opposite effect is 

seen in  STO/LSMO heterostructures[8,35]. The inconsistencies in the 

literature reinforce the additional complications posed by the substrate/film 

lattice misfit and the residual thermal strain. Furthermore, no previous work 

has been reported for the (111) MgO/ (110) LSMO heterostructures. Because 

the lattice constant misfit (~8.7%) differs from the lattice misfit of substrates 

such as SrTiO3, LaAlO3, NdGaO3 (≤1%), it is no surprise that the dependence 

of the unit cell on changing oxidizing and thermal treatments differs from 

previously reported systems. To better understand the competing processes, 

an in-situ XRD experiment was performed. The results are shown in Figure 

7.3. Here, the sample n2 was heated to 900°C in atmosphere and 

subsequently cooled at the same rate. The peak fitting of the (111) MgO, 

(110) LSMO and (0006) Al2O3 Bragg reflections as a function of temperature 



 

129 

 

was done using LIPRAS software.[36] The interplanar spacing was plotted 

with respect to temperature. As expected, the substrate showed linear 

expansion with temperature and returned to the same value upon cooling. 

The MgO layer and LSMO film both initially showed linear out-of-plane 

expansion dictated by the substrate. However, at ~520°C for LSMO and 

~690°C for MgO, a decrease in interplanar spacing was observed. 

Interestingly, the interplanar spacing reversed for the MgO buffer layer 

around the same temperature as the initial deposition temperature, 

consistent with the DME assumption that the sum of all strains on the film 

is close to zero at the growth temperature.[28]  

Above these “transition” temperatures, it is believed that additional 

misfit dislocation are being generated to alleviate the thermal misfit-induced 

strain. The structural distortions also appear to promote oxygen reduction 

of the LSMO system. The in-situ XRD reveals that irreversible strain 

relaxation has occurred. As shown in the next section, the role of oxygen 

vacancies in LSMO are very clearly reflected in the magnetic measurements.  

Large-view high-angle annular dark field (HAADF) images of sample n1 

and n2 are shown in Figure 7.4a and 4b, respectively. The figures show very 

similar thickness of LSMO film (∼15 ± 1 nm) in n1 and n2, grown on ∼25 nm 

thick MgO buffer layer. Atomic resolution HAADF images of as-deposited 

(AD) n1 sample are presented in Figure 7.4c and 4d, demonstrating the 

atomically sharp LSMO/MgO (Figure 7.4c) and MgO/c-Al2O3 (Figure 7.4d) 

interface. From the images, it is extracted that (110) diffraction spot of LSMO 
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is aligned with (111) MgO and (0006) Al2O3, which are consistent with the 

out-of-plane XRD results. To rule out the possibility of a high-temperature 

spinel phase formation during the annealing experiment that could 

influence the magnetic properties of LSMO films, atomic resolution imaging 

is performed on AAA (n1) sample, as shown in Figure 7.4e. From the figure, 

it is confirmed that the interface between LSMO and MgO still remains 

atomically sharp without any interfacial interdiffusion or reaction. These 

conclusions were further confirmed by using electron energy-loss 

spectroscopy (EELS)  structure analysis, as shown in Figure 7.4f and g. Mn-

L32 (640 eV) edge is shown in Figure 7.4f, which demonstrates a chemical 

shift (~0.75 eV) in Mn-L3 peak. This result is directly related to the formation 

of Mn3+ after annealing in LSMO where Mn exists with +4 valance state. 

Similarly, O-K (532 eV), as shown in Figure 7.4e, shows the disappearance of 

characteristic A pre-peak of O-K, which again indicates the creation of 

oxygen vacancies. These fine structure EELS results confirm the creation of 

oxygen vacancies which lead to an observable chemical-shift in Mn-L32. 

Magnetic Measurements 

The magnetic properties were evaluated using Quantum Design’s 

superconducting quantum interference device (SQUID) via vibrating sample 

magnetometer (VSM) setup. The H vs M measurements were done at -263°C 

(10K) with an applied in-plane magnetic field varied from +10kOe to -10kOe. 

The results of samples n1, n2 and n3 following deposition are shown in 

Figure 7.5. A systematic decrease in magnetization saturation is observed 
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for the films grown at lower oxygen partial pressures. As discussed in 

previous work[23], decreasing the oxygen partial pressure during growth 

increases the number of oxygen vacancies, causing the distortion of the 

LSMO unit cell and disrupting  the coupling between neighboring manganese 

atoms. The bridging oxygen is necessary for enabling spin alignment via 

double-exchange mechanism in the LSMO.[37–39] 

Upon initial 900° C air annealing of the samples, a significant 

deterioration of magnetic properties in all three samples is observed. The 

magnetic properties results are shown in Figure 7.6 for sample n1, and 

Figures 7.8 and 7.9 for samples n2 and n3, respectively. This large 

reduction of magnetization saturation is attributed to creation of point 

defects in the LSMO film by removal of the bridging oxygen. The loss of 

oxygen disables the double-exchange spin transfer mechanism and causes 

loss of ferromagnetic ordering in the LSMO film. 

The partial recovery of magnetic properties is observed for all three 

samples following the 6 hour, pure oxygen annealing treatment. The results 

indicate the re-entering of oxygen into the LSMO film. The magnetization 

saturation for all samples converge around 80-84 emu/ccm, indicating the 

approach to the equilibrium state. Longer oxygenation times were 

performed and no further increase in the magnetic properties was observed. 

The failure to reach as-deposited level of magnetization in the LSMO films 

indicates the potential detrimental role that strain relaxation plays in 

controlling the magnetic properties of the samples.  
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The overall magnetization change after the 900° C air annealing 

treatment was larger in the n1 sample than in n2 grown sample, while n3 

sample showed the smallest change. These results emphasize the 

advantages of non-equilibrium, pulsed laser deposition technique. The three 

samples were grown epitaxially at different oxygen concentration by 

changing the partial pressure during the deposition. Following thermal 

annealing, the n1 sample, which is closest to the stoichiometric state, 

experienced the largest change in its stoichiometry and hence magnetic 

properties, while n3 which contained the lowest oxygen concentration, 

expectedly, experiences lower oxygen loss, which in turn, leads to the 

smallest change in magnetization.   

Following the second annealing treatment (700° C, pure oxygen), the 

magnetization values recovered and peaked around ~80-84 emu/ccm. The 

consistent behavior among all three samples confirms that the samples 

approached chemical equilibrium. Furthermore, it is believed that the 

dislocation formation and oxygen reduction are responsible for lower 

magnetization versus the pristine, as-deposited LSMO films. Further 

repetition of annealing treatments was performed and consistent magnetic 

behavior was observed, indicating no further change in point defect 

concentration, interface mixing or additional dislocation formation. The 

resulting saturation magnetization results as a function of thermal 

processing history are shown in Table 7.1, indicating the % change with each 

thermal treatment. 
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The consistency in magnetic results allows for the following 

conclusions: i) the initial magnetization saturation is dictated by the oxygen 

partial pressure present during the growth of the films. This in turn, 

controls the bridging oxygen content necessary for enabling ferromagnetic 

ordering via direct-exchange mechanism. ii) With high-temperature (900° C) 

air annealing (above deposition temperature), irreversible strain relaxation 

occurs simultaneously with oxygen reduction causing the degradation of 

magnetic properties. The similar magnetization values in all three samples 

following low-temperature (700° C), pure oxygen thermal treatments indicate 

equilibrium processing.  An indication of the extent of irreversible strain 

relaxation was recorded by measuring the interplanar spacing in the in-situ 

XRD.  This indicated a transition temperature where the substrate expansion 

forced additional dislocation formation to alleviate the strain. iii) Final 

oxygen annealing treatment allowed for an increase of oxygen content in the 

oxygen deficient LSMO films, leading to partial recovery of the magnetic 

properties. However, due to the irreversible deformation (irreversible shift in 

Bragg peaks) in the films experienced during the air annealing treatment, the 

magnetic properties were not fully recovered. Finally, the reversibility of 

magnetic properties observed during subsequent thermal treatments 

indicate that it is only changes in the bridging oxygen concentration that is 

now responsible for magnetic behavior. 
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Vacuum and pure oxygen annealing experiments 

To eliminate the possibility of nitrogen impurities affecting the 

properties of the film during high-temperature air anneal and to further 

reinforce the conclusion that oxygen reduction and not oxidation is 

occurring during the high-temperature (900° C) air-anneal experiment, 

additional vacuum and pure oxygen annealing experiments were performed. 

In Figure 7.10, the as-deposited (AD) n2 sample was annealed at 500°C in 

pure oxygen. The temperature was picked to be below the temperature 

where dislocation formation was observed in Figure 3 (~520°C). The results 

in Figure 7.11 show no change in Bragg scattering angle for either the LSMO 

or MgO out-of-plane peaks, indicating no strain relaxation via dislocation 

formation. The observed increase in relative intensity and decrease in FWHM 

(full-width at half-maximum) suggests a decrease in scattering defect centers 

via recombination and annihilation. These results suggest that additional 

dislocation formation only occurs when the samples are heated above the 

original deposition temperature where thermal misfit-induced strain is once 

again introduced into the films. 

High-temperature annealing was performed on the as-deposited (AD) 

n2 sample in vacuum instead of air to further explain the diffusion process 

of oxygen in the LSMO films. The XRD results of vacuum annealed samples 

are shown in Figure 7.7.The results indicate the complete collapse of the 

perovskite crystal structure due to oxygen loss. The collapse of structure 

confirms the LSMO sensitivity to oxygen concentration. The MgO film shows 
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similar behavior seen in the air annealed experiment, indicating that higher 

temperatures are required to overcome the diffusion activation energy of 

oxygen in the MgO buffer layer. 

Similar behavior was reported by Li et al. [40] when the epitaxial (001) 

LSMO films were grown on BaTiO3/LaAlO3 platform and annealed in oxygen 

and vacuum. The magnetic measurements showed higher magnetization 

saturation in the oxygen annealed films and complete loss of ferroelectric 

behavior in the BaTiO3 film after vacuum annealing.  

In summary, the additional vacuum annealing and pure oxygen 

annealing experiments provide supporting evidence that a complicated 

interplay between strain relaxation and changes in oxygen stoichiometry 

affect the magnetic behavior of LSMO films. 

Discussion 

Substantial research has been reported on various annealing treatments 

of LSMO thin films.  However, correlation between the observed physical 

properties and structural changes has been elusive. Using the findings 

reported in this paper, possible new insight can be provided on previously 

reported work by other groups. It is proposed here that the effect of 

annealing treatments on LSMO films can be grouped into three distinct 

categories: i) non-epitaxial samples (e.g. polycrystalline and nano-crystalline 

thin films, bulk samples), ii) epitaxial films grown by lattice matching 

epitaxy (LME) with a small lattice misfit (e.g. STO/LSMO structure) and iii) 
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epitaxial films grown by domain matching epitaxy (DME) with a large lattice 

misfit between the substrate and the film.  

(i) In the case of non-epitaxial samples (i), the high-temperature 

anneal increases the grain size that consequently improves 

magnetization and lowers coercivity. The strain relaxation via 

dislocation formation is not present as the film is not strained by 

the substrate and grain growth is the dominant effect observed 

during heat treatments. Because no strain relaxation occurs, the 

oxygen annealing expectedly improves the properties.[15,16] 

(ii) For epitaxial LSMO films grown by (LME) such as SrTiO3, LaAlO3 and 

BaTiO3,the small lattice misfit creates unrelaxed residual lattice 

misfit strain that grows with increasing thickness of the films until 

it reaches critical value (aka. critical thickness) where dislocation 

nucleation and formation occurs to relax the film.[28] For example, 

in the STO/LSMO system, the critical thickness value is ~55nm[41]. 

In this case the thickness of the film becomes an additional 

consideration. 

 

(iia) Small lattice misfit films grown below critical thickness 

experience unrelaxed lattice misfit strain that adds to the residual 

thermal strain in the heterostructure.  
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(iib) Small lattice misfit films grown above critical thickness behave 

similarly to DME samples (iii) as the residual lattice misfit strain is 

negligible and the only variable controlling the amount of stress 

that the films experience is dictated by residual thermal expansion 

mismatch. 

 

In both (iia) and (iib) cases, the subsequent thermal processing below the 

deposition temperature does not lead to significant strain relaxation. 

Therefore, LSMO films annealed in pure oxygen[17] or ambient[18] 

conditions showed small improvements in magnetic properties. In the 

mentioned cases, the expansion coefficients of the STO substrate (~ 1.11  

10-5 K-1)[42] and LSMO (~ 1.16 × 10-5 K-1)[43] are similar, suggesting that only 

minor changes in residual thermal strain occurs with temperature. This 

means that below the critical thickness (iia), the behavior of the small lattice 

misfit films (ii) with thermal processing will be the same as with non-

epitaxial samples (i) and large lattice misfit systems annealed below the 

deposition temperature (iiia). Above the critical thickness (iib), the film will 

relax via dislocation formation similarly to epitaxial films grown on large 

lattice misfit systems annealed above deposition temperature (iiib). [19] 

Subsequent improvement of the physical properties with annealing 

therefore, is due to grain growth and decrease of oxygen vacancies.  
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(iii) When the substrate/film plane misfit increases to >7%, the film 

moves away from the traditional small misfit (LME) growth and 

instead is explained by domain matching epitaxy (DME), which 

predicts that the dislocation formation at the interface occurs to 

alleviate the strain. This means that at the deposition temperature, 

an equilibrium number of dislocations and point defects is created 

to minimize the strain. In other words, the residual lattice strain 

plays no role in the relaxation mechanism after the initial 

deposition. Instead, the stress that films are subjected to is mainly 

dictated by the thermal strain. Consequently, the behavior of the 

film subjected to annealing treatment is dictated by the 

temperature at which it is performed. Therefore, two separate 

behaviors are observed. 

 

(iiia) When samples are annealed at temperatures below the 

deposition temperature, the improvement in crystallinity is 

observed (Figure S4) indicating defect annihilation and segregation. 

Non-epitaxial samples (i) and epitaxial films grown under small (ii) 

or large misfit (iii) conditions will show similar behavior because no 

additional strain is being introduced when heated below the initial 

deposition temperature. In other words, upon cooldown, the 

sample strain state remains unchanged.  
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(iiib) When annealing occurs above the deposition temperature for 

(DME) systems, the increasing in-plane compressive thermal strain 

with high-temperatures promotes additional formation of 

dislocations and enhanced diffusion in the films. Formation of line 

defects and oxygen vacancies are mutually inclusive at high-

temperature thermal processing. 

For example, strongly-textured low Sr doped La0.96Sr0.04MnO3 films have been 

annealed at ~600°C in different oxygen pressures on the STO (001) and MgO 

(001) substrates and compared. Significant improvement in magnetic 

properties are observed on the STO substrates, but only slight improvement 

was observed on the MgO substrates.[20] This is attributed to fact that the 

small lattice misfit of the STO/LSMO films does not allow relaxation during 

initial deposition while the MgO/LSMO structure completely relaxed due to 

large lattice misfit as explained by domain matching epitaxy[23]. The 

annealing process therefore does not influence MgO/LSMO films 

significantly as the oxygen content is not dramatically changed at low-

temperature annealing (below deposition temperature).  

Final consideration needs to be given to the atmosphere in which the 

annealing is performed. As shown in this work, vacuum annealing forced 

loss of crystal structure in LSMO films while air anneal annealing drove the 

systems toward chemical equilibrium. Similar behavior is found in the 

literature.  For example, 90 unit cell thick (001) LSMO films were grown on 

SrTiO3 substrates and annealed in vacuum at 600°C. An observed shift in 
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lattice parameter and metal-insulator transition was reported with longer 

annealing time indicating that the oxygen deficiency is responsible for 

magnetic and transport degradation of properties and elongation of the out-

of-plane lattice.[35]  

In summary, the Al2O3/MgO/LSMO heterostructure provided a good 

scientific platform for investigating the role of oxygen and strain on the 

magnetic behavior of LSMO thin films by thermal annealing treatments. The 

3-variant in-plane domain growth of LSMO eliminates magnetic anisotropy 

that allowed for a systematic study. Most importantly, this work investigates 

the annealing behavior of LSMO films with and without the strain relaxation 

components and therein explains the behavior reported by numerous groups 

that was summarized above. From an application perspective, the control of 

the oxygen vacancy concentration by Joule heating with an electrical current 

in LSMO/STO thin film micro-bridges has been previously demonstrated.[44] 

Comparatively, in the present work, the samples with the highest 

magnetization saturation are deposited at the highest oxygen partial 

pressures and annealed below deposition temperature. Furthermore, 

magnetic control via thermal annealing is demonstrated for potential use in 

thermally assisted switching devices (TAS). 
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7.5. Conclusions 

A set of three epitaxial (110) films of LSMO grown with different 

oxygen partial pressure conditions were systematically subjected to 

annealing treatments. The results indicate that annealing treatments above 

deposition temperature (~900°C) create irreversible strain relaxation in the 

films which degrades magnetic properties of LSMO films. This hypothesis 

was supported by an in-situ XRD experiment that showed a linear increase in 

interplanar spacing until ~520°C for LSMO and ~690°C for MgO. Further 

increase in the temperature showed decrease in unit cell size of the films 

indicating that samples experienced both reduction of oxygen and 

irreversible defect nucleation and recombination.  Partial recovery of 

magnetic properties was observed once the samples were subsequently 

annealed in pure oxygen at 700°C for six hours due to improved 

stoichiometry, grain growth and defect annihilation. However, XRD showed 

that out-of-plane Bragg peaks of the LSMO film did not reach the original 

position indicating irreversible unit cell size change during the high-

temperature (900°C) air-annealing. Parallel annealing experiments in high 

vacuum instead of atmosphere were performed and showed a complete 

collapse of the perovskite structure in the LSMO films due to significant loss 

of oxygen. Finally, lower temperature (~500° C) oxidation annealing was 

performed on an as-deposited sample resulting in no significant change in 

the interplanar spacing observed, indicating no change in the strain state of 

the film. Combining the results in this work and literature, three distinct 
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categories were proposed to explain the properties of the LSMO film due to 

thermal annealing: i) non-epitaxial samples, ii) epitaxial films grown on small 

misfit substrates (LME) and iii) epitaxial films grown on large misfit 

substrates (DME). The reversibility of magnetic properties while the crystal 

structure of the films is preserved indicates the importance of bridging 

oxygen in controlling the magnetic behavior of mixed valence perovskites 

and also creates possible applications in thermally assisted switching 

devices (TAS). Finally, the samples with the best magnetic properties are 

deposited at the highest oxygen partial pressures and subsequently 

annealed below deposition temperature. 
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7.7. Figures 

 

Figure 7.1: An X-ray diffraction θ-2θ (out-of-plane) scans of n2 sample (grown at P 

(O2) ~1x10-2 Torr) as deposited (bottom), after air anneal (middle) at 900˚C and after 

oxygen anneal (top). The characteristic Bragg peaks of substrate (Al2O3), the buffer 

layer (MgO) and the film (LSMO) are shown. The secondary peaks are also shown with 

no evidence of other growth orientation confirming the texture of the 

heterostructure. 
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Figure 7.2: An overlap of the X-ray diffraction scans from 31-38° range from the full 

scan shown in Figure 1. The shift of both the MgO buffer layer and the LSMO film 

after air annealing is observed due to the strain relaxation and oxygen reduction in 

the film. The drop in the intensity and increase in FWHM is also observed, 

indicating the increasing number of scattering centers such as point defects. The 

increase in intensity is observed after oxygen anneal, confirming oxidation and 

partial defect recombination and anhilation. Irreversable strain relaxation is 

suggested due to the Bragg peaks not recovering to the initial as-deposited position 

following pure oxygen anneal. 

 *please note that the location, intensity and FWHM of the reference substrate is 

normalized, and roughly the same. 
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Figure 7.3: An in-situ X-ray diffraction scan during the air annealing treatment of 

the n2 sample showing the change in the interplanar spacing (d) of the (110) LSMO, 

(111) MgO and (0006) Al2O3 Bragg peaks with respect to temperature. At ~520°C 

(LSMO) and ~690°C (MgO) the drop in d spacing is observed, indicating the strain 

relaxation and oxygen reduction.  
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Figure 7.4: An overview HAADF image of the LSMO thin film grown on the MgO 

buffered c-Al2O3 substrate for the sample (a) n1 and (b) n2. Cross-section HAADF 

image of (c) LSMO/MgO and (d) MgO/c-Al2O3 interface in sample n1(AD). (e) Atomic 

resolution HAADF image of n1(AAA) sample, demonstrating the LSMO/MgO 

interface. EELS spectra for (f) Mn-L32 and (g) O-K edge, comparing AD and AAA of n1 

sample.    
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Figure 7.5: Magnetization vs magnetic field curves of the as deposited (AD) n1, n2 

and n3 samples at 10K. The dataset for this Figure was taken from the previous 

paper showing the influence of the oxygen concentration on magnetic properties of 

the LSMO thin films. 
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Figure 7.6: Magnetization vs magnetic field curves of n1 sample at 10K before any 

thermal treatment (AD-as deposited), after air annealing (AAA) and after oxygen 

annealing (AOA). 
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Table 7.1: The annealing results table showing the change in magnetization 

saturation in all three samples with air annealing and subsequent oxygen annealing. 
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Figure 7.7: Overlap of the XRD scans of n2 sample before the thermal treatments 

(AD), after 900°C vacuum anneal and finally, after annealing in pure oxygen. Each 

Bragg peak of the LSMO film and MgO buffer layer are magnified in the color coded 

insets for easier viewing. A complete loss of LSMO Bragg peaks is observed after high-

temperature vacuum anneal indicating the collapse of the perovskite structure due 

to significant oxygen reduction. MgO buffer layer shows higher resiliance due to 

higher diffusion activation energy. 
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7.8. Supporting Information 

 

Figure 7.8: Magnetization vs magnetic field curves of n2 sample before any thermal 

treatment (AD-as deposited), after air annealing (AAA) and after oxygen annealing 

(AOA).   
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Figure 7.9: Magnetization vs magnetic field curves of n3 sample before any thermal 

treatment (AD-as deposited), after air annealing (AAA) and after oxygen annealing 

(AOA).   
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Figure 7.10: XRD scan of as deposited n2 sample(top) and after oxygen annealing 

treatment(bottom)  performed below the deposition temperature. The LSMO peak 

relative intensity increased indicating the reducting of scattering centers via defect 

anhilation and recombination narrowing the FWHM and improving the X-ray 

scattering. 
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Figure 7.11: Magnified image of the XRD scan from Figure 8, emphasizing the 

increase in relative intensity of the film due to defect anhilation and recombination. 

No significant shift in scattering angle is observed indicating no significant change 

in strain (lattice constant) state of the film. 
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Chapter 8 Control of Physical Properties of Epitaxial LSMO Films via 

Strain-Engineering 

8.1. Abstract 

Epitaxial (001) lanthanum strontium manganese oxide (La0.7Sr0.3MnO3) 

thin films were grown on magnesium oxide (MgO) buffered sapphire (Al2O3) 

substrates to investigate strain induced magnetic anisotropy. Successful 

epitaxial growth of MgO in both (110) and (001) out-of-plane orientation 

allowed for different strain relaxation and dislocation formation to occur in 

the LSMO films. In the case of the r-cut sapphire substrate, the epitaxial 

relationship was established to be (001)𝐿𝑆𝑀𝑂//(001)𝑀𝑔𝑂//(012)𝐴𝑙2𝑂3
 out-of-

plane and < 100 >𝐿𝑆𝑀𝑂//< 100 >𝑀𝑔𝑂//< 110 >𝐴𝑙2𝑂3
 in the plane of the film. In 

the case of the m-cut sapphire substrate, the epitaxial relationship was 

confirmed to be (001)𝐿𝑆𝑀𝑂//(011)𝑀𝑔𝑂//(300)𝐴𝑙2𝑂3
for out-of-plane and 

< 001 >𝐿𝑆𝑀𝑂//< 001 >𝑀𝑔𝑂//< 010 >𝐴𝑙2𝑂3
 in the plane of the film.  In-plane 

structural asymmetry was suggested by the atomic model and subsequently 

confirmed by X-ray diffraction. Magnetic measurements showed a ~2 fold 

change in the magnetization saturation in the LSMO film grown on (110) 

MgO compared to an isotropic behavior in the LSMO grown on (001) MgO 

buffer indicating the importance of lattice misfit and strain relaxation. 

Transport measurements showed a ~10 centigrade shift in the metal-

insulator transition temperature suggesting an in-plane strain dependence 

for the (110) MgO grown sample but not in the (001) MgO sample, 

suggesting the strain importance on the transport properties. Furthermore, 
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both samples showed semiconducting behavior with the larger anisotropy 

measured in the (110) MgO grown sample. Magnetotransport measurements 

showed comparable magnetoresistance with the magnetic field applied 

perpendicular to the current flow in both samples. The results indicate that 

the presence of strain plays a detrimental role in the transport and magnetic 

properties of LSMO films and that the MgO can be used as a buffer layer to 

great effect in tuning the strain state of epitaxial perovskite films. 

8.2. Introduction 

Lanthanum manganese oxide (LaMnO3 or LMO) is an insulating anti-

ferromagnet with a perovskite structure. In LMO, the lanthanum and 

manganese atoms both have a +3 oxidation state leading to inert physical 

properties.1 With doping of divalent strontium atoms and creation of +4 

state of manganese atoms, the induced charge inequality gives rise to 

interesting electronic and magnetic properties in the lanthanum strontium 

manganese oxide (LSMO). 2,3  

The magnetic anisotropy originates from either magnetocrystalline 

anisotropy or due to the stress anisotropy. Epitaxial LSMO films were grown 

on (001), (110) and (111) oriented STO substrates and expectedly, magnetic 

anisotropy was observed due to both magnetocrystalline effects and 

magnetoelectric effects was observed.4 (001) epitaxial LSMO films grown on 

STO showed biaxial tensile in-plane strain leading to the biaxial easy plane 

anisotropy while the LSMO films grown on LAO substrates showed uniaxial 
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tensile strain creating an easy axis in a perpendicular direction.5 Anisotropic 

magnetoresistance (AMR) in the epitaxial La0.67Sr0.33MnO3 films grown on (001) 

STO and MgO substrates showed a two-fold and four-fold symmetries 

respectively, attributing the anisotropy to the lattice distortion in the LSMO.6 

In this work, similar behavior is observed: the R sample creates a biaxial 

strain on the LSMO film causing a symmetrical magnetic response in two 

principal directions. Contrastingly, M sample has a uniaxial tensile strain in 

the <100> direction causing a <010> easy axis.  

Background 

The magnetic behavior of the materials dictates technological 

application. To be able to understand and successfully manipulate it is 

crucial for commercial realization.8 For example, the higher magnetic 

anisotropy shown in m-sapphire samples allows for better thermal stability 

and concurrently has the potential to reduce the size of memory bits in data 

storage devices. On the other hand, the low angular magnetic dependence in 

r-sapphire samples is desirable for of magnetic inductors and transformers 

that require high magnetic susceptibility.7 Several factors influence magnetic 

anisotropy of materials: intrinsic crystal structure (magnetocrystaline 

anisotropy), extrinsic crystal anisotropy (shape, stress anisotropy).9 Magnetic 

anisotropy in crystals creates two distinct magnetic axes: the hard axis 

where crystal energy is maximized and an easy axis where the energy is 

minimized.10 In the case of LSMO, the easy axis is along <100> direction and 

the magnetization saturation can be achieved at relatively low applied 
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magnetic fields. In contrast, the <110> direction is defined as a hard 

magnetic axis in the LSMO. 11,12 

8.3. Experimental Procedure 

The M and R samples were both prepared at the same time in the 

vacuum chamber using the pulsed laser deposition technique. First, both 

substrates were cleaned by the mechanical sonicator in acetone and then 

methanol baths for 5 minutes respectively at 50°C. The MgO and LSMO 

targets were ablated with 500 pulses prior to deposition to eliminate surface 

impurities. Samples were loaded in the vacuum chamber and the pressure of 

5 x 10-7 Torr was achieved using the turbo-molecular pump. Substrates were 

heated to 650°C for MgO and 800°C for LSMO deposition. Oxygen flow was 

maintained throughout the deposition at 1.3 x 10-3 (MgO) and 1.3 x 10-2 

(LSMO) Torr respectively. Finally, samples were cooled at 10°C/min with 1 

Torr of oxygen pressure. Laser energy during deposition was 3.1 J/cm2 for 

MgO and 1.5 J/cm2 for LSMO while the sample-target distance was 

maintained at 4.5 cm. X-ray diffraction was performed at the Advanced 

Photon Source with an incident X-ray energy of 16 keV. The superconducting 

quantum interference device (SQUID) from Quantum Design was used for 

Magnetization vs magnetic field measurements at 10K, 100K, 200K and 

375K with magnetic field applied in the plane of the samples.  
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8.4. Results and Discussion 

Structural 

XRD 

Structural characterization was performed by X-Ray diffraction 

technique. Firstly, the out-of-plane epitaxial relationship between the 

substrate and the films was established using the θ-2θ configuration. The 

synchrotron X-ray diffractometer scans are shown in Figure 8.1 showing 

(001)𝐿𝑆𝑀𝑂//(011)𝑀𝑔𝑂//(300)𝐴𝑙2𝑂3
 for M sample and in Figure 8.2 showing the 

(001)𝐿𝑆𝑀𝑂//(001)𝑀𝑔𝑂//(012)𝐴𝑙2𝑂3
 out-of-plane matching for R sample. No other 

peaks are observed in the scans indicating highly epitaxial films. In Figure 2 

the inset shows a slight misalignment of the film with the substrate. This is 

not uncommon for the R-plane sapphire substrates as it is not the principal 

cleaving plane and the miscut values are between 1-5° depending on the 

supplier. This misalignment explains the lower intensity of sapphire peaks 

compared to other film shown in the Figure 8.2, since slight misalignment 

of the substrate lowers the intensity substantially.  

XRD Phi Scan 

To derive the complete, three-dimensional structure of the samples, 

an in-plane epitaxial relationships needs to be established between the film 

and the substrate. A large area pole figure is shown in Figure 8.3 for M 

sample where the two (200) poles (Orange circles) at ψ ∼ 45◦, that 

correspond to the Bragg peaks of the (020) and (002) of the MgO buffer, 

confirm the growth of epitaxial (110)-oriented MgO. Four diffraction spots of 
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the LSMO film are shown as the light blue rectangles that are aligned with 

the MgO buffer, confirming the epitaxial relationship. Finally, the four white 

triangles correspond to m-plane sapphire peaks of (2133) , (2113) , (1123) 

and (1123), respectively. For the R sample, a traditional XRD Phi scan was 

performed and results shown in Figure 8.4 indicate a cubic, four-fold 

symmetry of growth that is expected for (001) out-of-plane LSMO.  

Domain Matching Epitaxy 

From the X-ray data, an atomic matching model was created using the 

domain matching epitaxy (DME) paradigm.13,14 The atomic arrangement 

predicted by the DME and confirmed by the X-ray analysis is shown in 

Figure 8.5 for M sample and Figure 8.6 for R sample.  In the models, it is 

clear that the lattice misfit between the M and R samples are different due to 

different growth orientations between the buffer and the film. More 

specifically, the LSMO grown on M sample has about an 8 fold higher lattice 

misfit between the buffer in the <010> direction than in the <001> direction, 

therefore causing a different dislocation periodicity and residual strain. The 

lattice misfit in <010> LSMO direction with <110> MgO is ~64%. A full list of 

lattice misfits between the layers in the two samples is tabulated in Table 

8.1. This large lattice misfit growth cannot be explained by traditional lattice 

matching epitaxy. However, in domain matching epitaxy, the lattice misfit is 

not considered, instead, lattice planes are added to minimize the strain. This 

large planar mismatch causes dislocation formation during the first few 
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monolayers of growth as a part of film nucleation step.14 In the past, the 

domain matching growth was always considered in a large misfit system and 

the dislocation formation would create a strain-free film. However, in the M 

sample case, both principal directions of growth have a larger than 7% lattice 

misfit, causing two separate dislocation formation directions and 

subsequent relaxation. Therefore, despite the M sample relaxing early in the 

film growth process, due to the different dislocation relaxation mechanism 

in the two principal directions, the residual strain will be different. In the 

case of the R sample, the same lattice misfit is present, and thus will relax at 

the same rate and same dislocation periodicity. This hypothesis is confirmed 

in the magnetic measurements. 

Physical Properties 

Superconducting Quantum Interference Device Measurements (SQUID)  

 The magnetic properties were measured by the superconducting 

quantum interference device (SQUID) from Quantum Design. The 

magnetization change with respect to the magnetic field measurements were 

done at -263°C (10K) with an applied in-plane magnetic field varied from 

+10kOe to -10kOe. The results of the M and R samples are shown in Figures 

8.7 and 8.8, respectively. In the case of the R sample, the similar 

magnetization saturation is achieved in both principal direction (<001> and 

<010> for the LSMO film). This result is expected due to the same lattice 

misfit in both principal directions with the buffer MgO layer. The overall 

magnetization saturation is similar in both directions (~200 emu/ccm) to 
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25nm LSMO films grown on LAO reported by Tsui but expectedly smaller 

than the thicker films (~380 emu/ccm).12 This is attributed to the tensile 

strain imposed on the LSMO film which increases the hopping amplitude 

between charge carriers and subsequently reduces the double-exchange that 

enables the ferromagnetic ordering.2,3 In the M sample case, the lattice misfit 

anisotropy leads to different strain relaxation via insertion of dislocations. 

This inequality gives rise to strain anisotropy between the <010> and <001> 

LSMO directions. The magnetic anisotropy originates from either 

magnetocrystalline anisotropy or stress anisotropy. In this work, the growth 

direction is the same, but the strain imposed to the LSMO is different due to 

differences in the lattice misfit in the two samples. Similar to the previous 

work, the (001) grown LSMO films on the (001) STO showed similar 

magnetization loops with small coercive field in both <010> and <100> 

directions, while the films grown on (110) STO showed higher coercive field 

anisotropy and overall magnetization change.15 The insets in Figures 8.7 and 

8.8 show coercivities for the M and R sample respectively. Higher change in 

directional coercivity is observed in the M sample than in the R sample. In 

the past, it was shown that the microstructure has a significant influence on 

coercive field but negligible effect on the magnetic anisotropy indicating 

that despite slight change in coercivity between the M and R samples, the 

magnetic anisotropy arises predominately from the strain anisotropy.11 

Results indicate that the <001> LSMO direction is the hard magnetic axis 

while the <010> is the easily magnetized axis. With sufficient applied 
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magnetic field, it is assumed that the same magnetization saturation will be 

achieved in both directions. Insets in the Figures 8.7 and 8.8 both show very 

low magnetic coercivities in <001> directions. This is expected for LSMO 

films, as in the (110) grown films, the in-plane coercive field was enhanced 

due to increased thickness variation in both MgO16 and STO15 grown samples. 

Physical Properties Measurement System (PPMS) 

 Resistance vs Temperature 

Transport properties of the samples were performed using the 

physical property system by Quantum Design. The resistivity of the samples 

were performed in the temperature range from -263°C to 73°C with and 

without magnetic field applied and a subsequent isothermal 

magnetoresistance measurements was performed. The results of the 

resistance measurements with respect to temperature are shown in Figures 

8.9 and 8.10 for M and R samples respectively. In the R sample, the 

semiconducting behavior of the LSMO film is observed that is similar to 

previously reported work on C-plane sapphire grown LSMO films.16 Similar 

metal-insulator transition occurs in both the <001> and <010> directions 

indicating strain isotropy. In the M sample however, a shift in the metal-

insulator transition temperature occurs between the <001> and <010> 

directions. A ~10 centigrade shift is measured indicating that the dislocation 

ordering between the two principal directions caused an uneven residual 

strain that alters the charge carrier transport.17 The subsequent cut-off in the 

measurement with lower temperature is identified to be due to the 
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aluminum contacts losing connection with the sample holder. Ranno et al. 

previously reported that the metal-insulator transition follows the strain 

anisotropy in the epitaxial films supporting our results.18 

Magnetoresistance 

Isothermal magnetoresistance measurements were performed from -

10kOe to 10kOe. The results for M and R samples are shown in Figures 8.11 

and 8.12. Similar behavior is observed in both samples with a very similar 

reduction in resistivity measured in both principal directions. Lower 

temperatures show expected increase in magnetoresistance values. 

Magnetoresistance anisotropy was previously reported in the La0.83Sr0.17MnO3 

films grown on the (001) NdGaO3 substrate with varying thickness. The 

results indicated strong thickness dependence due to the strain relaxation 

while both the in-plane and out-of-plane angular magnetoresistance showed 

similarly small changes.19 The results presented here are therefore, not 

surprising as the out-of-plane magnetic field has a similar effect on the 

carrier transport in both principal directions. 

8.5. Conclusion 

 Two samples of epitaxial (001) LSMO films were grown by pulsed laser 

deposition with different in-plane lattice misfits. The R sample was grown 

on r-plane sapphire substrate and (001) MgO buffer layer while the M sample 

was made on m-plane sapphire substrate and (110) MgO buffer. The 

symmetrical cube-on-cube growth in R sample caused a uniform relaxation 

via dislocation formation as explained by the domain matching epitaxy. In 
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the M sample case, the two principal directions were relaxed to different 

extents, causing the magnetic and transport anisotropy in the films. X-ray 

diffraction confirmed that the epitaxial relationship in the M sample is 

(001)𝐿𝑆𝑀𝑂//(011)𝑀𝑔𝑂//(300)𝐴𝑙2𝑂3
for out-of-plane and < 001 >𝐿𝑆𝑀𝑂//<

001 >𝑀𝑔𝑂//< 010 >𝐴𝑙2𝑂3
 in the plane of the film. In the case of the R sample, 

the growth was confirmed to be  (001)𝐿𝑆𝑀𝑂//(001)𝑀𝑔𝑂//(012)𝐴𝑙2𝑂3
 out-of-plane 

and < 100 >𝐿𝑆𝑀𝑂//< 100 >𝑀𝑔𝑂//< 110 >𝐴𝑙2𝑂3
 in the plane of the film. Magnetic 

measurements revealed that the easy axis is in the <010> direction while the 

hard axis is in the <001> direction. Both principal axes of R sample were 

similar to the <001> axis of the M sample, indicating that the strain 

relaxation is the main mechanism that dictated the properties in the films. 

The transport measurements showed a ~10 centigrade shift in the metal-

insulator transition between the hard and easy axis in the M sample while no 

shift was observed in the R sample. Magnetoresistance measurements 

showed no significant anisotropy between the principal directions in both 

samples. Finally, the M and R planes of sapphire buffered with MgO provide 

an interesting way of controlling the in-plane strain in the LSMO films. 

Tuning the strain in these heterostructures has interesting applications in 

sensors, actuators and inductors. 
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8.6. Figures 

 

Figure 8.1. A synchrotron X-ray diffraction of the M sample showing out-of-

plane plane alignment. 
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Figure 8.2. A synchrotron X-ray diffraction of the R sample showing out-of-

plane plane alignment with inset showing the misalignment between the 

substrate and the film.  
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Figure 8.3: A pole figure of the M sample. The two (200) poles (Orange 

circles) at ψ ∼ 45◦, (020) MgO and (002) MgO, confirm the growth of epitaxial 

(110)-oriented MgO. Four poles of the LSMO film (Light blue rectangles) are 

aligned with the MgO buffer, confirming the epitaxial relationship. Finally, 4 

white triangles correspond to m-plane sapphire peaks (21-33).(2-1-1-3), (11-

2-3) and (11-2-3) respectively. 
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Figure 8.4: An X-ray diffraction scan  of the (211) LSMO plane in the “Phi” 

configuration showing epitaxial relationship in the R-sample 

heterostructure.  
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Figure 8.5: Sketch of the top view of m-cut (1010) sapphire substrate (aka. M 

sample), (110) plane of MgO buffer and (001) plane of LSMO film showing 

lattice matching and corresponding epitaxial orientation in the sample. 
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Figure 8.6: Sketch of the top view of r-cut (1102) sapphire substrate (aka. R 

sample), (001) plane of MgO buffer and (001) plane of LSMO film showing 

lattice matching and corresponding epitaxial orientation in the sample. 
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Figure 8.7: Magnetization vs magnetic field graph for M sample showing an 

easy <010> axis of magnetization and a hard <001> axis of magnetization. 
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Figure 8.8: Magnetization vs. magnetic field graph for R sample showing 

similar magnetization saturation in both principal directions.  
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Figure 8.9: Resistance vs. temperature behavior of the M sample showing a 

semiconducting behavior with anisotropic transport properties as seen by the 

shift in the metal-insulator transition temperature. 
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Figure 8.10: Resistance vs. temperature behavior of the R sample showing a 

semiconducting behavior with an isotropic transport properties as seen by the 

similar metal-insulator transition and similar resistance values. 
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Figure 8.11: Resistance behavior of M sample with magnetic field at constant 

temperatures showing a gradual decrease in resistivity with lower 

temperatures. Suffix numbers correspond to two principal direction in the 

sample. 
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Figure 8.12: Resistance behavior of r-sapphire grown LSMO film with magnetic 

field at constant temperatures showing a gradual decrease in resistivity with 

lower temperatures. Suffix numbers correspond to two principal direction in 

the sample. 
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Table 8.1 :Lattice misfit table between the substrate and the buffer as well as the 

buffer and the film for both the M and R sample. 
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Chapter 9 Observation of Electric Field Induced Magnetic Switching in 

Epitaxial LSMO/BFO thin Film Heterostructures 

9.1. Abstract 

A novel platform has been developed to investigate electric-field 

induced magnetic switching of epitaxial LSMO/BFO heterostructures and the 

influences of strain anisotropy and interfacial coupling between the 

multiferroic and the ferromagnet layers. (110) out-of-plane oriented, 25nm 

thick magnesium oxide (MgO) was grown epitaxially on the m-cut sapphire 

(Al2O3) substrate to create a suitable in-plane strain mismatch for the growth 

of a multiferroic bismuth ferrite (BFO) film. Following that, a60 nm thick 

lanthanum strontium manganese oxide (La0.7Sr0.3MnO3) ferromagnetic film 

was grown in a grid pattern and used as both a bias contact and as a 

magnetic response layer. The epitaxial growth in the MgO/BFO system was 

explained by domain matching epitaxy (DME) and confirmed by high-energy 

X-ray diffraction spectroscopy. The following epitaxial relationship was 

established:  (110)𝐿𝑆𝑀𝑂//(110)𝐵𝐹𝑂//(110)𝑀𝑔𝑂//(300)𝐴𝑙2𝑂3
 out-of-plane and 

< 100 >𝐿𝑆𝑀𝑂//< 100 >𝐵𝐹𝑂//< 100 >𝑀𝑔𝑂//< 010 >𝐴𝑙2𝑂3
 in the plane of the film. 

Transport measurements showed a metal-insulator temperature shift 

between the <001> and < 110 > in-plane directions indicating the role of 

unrelaxed residual strain in the charge carrier behavior. Finally, 

nontraditional magnetic force microscopy (MFM) measurements were 

performed which showed a preferential electric-field induced magnetization. 

The MFM measurements showed an out-of-plane magnetic response under 
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both negative and positive bias in the <001> and < 110 >  directions while 

the < 111 >direction showed an out-of-plane magnetic response with only 

the positive electric bias, indicating magnetic pinning at the BFO/LSMO 

interface. 

9.2. Introduction 

Electric-field control of ferromagnetism shows promise to impact 

high-frequency magnetic device, spintronics and data storage.1–4 

Multiferroics, or materials that simultaneously show both ferroelectric and 

some magnetic ordering, offer the prospect for electric control of magnetic 

devices. Bismuth ferrite (BFO) is a ferroelectric perovskite with anti-

ferromagnetic ordering, which has a Curie temperature of ~820° C and a 

Neel temperature of ~370° C.5,6  In BFO the magnetic moments are 

intrinsically coupled with the polarization vectors affording the possibility 

of electrically switching the magnetic moment.4 In bulk form, the BFO itself 

is not particularly useful. However, when introduced in thin film 

heterostructures, the magnetic ordering can be coupled at the interface to 

another ferromagnetic film capable of projecting a net magnetization 

moment that can be utilized in a variety of device applications. To fully 

utilize this intrinsic property, high-quality epitaxial films are required. The 

rise of ferromagnetic coupling across the BFO/LSMO interface allows for 

electric-field induced control of magnetization vectors.  To use this property 

of BFO in a meaningful way, the ferromagnetic thin film can be used as a 

top, functional layer. Lanthanum Strontium manganese oxide (LSMO) is a 
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ferromagnetic perovskite with closely matched lattice constant to BFO, thus 

facilitating epitaxial growth which has been demonstrated by various 

groups. 7–9 

In this study, novel platforms are developed to enable strain 

engineering of BFO/LSMO interfaces.  Control of film orientation, 

stoichiometry and strain is discussed in terms of the domain matching 

epitaxy (DME) paradigm. Magnesium oxide (MgO) was used as buffer layers 

grown on sapphire (Al2O3) substrates with various orientations to create an 

epitaxial platform on which the functional BFO and LSMO layers could be 

grown. Previous research has focused predominately on the strontium 

titanite (STO) and other closely lattice matched (less than 1% mismatch) 

substrates where strain control and thickness are closely linked.9–13  

In this work a new approach is adopted where LSMO and BFO layers 

are deposited on large lattice misfit (7%>) buffer layers, where dislocations 

are directly formed at the interface during film nucleation and residual 

strain is dictated by the temperature of growth and point defects, not by the 

thickness of the films.14 

9.3. Experimental Procedure 

The sample was prepared by pulsed laser deposition technique 

utilizing KrF excimer laser with a wavelength λ=248nm. The sample was 

cleaned in an acetone and then methanol bath for 5 minutes at ~50°C with 

ultra-sonicator to induce mechanical stress that improves the surface 
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cleaning. The sample was then loaded in the vacuum chamber and vacuum 

of ~5 x 10-7 Torr was achieved with a combination of a mechanical roughing 

pump and turbo-molecular pump. Targets were ablated prior to the 

deposition and the sample-target distance was maintained throughout the 

deposition at ~4.5 cm. The sample holder was heated to ~650°C for MgO 

deposition and then raised to ~800°C for BFO and LSMO growth. The energy 

density for MgO, BFO and LSMO films was 2.1, 1.5 and 1.5 J/cm2 

respectively. The oxygen flow was maintained at ~ 1.3 x 10-3 Torr during 

MgO growth and at ~ 1.3 x 10-2 Torr for BFO and LSMO film growth. Finally, 

the samples were slowly cooled to room-temperature over 2.5 hours at 1 

Torr of oxygen pressure. X-ray diffraction was performed at the Advanced 

Photon Source with an incident X-ray energy of 16 keV. The superconducting 

quantum interference device (SQUID) from Quantum Design was used for 

measuring the magnetization vs magnetic field properties at 100K with 

magnetic field applied in the plane of the samples. Transport measurements 

were performed by physical property measurement system (PPMS) by 

Quantum Design with a standard Van der Pauw setup. 

9.4. Results and Discussion 

Out-of-plane lattice matching was established by standard X-ray 

diffraction using a ϴ-2ϴ setup. The results are shown in Figure 9.1 and 

confirm that the z-direction alignment in the sample is: (011)𝐿𝑆𝑀𝑂//(011)𝐵𝐹𝑂/

/(011)𝑀𝑔𝑂//(300)𝐴𝑙2𝑂3
. Additional aluminum peaks are observed due to the 

aluminum sample holder. Interestingly, forbidden (110) and (330) Bragg 
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peaks of magnesium oxide are observed indicating symmetry breaking due 

to a highly strained buffer layer. It is important to note that the missing 

peaks of (220) and (440) of the LSMO/BFO films are missing due to the 

overlap with a dominant (300) and (600) peaks of the substrate respectively.  

In-plane 

 A large area detector was utilized to map the X-ray pole figures of the 

film and the results are shown in Figure 9.2. Two characteristic peaks of m-

cut sapphire are shown to overlap with LSMO/BFO peaks. The magnesium 

oxide shows four peaks enclosing a rectangle indicating a (110) symmetry of 

the film. Finally, cubic peaks of LSMO/BFO show alignment with the 

magnesium oxide peaks indicating < 100 >𝐿𝑆𝑀𝑂//< 100 >𝐵𝐹𝑂//< 100 >𝑀𝑔𝑂 

alignment. The atomic model showing the overlap of the BFO film with an 

MgO buffer are shown in Figure 9.3. In this system, the lattice misfit is 

~6.62%. Specifically, the effective lattice constant is the interplanar spacing 

of the respective (110) planes: 𝑑(110)𝐵𝐹𝑂 ~ 5.56 �̇� while the 𝑑(110)𝑀𝑔𝑂 ~ 5.96 

�̇�. This misfit falls in the lattice matching epitaxy regime where the strain is 

gradually relaxed in the film. In other words, the BFO film grown on the MgO 

buffer is under unrelaxed tensile strain. Contrastingly, to explain larger than 

~7% lattice misfit system growth in the domain matching epitaxy paradigm 

is used.14,15  
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Transport measurements 

 Van der Pauw setup was used to perform resistance vs temperature 

measurements from 350K to 5K. Subsequently, isothermal 

magnetoresistance measurements were performed at 150K, 200K, 250K and 

300K. In both sets of measurements a signal loss occurred below ~130K due 

to detachment of wires to the samples. Resistance vs temperature 

measurements are shown in the Figure 9.4. A semiconducting behavior is 

observed in the film with a metal-insulator transition occurring at ~150K in 

the <001> direction and at ~140K in the < 110 >direction.This anisotropy 

can be correlated to the unrelaxed strain anisotropy between the two 

principal directions.16–19 

Magnetoresistance 

 Isothermal resistance behavior was measured with the varying 

magnetic field from 10kOe to -10kOe and the results are plotted in the 

Figure 9.5 for 300K, 250K and 200K respectively along two principal, in-

plane directions. A slight directional anisotropy is observed. In the previous 

chapter, it was shown that the arising strain anisotropy can influence the 

magnetic and transport properties of the LSMO film grown on the MgO 

buffered m and r-plane sapphire. Furthermore, in the literature, strain-

induced LSMO anisotropy has been reported.20–24 

 However, because the film is in the charge carrier depletion region, thermal 

excitation is the dominant mode for creating additional conducting 

electrons.  
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Magnetic Force Microscopy measurements 

 Magnetic force microscopy (MFM) was utilized to measure the 

magnetoelectric response of the LSMO film with the application of an 

electric field in the BFO layer. The schematic of the setup is shown in Figure 

9.6. The LSMO is grown with a mask during deposition to form an island 

grid. A magnetic tip is centered over one of the LSMO islands and slowly 

lowered to the surface. An external power supply is used to apply an in-

plane bias to the BFO layer. The corresponding cantilever force and 

amplitude values with respect to distance of the tip from the surface are 

plotted in Figures 9.7 and 9.8. In Figure 9.7, the difference between the 10V 

bias and 30V bias is shown. The behavior of the sample is similar indicating 

that a sufficient electric bias has been applied on the sample to create a 

measureable magnetic force response. In the Figure 9.8, an anisotropic 

magnetic response is observed as the direction of the applied electric bias is 

varied. The principal <001> and < 110 >directions show a similar magnetic 

response when either a positive and negative electric field is applied In 

contrast, the < 111 >direction shows a clear anisotropic response indicating 

the pinning of magnetic spins in the LSMO film. In the BFO, the ferroelectric 

polarization vectors are along the (111) directions25–27 while the Fe magnetic 

moments are stacked antiferromagnetically along the (111) directions and 

ferromagnetically in the neighboring (111) planes. Most importantly, the BFO 

is known to exhibit preferential anitiferromagnetic spin orientation in (111) 

planes.6 When the BFO is grown with the epitaxial LSMO, an exchange bias 
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occurs28. In this case, the LSMO magnetic spins are aligned in the <001> 

plane of the film that are parallel to the < 111 > polarization vectors of the 

BFO. Pinning of the spins occurs at the interface between the LSMO and BFO 

and from the results shown in the Figures 9.7 and 9.8, the following 

mechanisms are determined: 

Firstly, it is important to note that the MFM is using a high-coercivity Co-

Cr magnetic tip that realigns the LSMO surface spins when the LSMO spins 

are not pinned by the BFO or the LSMO is not uniaxially aligned (creating a 

single strong ferromagnetic domain). Therefore, the magnetic response 

observed in the out-of-plane measurements indicates magnetically hard 

LSMO while the tip reaching the surface indicates a magnetically soft LSMO. 

1. Initially, the BFO polarization vectors lie predominately in either <

111 > or < 111 > directions and the LSMO moment is aligned in the 

<001> direction brought about by initial magnetization of the sample. 

In other words, the angle between the polarization of the BFO and 

magnetic spins of the LSMO is 45 degrees. 

2. This creates a pinned heterostructure with a zero net magnetic 

moment in the <110> (out-of-plane) direction and a non-zero, finite 

magnetization in the <001> plane. Therefore, when the initial MFM 

measurement is performed, the out-of-plane magnetic response is 

expectedly zero in all three cases (Figure 9.9 a1, a2 and a3). 
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3. When the electric field is applied in the < 111 > direction (angle 

between polarization vectors of BFO and electric field is zero), the 

electric field creates an additional force reinforcing the alignment of 

the polarization vectors. This in turn, reinforces the magnetic pinning 

in the LSMO and therefore, forms a hard magnet that creates a 

repulsive magnetic force to the MFM tip upon approach (Figure 9.9 

c1.). 

4. When the electric field is applied in the < 111 > direction, in a bulk, 

non-pinned BFO, the canted antiferromagnetic spins (slightly 

misaligned spins in < 111 > direction) would cause a net torque to be 

non-zero creating a partial polarization rotation along the (111) axis 

causing the coupled spins in the BFO to rotate along the same plane. 

However, due to the interfacial pinning between the BFO and the 

LSMO, the polarization change requires a high electric field. In this 

experiment, the maximum electric field is 30V which does not exert 

enough force for spins to rotate as the angle that creates torque is 

close to 0° (indicating almost infinite electric field required).  

Therefore, the overall magnetization in the LSMO remains unchanged 

and is magnetized by the MFM tip (Figure 9.8 b1). 

5. With the electric field applied in the < 110 > and <001> directions, the 

angle between the polarization vectors and  the electric field is 45 

degrees, causing the rotation of polarization vectors that coincide with 

magnetic spin realignment in the BFO that changes the LSMO 
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magnetization direction. Due to the additional force pinning the 

magnetic vectors, a measurable magnetic response is observed 

(Figures 9.8 b2 and c2). 

6. Finally, when the electric field is applied in the < 111 > and < 110 > 

directions, the angle between polarization and electric field is also 45 

degrees creating a net moment that firstly realigns the spins in the 

LSMO and then with constant electric field applied, exerts a 

permanent force that reinforces the pinning of the magnetic spins, 

resulting in a magnetically hardened response in the LSMO (Figures 

9.8 b3 and c3). 

The difficulty of interpreting the results presented here cannot be 

overestimated and further analysis and data acquisition is required to fully 

explain the exchange coupling in the BFO/LSMO heterostructure and the 

effect this has on the LSMO net moment. Nevertheless, these fascinating 

results reveal an asymmetric response (possible reflective of electric field 

hardening of the anisotropy field) of the LSMO moment under misaligned 

applied electric fields with potential application for next generation data 

storage devices. 
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9.5. Conclusion 

Epitaxial  (110)𝐿𝑆𝑀𝑂//(110)𝐵𝐹𝑂//(110)𝑀𝑔𝑂//(300)𝐴𝑙2𝑂3
 thin-film 

heterostructure with the thickness of the BFO and LSMO layers of ~60nm 

was grown by pulsed laser deposition technique. The epitaxial relationship 

was predicted by the atomic model and confirmed by the high-energy X-ray 

diffraction. In-plane relationship in the film was confirmed to be  

< 100 >𝐿𝑆𝑀𝑂//< 100 >𝐵𝐹𝑂//< 100 >𝑀𝑔𝑂//< 010 >𝐴𝑙2𝑂3
 with a ~6.6% lattice 

misfit indicating an unrelaxed BFO/LSMO heterostructure. Due to the 

exchange coupling and spin pinning in the BFO/LSMO interface, magnetic 

and transport anisotropy in the sample was observed. The transport 

measurements revealed a shift in the metal-insulator temperature by ~10 

centigrade. Finally, magnetic force microscopy measurements were 

performed and showed an anisotropic magnetic response in the LSMO film 

when the electric bias is applied in the <111> direction while the sample 

showed a similar behavior with electric field applied in <001> and <110> 

directions. The results indicate the pinning of magnetic spins in the <110> 

direction in the LSMO/BFO interface while the <100> and <010> directions 

show easy spin realignment. 
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9.6. Figures 

 

Figure 9.1: A high-energy X-ray diffraction of the sample. The M-plane sapphire 

peaks are shown (black) with MgO (blue) and LSMO/BFO (red) peaks confirming out-

of-plane alignment. The aluminum sample holder peaks are also observed (green). 

The forbidden peaks of MgO (110) and (330) are observed indicating a high strain in 

the buffer layer. 
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Figure 9.2:An X-ray pole figure of the sample. Two peaks of sapphire are observed 

(black circles) that are aligned with BFO/LSMO indicating the in-plane relationship. 

Expected four peaks are observed in MgO (blue rectangles) buffer layer and are 

showing no tilt with respect to LSMO/BFO heterostructure (Purple rectangles) 

confirming out-of-plane results. 
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Figure 9.3:An atomic model extrapolated from the X-ray data showing the overlap of 

the (110) BFO film with (110) plane of the MgO buffer layer. The individual atoms are 

color coded and the coordinate system axes are defined. 
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Figure 9.4: Resistance vs. temperature measurements showing an in-plane 

anisotropy in the sample. The metal-insulator transition temperature is observed in 

both samples with a shift towards lower temperatures in the <110> direction 

indicating the influence of higher strain in the transport properties of the sample. 
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Figure 9.5: Isothermal resistance measurements with changing magnetic field in the 

sample showing a gradual negative increase in magnetoresistance with lower 

temperatures. The directional anisotropy increases with magnetoresistance. 
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Figure 9.6: Schematic of the sample and the experimental setup for magnetic force 

microscopy measurement.  
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Figure 9.7: Magnetic force microscopy measurements on the sample in the <111> 

direction showing the tip response with various electric fields applied.  
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Figure 9.8: Magnetic force microscopy measurements for various directions 

indicating the anisotropic magnetic switching behavior in the sample. 
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Chapter 10 Summary and Future Work 

10.1. Summary 

This dissertation focused on furthering the current knowledge of thin-

film epitaxy; extensive investigation was performed on the importance of 

growth temperature, post-deposition annealing, strain-control via lattice 

misfit and electric-field induced magnetic switching in the LSMO/BFO 

heterostructures.  

Room temperature epitaxial growth was demonstrated on titanium 

nitride (TiN) and magnesium oxide (MgO) on sapphire substrates. This 

growth was explained by domain matching epitaxy paradigm (DME) and it 

was made possible due to highly non-equilibrium, pulsed laser deposition 

growth technique. The room temperature epitaxy demonstrated here 

transcends from TiN and MgO systems, and can be considered in various 

heterostructures. Its potential impact in the thin film industry is 

tremendous. 

Second topic that was covered in this dissertation was on post-

deposition thermal processing in the LSMO/MgO/Al2O3 heterostructures. It 

was proposed that the behavior of thin films can be grouped into three 

categories: i) non-epitaxial samples (e.g. polycrystalline and nano-crystalline 

thin films, bulk samples), ii) epitaxial films grown by lattice matching 

epitaxy (LME) with a small lattice misfit (e.g. STO/LSMO structure) and iii) 

epitaxial films grown by domain matching epitaxy (DME) with a large lattice 
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misfit between the substrate and the film. This work tied years of thin film 

annealing research together and provided the underlying theory that 

translates into all thin film heterostructures and not just the LSMO/MgO 

interface. 

Strain-control in the epitaxial LSMO films was investigated and in-

plane anisotropy was successfully created on the MgO/Al2O3 platform with 

varying lattice misfits. The strain anisotropy gave rise to magnetic and 

transport in-plane directional anisotropy with metal-insulator transition 

shifting as well as magnetic saturation magnetization and corresponding 

coercivity. This work has potential in many branches of electronic industry 

such as sensors, actuators, magnetic data storage and spintronics. 

The knowledge learned in the previous three parts of the dissertation 

allowed for a more intensive focus on a current, exciting research that has 

been receiving a lot of attention in the last 10 year; multiferroics. 

Investigating the interface between two ferroic materials requires epitaxial, 

high-quality films. Diffusion issues can be mitigated with lower 

temperatures of growth and large misfit systems previously deemed 

impossible to grow epitaxially, have been considered. BFO/LSMO interface 

grown on both (001) and (110) MgO showed a very different in-plane strain 

state and corresponding magnetic behavior that provide new insights into 

the behavior in functional interfaces. A novel setup was designed to allow 

for electric-field induced magnetic switching behavior of the films and 
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showed qualitatively that the BFO/LSMO interface can be potentially used 

for magnetic data storage with lower power requirements than the current 

state-of-the-art technology. 

10.2. Future investigations 

It is impossible to safely say how significant will the findings 

presented in this dissertation be with time. However, due to the emphasis on 

the underlying science and overall theory rather than focusing on a specific 

material and its specific property/performance, this dissertation has many 

exciting avenues it can lead to. 

Room temperature heterostructures (experimental & theoretical 

approach) 

Expanding on the number of material/substrate possibilities that 

would allow low-temperature epitaxy creates new directions in all categories 

of thin film science. Sapphire was established to be the easiest substrate for 

its low surface reactivity. For example, silicon is highly reactive in 

atmosphere and will form a silicon dioxide that will not allow epitaxial 

growth for most materials below 500 centigrade. However, with high-vacuum 

and targeted cleaning process, silicon and other industrially attractive 

alternatives can be considered. In the case of sapphire substrates, materials 

such as zinc oxide (ZnO), bismuth ferrite (BFO), lead titanite (PbTiO3), barium 

titanite (BTO) strontium titanite (STO) and others can be considered. 
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Mechanically driven magnetic switches 

 Every ferroelectric material experiences structural change with the 

application of an electric field. In a well-designed interface, the in-plane 

strain of a coupling ferromagnet can be changed. In the case of the LSMO, 

the magnetic properties can be lowered by an order of magnitude with a 

small change in the strain state as the hopping amplitude (for charge 

carriers in the direct exchange mechanism) goes down. This work has the 

potential to allow for easier magnetic switching and lower power 

requirements while preserving the data under harsh environmental effects. 

Multiferroics for next generation processors  

Transistor is the most important component in electronic world. It 

operates in a binary (o and 1) system, with current either passing through or 

not.  Multiferroic materials possess, under certain restrictions, both 

ferromagnetic and ferroelectric ordering. This provides an opportunity to 

create a 4 “bit” system that can store more information than the standard 2-

bit system. Preliminary work on LSMO showed that it is possible to have 

both conductive and insulating behavior while antiferromagnetic and 

ferromagnetic behavior is observed. The potential for this work creates a 

bridge between quantum and binary computing. 

 

 

 


