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Abstract 

 

Electronic Transitions in Perovskite Oxide Heterostructures 

by 

Franklin Wong 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Berkeley 

Professor Yuri Suzuki, Chair 

 

 

 

 The focus of this dissertation is on tuning electronic phase transitions in 

perovskite oxide heterostructures. The recurring theme is the exploitation of 

characteristics inherent to heteroepitaxy that are unavailable in the bulk materials of 

identical chemistry; these inherent characteristics are epitaxial strain and interfacial 

electronic reconstruction. In contrast, the effects of chemical substitution, for example, 

are not defining traits of heterostructures as they can be routinely studied in bulk 

materials, and therefore will not be included in this work. 

Heteroepitaxial lattice deformation is identified to be crucial in two systems: 

coherently strained LaTiO3 films on SrTiO3 substrates and La2/3Sr1/3MnO3 films on 

LaAlO3 substrates. One the other hand, interfacial charge transfer is the responsible for 

the insulator-metal transitions in LaAlO3 films on SrTiO3 substrates, or LaAlO3/SrTiO3 

heterointerfaces. The charge, orbital, spin, and lattice “degrees of freedom” are 

intimately linked in perovskite oxides, particularly those containing transition metals. 

The lattice can be modified through heteroepitaxial strain, and the charge state can be 

modified through interfacial electronic reconstruction.  

 It is shown that epitaxial strain can induce an insulator-metal transition in 

LaTiO3, which is a Mott insulator in the bulk that is near an electronic instability owing 

to its orbital disorder. It is confirmed that metallic conduction occurs throughout the 

entire thicknesses of the LaTiO3 films, as opposed to being confined to the surfaces or 

interfaces. It is possible to exploit heteroepitaxial strain as a knob to modulate the 

electronic bandwidth. Strain values that can be introduced routinely in thin films are 

greater than those which are easily accessible in hydrostatic or uniaxial stress studies of 

bulk materials.    
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 Epitaxial strain also is explicitly linked to the enhanced magnetoresistive 

properties of La2/3Sr1/3MnO3 films, particularly at low temperatures. The key effect 

appears to be the stabilization of a more insulating phase that may coexist with the 

double-exchange metallic ferromagnetic phase, which is stable in the bulk. The more 

insulating phase in turn becomes unstable upon the application of a magnetic field, 

resulting in higher magnetoresistance over a wide range of temperatures. While such a 

mechanism is certainly believed to be pertinent for many bulk manganites, it is not 

expected to be relevant for the specific chemical composition studied. Similar to the case 

of LaTiO3, the orbital degrees of freedom in La2/3Sr1/3MnO3 are important for the 

tunability of such an electronic transition controlled by thin-film lattice deformation; an 

added ingredient is that there exist two competing magnetic exchange mechanisms that 

are sensitive to chemical bonding. Both the orbital degree of freedom and competing 

exchange interactions make the electronic properties of manganite films very sensitive to 

external lattice perturbations. 

Finally, metallic LaAlO3/SrTiO3 heterointerfaces between two nominally 

undoped insulators are examined. Interfacial polarity is believed to induce electron 

transfer from LaAlO3 to SrTiO3. Low-temperature magnetotransport studies reveal 

signatures of strong spin-orbit interaction in this quasi-two-dimensional metallic channel. 

The spin-orbit coupling in the heterostructures is enhanced greatly by interfacial electric 

fields; hence, it represents a property that is fundamentally non-bulk-like. The transport 

data presented in this work suggest that disorder and carriers are introduced concurrently 

at the heterointerface, and also shed light on the origin of metallicity. 
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Ever since Sir Nevill Mott pointed out the paradoxical insulating properties of NiO in 

1949 [1], we have been cognizant of the strong electronic correlations that give rise to 

complexity in transition-metal oxides. Recent advancements in materials fabrication, 

particularly in thin-film deposition, have sparked renewed interest in this class of 

materials. This dissertation is an experimental investigation of electronic transitions in 

three different complex oxide heterostructures: strained LaTiO3 and La2/3Sr1/3MnO3 thin 

films as well as LaAlO3/SrTiO3 heterointerfaces. The ideas of complexity and interactions 

are introduced, and throughout the dissertation they are shown to play crucial roles in 

electronic phase stability and transitions in oxides. The challenges and opportunities in 

this field of research are briefly overviewed. 

 

 

§ 1.1    The challenge of controlling complexity 

 

In the physical sciences there has been an increased effort to study and understand 

complex phenomena. Complexity exists in systems in which strong interactions among the 

constituent parts lead to unexpected properties in the whole. The potential of complex 

oxide research in particular is highlighted in the 2007 Department of Energy (DOE) 

Office of Basic Energy Sciences Grand Challenges report [2], featuring a scanning 

transmission electron microscope image of a SrTiO3/LaTiO3 superlattice by Ohtomo et 

al. [3] on its cover (Fig. 1.1). The Grand Challenges report, titled “Directing Matter and 

Energy: Five Challenges for Science and the Imagination,” suggests that complexity in 

materials systems* is a key concept to understand and exploit in tackling tomorrow’s 

scientific challenges. 

In systems with complex interactions, unanticipated phenomena can emerge. To 

understand and ultimately control emergent properties, we must explore the rules 

governing interactions in different systems individually. In fact, the topic is introduced in 

the book Sync by Steven Strogatz, in which he examines different examples of 

synchronization and emergent behavior in nature—such as the emergence of thought 

from thoughtless neurons to unthinking fireflies blinking in unison [4]. What are the 

governing laws that determine the emergent outcomes? The premise is that such 

governing laws do exist; the challenge is to discover them case by case for different 

interacting systems.  

In the physical sciences, Philip Anderson was the first to form a systematic line of 

inquiry to approach the investigation of complexity. He points out that more is not only 

more: more is also different [5]. Often the line of physical science inquiry falls into one of 

two classes: (1) reductionism that aims to break systems down to their “fundamental” 

constituents and understand the each component individually and (2) emergence that 

focuses on how the properties of the system as a whole manifest from interactions. The 

case for the more holistic emergence approach is that new phenomena, distinctly 

different from the separate parts in themselves, come about as a consequence of scale 

                                                 
* Ideas of complexity have been more well-known and applied in the social, economic, biological, 
and computer sciences. 
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and interactions. Though the whole is comprised of the individual parts, the sum of these 

parts does not necessarily constitute the entire whole; interactions among the parts need 

to be considered as well. Regardless, the two “schools” of scientific approach should not 

be viewed as necessarily mutually exclusive either. 

Aside from complex materials, heterostructures provide another exciting and vast 

playground to realize emergent phenomena, manifested in interfacial properties not 

exhibited by the constituent materials themselves. A perfect example is giant 

magnetoresistance exhibited in multilayers of magnetic and nonmagnetic metallic films; 

the phenomenon of giant magnetoresistance illustrates that an emergent functionality 

can be explicitly linked to interfaces [6]. The recurrent theme is that the whole in most 

cases is indeed greater than the sum of the parts.  

Ultimately, the task of understanding and subsequently controlling emergent 

properties is truly daunting, as the very unpredictability of emergence is the reason for 

interest in the field. In the field of complexity, we are tasked with becoming acquainted 

with, tuning, designing, and predicting this perceived “unpredictability.”  

 

 

 

 

 
 

Figure 1.1. Cover of the 2007 DOE Grand Challenges report, showing an image of a 
LaTiO3/SrTiO3 superlattice taken by Ohtomo et al. [3]. (From Ref. [2]) 
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§ 1.2   The complexity of complex oxides 

 

Interacting parts are at the heart of complexity. The work in this dissertation is focused 

on complex oxides, a class of materials in which the charge, spin, orbital, and lattice 

variables are intimately coupled and the interactions are particularly strong. As a result 

of strong coupling, for example, a change of the charge state by chemical substitution or 

a modification of the lattice state by external stress in a material will alter the other 

variables, such that new functionalities can be achieved.  

In the past, difficulties in reliable materials synthesis have prevented detailed 

examination of tailored samples. The demonstration of the precise, atomic-level control 

of the SrTiO3/LaTiO3 superlattice (Fig. 1.1), a complex oxide heterostructure, drew the 

attention of the DOE Grand Challenges committee. Advances in oxide thin-film 

deposition have enabled further and more detailed investigations of intrinsic materials 

properties, suggesting the potential and possibilities of carefully selected materials 

combinations. However, we should not confuse improved fabrication with the truly 

grand goal of engineering materials properties. For technological applications not only 

do we have to understand governing principles of exotic emergent properties, but we also 

must learn ways to tune these properties on demand.       

In condensed matter systems, interactions among particles can lead to ordering. 

A familiar example of ordering is the spontaneous magnetization of a ferromagnet below 

its Curie temperature. Ordered states resulting from interactions are often called 

cooperative phenomena. As shown in Fig. 1.2, whereas the moments of a ferromagnet 

align randomly above its Curie temperature, correlated moment alignment and therefore 

spontaneous magnetization emerge below its Curie temperature. In a ferromagnet, 

adjacent spins preferentially align. In the ordered phase of a superconductor below its 

transition temperature, Cooper pairs move in-phase with one another to expel magnetic 

fields from the material and allow for frictionless electrical transport. Another 

cooperative phenomenon is ferroelectricity. As the ordered and disordered phases of a 

material would invariably have different measurable properties, engineering control of 

ordering will be technologically significant, and will require the tuning of complex 

interactions in materials systems.        

 

 

Figure 1.2. Schematics of (a) a disordered spin phase with no net moment above the Curie 

temperature and (b) an ordered ferromagnetic phase with a non-zero net moment below the 
Curie temperature.  

(a) (b) 
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In the case of a ferromagnet as shown in Fig. 1.2, the order-disorder transition 

can be traversed by changing the temperature; moreover, other thermodynamic forces—

such as an electric field, magnetic field, stress, and chemical potential—can also induce 

phase transitions. Here a phase is defined as any, or any portion of a, material that has 

well-defined properties. For technological viability of complex oxides for electronic 

applications, the specific challenges are to discover, design, and engineer materials that 

are sensitive to any one or more of the aforementioned thermodynamic forces.   

 

 

§ 1.3    Thin-film deposition technology as an enabler to oxide research 

 

The superlattice in Fig. 1.1 is comprised of perovskite thin films. This dissertation is a 

study exclusively on perovskite oxides. The perovskite oxide structure ABO3 is shown in 

Fig. 1.3 and some of its features will be briefly presented here; a more detailed discussion 

can be found in Chapter 3. The oxygen anions form an octahedral cage. Within that 

cage, typical B atoms (cations) include most transition metals, Ga, and Al. The 

coordination of the A site is 12, and larger atoms (cations) can occupy that site—

including alkaline-earth metals, rare-earth metals, Bi, and Pb. With such a robust 

structure that can serve as a host for a vast combination of crystal chemistry, perovskite 

oxides exhibit an array of phenomenology: superconductivity,† ferroelectricity, magnetic 

ordering, colossal magnetoresistance, multiferroism, and so on. Because many transition 

metals can assume several valence states, A-site chemical substitution can be used to 

tailor the desired valence state of a particular transition metal cation.      

 Certainly even bulk perovskite oxides are fascinating, and many of them had 

been well-studied in previous decades. However, propelled largely by advances in thin-

film deposition, the field of perovskite oxide heterostructures has garnered much current 

attention. Advances include better control of deposition techniques, higher-quality 

crystalline substrates, and development of high-pressure reflective high energy electron 

diffraction to monitor thin-film growth. Structures comparable to the one shown in Fig. 

1.1 now can be routinely fabricated. In the field of oxide heterostructures, we are 

particularly focused on phenomena unique to heterostructures and inaccessible in the 

bulk materials. 

The three main deposition techniques used are oxide molecular beam epitaxy, 

RF sputtering, and pulsed-laser deposition [7]. Because of the vast array of crystal 

chemistry available in the perovskite structure, physical deposition techniques allow for 

more flexibility than chemical-based techniques. Whereas in oxide molecular beam 

epitaxy, elemental metal targets are employed, oxide ceramic pressed powder targets are 

typically used in RF sputtering and pulsed-laser deposition. Oxide molecular beam 

epitaxy is better suited for (001) heteroepitaxy, but heteroepitaxy of different crystal 

orientations are readily accessible in RF sputtering and pulsed-laser deposition. The 

                                                 
† The most famous cuprate perovskite oxide has an A2BO4 structure, rather than an ABO3 
structure. 
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samples in this manuscript are grown using pulsed-laser deposition, and further details 

are provided in Section 2.1. 

 

 

Figure 1.3. A cubic perovskite oxide ABO3 unit cell. 

 Another enabler for controlled oxide thin-film synthesis is the number of high 

structural quality oxide substrates commercially available. Table 1.1 is a list of all of the 

substrates appropriate for perovskite oxide heteroepitaxy available through commercial 

vendors. Though most of the listed substrates are of the perovskite structure, as are the 

materials investigated in this dissertation, SrLaGaO4 and SrLaAlO4 are not; however, 

their in-plane cubic structure is nevertheless suitable for (001) perovskite thin-film 

growth, and their out-of-plane lattice parameter is not relevant. Table 1.1 also lists the in-

plane lattice parameters for the different substrates. The range of psuedocubic lattice 

parameters‡ of available substrates cover the spectrum of those typical for perovskite 

oxides, particularly the ones with 3d transition metals in the B sites; furthermore, the 

range of substrates allow for the application of various degrees of strain in thin films and 

the creation of a variety of film/substrate heterointerfaces.  

The development of reflective high energy electron diffraction with differential 

pumping has made in-situ monitoring of thin-film growth by electron diffraction possible 

even when high ambient deposition pressures are required. Although for the deposition 

of a single film, high crystallinity can be achieved even without in-situ monitoring, it is 

definitely necessary for the fabrication of superlattices of nearly atomic abruptness, as in 

Fig. 1.1.  

 The major advances in thin-film growth techniques have stirred much renewed 

interest in complex oxides. The hope is from controllable growth, many of the properties 

of oxides can be henceforth manipulated. Many emergent phenomena and tunable 

functionalities may come about from carefully designed oxide heterostructures.    

 

                                                 
‡ Many perovskites are slightly distorted from the perfectly cubic structure. But because the 
distortions are typically small, using a pseudocubic structure as a reference is a good starting 
point. The approach is elucidated in Section 3.2. 
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Table 1.1. List of oxide substrates and their in-plane lattice parameters. For the materials that are 

orthorhombic in-plane (*), the average of orthogonal in-plane lattice parameters (a) is listed.   

Substrate a (Å) 

KTaO3 3.99 

GdScO3* 3.965 

DyScO3* 3.94 

SrTiO3 3.905 

(LaAlO3)0.3(Sr2AlTaO6)0.7 3.87 

NdGaO3* 3.855 

SrLaGaO4 3.84 

LaAlO3 3.79 

SrLaAlO4 3.75 

YAlO3* 3.69 
 

 

 

§ 1.4    Options to tune the charge and lattice variables 

 

Certainly, with the combination of aliovalent and isovalent A-site alloying, one can tune 

the charge and lattice variables of the oxides. Bulk materials properties have largely been 

studied and tuned through crystal chemistry. However, thin films and heteroepitaxy 

offer alternative routes. A brief discussion of several pieces of representative work is 

presented; what follows is by no means an exhaustive survey. The approach of this 

dissertation is presented in the next section. 

 Naturally, in a heteroepitaxial system, the lattice state of the film is changed 

through substrate-induced strain. The goal is to identify a material or group of materials 

whose properties or even electronic ground states can be profoundly altered by elastic 

structural deformation. SrTiO3 is a paraelectric insulator that undergoes a cubic-to-

tetragonal transition at 105 K and exhibits large dielectric permittivity at low 

temperatures [8]. Its structural transition is antiferrodistortive in nature, inhibiting long-

range electric ordering. However, it is also known that very similar materials such as 

BaTiO3 and PbTiO3 are ferroelectric. Therefore, one can surmise that SrTiO3 has the 

basic ingredients for electric ordering. Haeni et al. found in-plane electric polarization 

and ordering at room temperature in SrTiO3 thin films that were tensily strained in plane 

by DyScO3 substrates [9]. In a similar spirit, Lee et al. found that EuTiO3 thin films 

tensily strained in plane by DyScO3 substrates undergo a paraelectric-to-ferroelectric 

transition at 250 K and a paramagnetic-to-ferromagnetic transition at about 4 K, whereas 

the unstrained material is expected to be a ground-state paraelectric antiferromagnet 

[10]. These studies demonstrate the viability and promise of exploiting lattice 
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deformation to create ground states that do not exist in bulk materials of the same 

stoichiometry.  

 The most lucrative approach for controlling the charge variable in 

semiconductors is by applying electric fields. The field-effect transistor is the workhorse 

electronic device not only for applications, but also for realization of fundamental 

physical phenomena; von Klitzing discovered the quantum Hall effect in a metal-oxide-

semiconductor field-effect transistor by using the gate voltage to modulate the channel 

carrier concentration [11]. Similarly, replacing silicon with an oxide semiconductor such 

as SrTiO3 or KTaO3 and using Al2O3 as the gate dielectric, field-effect channels can be 

created in oxide semiconductors [12]. However, surface states at the SrTiO3/Al2O3 and 

KTaO3/Al2O3 (oxide semiconductor/insulator) interfaces limit the controllability of 

such structures. Field-effect control can be applied to more correlated materials as well. 

Scherwitzl et al. demonstrated the tunability of the metal-insulator transition temperature 

in NdNiO3 films using gold contacts and an ionic liquid for gate control [13].§ In 

correlated materials, there can be many carriers but they may not very mobile; the issue 

of screening remains controversial [14].    

 It is reasonable to guess that the incorporation of isostructural oxide insulators 

grown epitaxially as barrier materials can improve the performance of oxide field-effect 

structures. However, the work of Ohtomo and Hwang on metallic LaAlO3/SrTiO3 

interfaces suggests that the formation of oxide heterointerfaces between well-chosen 

materials can be sufficient to generate a vast array of properties unexpected in the bulk 

constituent materials [15]. Electron redistribution at oxide heterointerfaces is an avenue 

to change the charge degree of freedom. Similarly, in modulation-doped semiconductor 

heterojunctions, rather than being reliant on an applied electric field to bring about a 

metallic state in semiconductors, quasi-electric fields through band offset engineering aid 

the transfer of carriers and creation of a metallic interface [16].   

 

 

§ 1.5    General approach and synopsis of subsequent chapters 

 

Taking advantage of epitaxial strain and heterointerfacial charge transfer to modify 

materials properties is definitely not unique to oxide materials. In fact, in quantum well 

lasers, heterointerfacial band offset engineering is used to confine both electrons and 

holes in the well for optical gain [16]; furthermore, epitaxial strain to used to reduce the 

threshold current for lasing [17]. Given that the charge and lattice degrees of freedom 

can be so well engineered in weakly correlated semiconductors, the goal is to achieve 

comparable control in oxides, in which the charge, lattice, orbital, and spin states are 

much more strongly coupled. Understanding the parameters that affect interactions in 

correlated materials will enable tunability and therefore functionalization of their 

properties. 

The overall theme of this dissertation is to broadly address the question: How can 

we exploit oxide heteroepitaxy to achieve different properties inaccessible in bulk 

                                                 
§ NdNiO3 is an insulator at low temperatures and a metal at high temperatures. 
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constituent materials of the same stoichiometry? There is a special emphasis on metal-

insulator transitions. Different materials systems are explored for comparison and 

contrast. The dissertation contains two examples wherein lattice distortions are the key 

component: strained LaTiO3 (Chapter 4) and La2/3Sr1/3MnO3 (Chapter 5) films. An 

example wherein interfacial charge transfer is more crucial is LaAlO3/SrTiO3 interfaces 

(Chapter 6). The role of electron correlations will be discussed in each case specifically. 

Details of the experimental setup and procedures can be found in Chapter 2.    

Chapter 3 is a brief overview of the most important physical concepts that will be 

used throughout the dissertation. Topics include the structure of perovskite oxides, 

Hubbard’s model Hamiltonian for correlated electron systems, and superexchange 

magnetic interactions in oxides.  

Chapter 4 discusses a strain-induced insulator-metal transition in LaTiO3 thin 

films. LaTiO3 is a Mott insulator on the brink of an electronic transition, which can be 

deduced from its small band gap and orbital disorder. The data presented in this 

manuscript is the first study that links the electronic transition in LaTiO3 to tetragonal 

lattice distortions. A number of other possible sources of metallicity in LaTiO3 films on 

SrTiO3 substrates have been considered and systematically ruled out. Possible 

heteroepitaxial strain-induced electronic transitions of other single-valent perovskite 

oxides,** especially ones with orbital degrees of freedom, are considered in the context of 

the observations in LaTiO3 films. 

Chapter 5 discusses strain-induced enhancement of magnetoresistance in 

La2/3Sr1/3MnO3 films, a mixed-valent system. The improved magnetoresistive properties 

are likewise related to lattice deformation. Here the data suggest that the underlying 

mechanism is related to strain-induced stabilization of a low-temperature, insulating 

state coexisting with a double exchange metal—the stable bulk phase. Whereas other 

works have demonstrated the Curie transition temperatures of La2/3Sr1/3MnO3 films do 

indeed depend on strain, the work in Chapter 5 further suggests the potential of 

engineering magnetoresistance. In addition, it is proposed that rich phase diagrams of 

different magnetically ordered states can be generated through lattice deformation in lieu 

of chemical composition. 

The possible origins and the nature of the metallic state of LaAlO3/SrTiO3 

heterointerfaces are presented in Chapter 6. This work offers a unified description of the 

origins of metallicity, still an intensely debated topic, and the creation of disorder in the 

quasi-two-dimensional electron channel. Low-temperature localization studies reveal the 

prominence of spin-orbit interaction at the heterointerface. Conductivity along a channel 

confined to a heterointerface of a d-valent system warrants much further investigation. 

Possible ways to utilize the unexpectedly strong spin-orbit interaction are suggested. 

 Both strain-induced and interfacial phenomena figure to be lasting themes in 

oxide heterostructures. Final comments on the work presented in this dissertation and 

possible future directions of the field of perovskite oxide heterostructures can be found in 

the Afterword. 

                                                 
** Single- or mixed-valency refers to that of the B-site cation. 
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The Appendix offers reference material on elastic deformation, weak 

localization, and a superexchange interaction calculation.  
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This chapter briefly overviews the oxide thin-film deposition as well as structural, 
electrical, and magnetic characterization techniques used in the work of this dissertation. 
 
 

§ 2.1  Pulsed-laser deposition 

 

All of the films studied in this dissertation were deposited using pulsed-laser deposition, 
which became a relatively widely used research technique in the 1990s because of its 
success in fabricating high-Tc superconducting oxide thin films.  Since then, it has been 
used as a deposition tool for not only many different types of thin-film oxides but also 
nitrides and chalcogenides. Because of the availability of safe gaseous oxygen sources 
that can be readily cracked, pulsed-laser deposition is particularly versatile for oxides. 

In pulsed-laser deposition, a laser beam is directed into a vacuum system to hit a 
polycrystalline sintered ceramic target, which ablates a plume of material that is then 
deposited on a substrate. A KrF excimer laser operating at 248 nm with an average laser 
pulse of ~25 ns was used, and a typical laser energy density at the target was ~ 1 J/cm2. 
Therefore, the instantaneous power is roughly 40 MW/cm2.*  The high instantaneous 
power causes highly nonequilibrium evaporation of the target material. Despite the high 
power, it is still important for the laser energy to be absorbed by the target for ablation to 
occur. A photon wavelength of 248 nm corresponds to an energy of 5 eV. In principle, 
materials with a band gap of higher than 5 eV cannot absorb the radiation effectively. In 
practice, the polycrystallinity of the targets allow for sufficient absorption in materials 
with band gaps that are in slight excess of 5 eV. Therefore, single crystalline targets are 
not necessarily the best choice. Also, because of the high instantaneous power, higher-
order optical processes are possible. In any case, ablation of materials with considerably 
larger band gaps, such as MgO and MgAl2O4, is difficult even with the higher energy 
densities feasible in our setup. It is also difficult to ablate metals with a plasma frequency 
higher than 5 eV, due to reflection of radiation. Furthermore, it is best to have materials 
with lower thermal conductivity because one would want the absorbed energy to be 
concentrated at the surface, for effective ablation. Powder pressed, polycrystalline targets 
are also desirable for lower thermal conductivity. All in all, polycrystalline ceramic 
targets are suitable for pulsed-laser deposition.  

In this technique, the cation stoichiometry of the starting target material is very 
effectively transferred to the film [1]. However, the laser ablation process can reduce the 
target material, causing it to lose oxygen. This can be compensated by depositing films in 
an oxygen ambient to recover the stoichiometry. On the other hand, characteristic target 
reduction of oxides can be exploited in order to achieve thermodynamically unfavorable 
reduced phases.  For example, the valence state of Ti in LaTiO3 is 3+, but the most 
stable oxidation state of Ti is 4+.  To make bulk LaTiO3 crystals, annealing in a reducing 
H2 ambient is often required.  However, by making use of the (oxygen) reduction that 
occurs during laser ablation, LaTiO3 (Ti

3+) films can be grown in a vacuum 
environment, containing no H2, starting from a La2Ti2O7 (Ti

4+) target. Conversely, 
                                                 
* The laser is typically operated at 1 to 10 Hz; so the average power is only 1 to 10 W/cm2. 
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deposition in an ozone ambient can be used to achieve more oxidized phases that are not 
readily accessible in the bulk. This makes pulsed-laser deposition a very attractive 
research tool for achieving different and exotic stoichiometric phases of complex oxide 
thin films.  

With silver paste, a single crystalline substrate is glued onto a heater that is 
loaded on-axis with the plume and roughly 8 cm from the target surface. The target is 
rotated during the deposition to ensure that it is evenly ablated.  

A combination of ex-situ structural analytical techniques—atomic force 
microscopy, x-ray diffraction, and Rutherford backscattering spectrometry—is used to 
check for and determine suitable deposition conditions for different materials.    
  
 

§ 2.2 Reflective high energy electron diffraction 

 

Thin-film growth can be monitored by in-situ reflective high energy electron diffraction 
(RHEED). RHEED guns that can operate at relatively high deposition pressures have 
been readily incorporated into oxide thin-film growth techniques. Most of the films 
shown in this dissertation were grown without RHEED monitoring, except for a sample 
in Chapter 6. The RHEED gun was operated at 20 kV (wavelength of 0.086 Å) and ~20 
A, and was aimed at the sample surface at grazing (~3o) incidence. Grazing incidence 
keeps diffraction very surface sensitive, akin to diffraction of a two-dimensional 
specimen; furthermore, only the nearly elastically scattered electrons contribute to the 
formation of diffraction patterns. Roughening of the sample surface of just a few unit 
cells would completely destroy the diffraction pattern. In fact, roughening of the surface 
by just a single perovskite unit cell is sufficient to decrease the diffracted intensities 
substantially. By keeping track of a diffracted peak intensity as it evolves with deposition 
time, one can monitor the layer-by-layer growth exhibited by many (001) perovskite 
heterostructures. When a new layer begins to grow, the intensity is reduced, but it 
returns to a local maximum when the entire layer is completed. In this way, the exact 
thicknesses of the films can be precisely monitored in-situ when the growth mode is 
layer-by-layer. Islanding growth is characterized by an immediate drop in diffracted 
intensity. Step-flow growth is characterized by constant and high intensity as a function 
of time and therefore cannot be monitored by RHEED. 
 

 

§ 2.3 Atomic force microscopy 

 
Surface morphology was studied by atomic force microscopy (AFM). AFM images were 
taken on a Dimension 3100 atomic force microscope from Bruker (formerly Veeco 
Instruments) operating in tapping mode. The AFM piezoelectric scanner controls the 
position of the cantilever that contains a probe tip facing down toward the sample.  The 
cantilever resonates mechanically in an up-and-down motion, scans the sample by 
making gentle tapping contact, and is deflected by the surface features of the sample. For 
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topographic images, Si tips of roughly 15 nm tip radii were used and tuned to oscillate 
with a root-mean-squared amplitude of 2.5 V at its resonance frequency, which is 
typically 300 kHz for the tips used in this study. Images were taken at an amplitude that 
is 5% lower than that at the resonance frequency. Once the AFM tip makes initial 
tapping contact with the sample, the drive amplitude was lowered by roughly 0.1 to 0.2 
V to ensure that good tapping contact is maintained throughout the scan. 
 
 

§ 2.4  Transmission electron microscopy 

 

Transmission electron microscopy (TEM) gives real-space lattice fringe images, 
produced by the interference of an electron diffraction pattern. For thin-film samples, 
cross-sectional images are of interest. M-bond, an epoxy-phenolic resin, was used to glue 
two pieces of samples together on the film side. The specimen was then augmented with 
two more pieces of silicon on each side to make a cross-section of 3 mm, the diameter of 
most typical TEM holders. The M-bond needs to be cured at 150oC for at least one hour, 
and it becomes insoluble in acetone. The specimen was then cut in cross-section using a 
diamond-coated rotating saw to achieve rectangular pieces of 0.5 mm thickness faced at 
the cross section of the sample. Then it was cut into circular disks using a SiC slurry with 
an ultrasonic cutter. The circular disk is then dimpled with a 3 µm diamond slurry such 
that the typical thickness of the center of the specimen would be 10 µm and the edges 
would be roughly 100 to 150 µm. A 1 µm diamond slurry was used for the final 
polishing. For improved structural integrity, the specimen was glued onto a 50 µm thick 
copper grid before further thinning by ion milling. Electron transparency was obtained 
by Ar ion-milling in the Fischione ion mill operated at 5 kV and 6 mA at the National 
Center for Electron Microscopy, Lawrence Berkeley National Laboratory. High-
resolution TEM was performed on the Philips CM300 field-emission gun microscope at 
an electron voltage of 300 kV. A double-tilt holder allows for the tilting of the sample to 
a specific zone axis. Phase contrast is attained by allowing multiple diffraction spots to 
pass through a fairly big objective aperture. The microscope projection lenses were used 
to magnify the image by 49 kx, and further magnification (~40 x) was achieved using a 
GIF CCD camera.    
 
 

§ 2.5  Rutherford backscattering spectrometry 

 

Rutherford backscattering spectrometry (RBS) allows for the determination of the 
stoichiometry and thickness of a single film or a heterostructure containing many layers 
of different compounds. In the measurement, a beam of helium ions is directed to the 
sample and is subsequently reflected due to scattering with atoms in the sample. By 
conservation of momentum and kinetic energy, the energy spectrum of the backscattered 
He ions collected at a specific angle provides elemental mass sensitivity as well as depth 
profiling.  RBS measurements were performed by Dr. Kin Man Yu, Materials Sciences 
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Division, Lawrence Berkeley National Laboratory. The spectra were analyzed by 
RUMP software developed by Michael O. Thompson, Cornell University.      
   
 

§ 2.6 X-ray diffraction 

 

X-ray diffraction enables us to get information about a sample’s real space structure by 
investigating its reciprocal space lattice. The reciprocal lattice of a perfectly crystalline 
thin film is a three-dimensional lattice of short rods that are negligibly thin in plane and 
slightly elongated perpendicular to the sample plane. The amount of out-of-plane 
elongation depends on the thickness of the film. The diffraction condition, i.e. condition 
for high diffracted intensity, is  

��� ≡ 2�
� �	�� ′ − 	��� = � ��� 

   (Eqn. 2.1) 

where λ is the x-ray wavelength, k and k’ are the incident and diffracted unit vectors, ghkl 
is a reciprocal lattice vector for the hkl reflection, and Q is commonly called the 
scattering vector.    
 In a diffractometer, diffraction peaks occur when the geometric condition of Eqn. 
2.1 is satisfied, and the geometry of the reciprocal lattice can be determined; the 
scanning of appropriate diffraction angles—2θ, ω, φ, and ψ, as defined in Fig. 2.1—
allows for the navigation of reciprocal space. It can be easily shown that for a 2θ scan 
with ω = 2θ/2 (= θ)† and constant φ and ψ, only the reciprocal lattice points orthogonal 
to the sample plane can be scanned, and thus only the out-of-plane interplanar spacings 
can be determined. While 2θ is directly related to the length of a vector in reciprocal 
space via Bragg’s Law, all of the other angles are associated with its direction. When the 
diffraction condition is satisfied, we refer to the corresponding 2θhkl value as the Bragg 
angle of the hkl reflection. It can also be shown that performing ω scans at a Bragg angle 
corresponding to any out-of-plane reflection and constant φ and ψ yields the in-plane 
shape of reciprocal lattice “points.” The in-plane intensity breadth of reflection spots can 
be used to describe the crystalline quality of epitaxial thin films.    

It is often useful to get the positions of reciprocal lattice points that have both in-
plane and out-of-plane components to determine in-plane interplanar spacings as well. It 
is convenient to define an angle δ, which is the angle between the normal of the sample 
plane and that of the crystal planes of interest,‡ as shown in Fig. 2.2a, from which we get 
the following relationship 

2� = 2�� + �� 
                                                 
† Any reference to θ should be thought of explicitly as 2θ/2, because 2θ (not θ) is the physically 
meaningful angle for diffraction.  
‡ The normal to the (hkl) plane is the reciprocal lattice vector ghkl. 
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The angle δ is not an independent angle. If we write Q in components parallel and 
perpendicular to the plane: Q = Q|| + Q┴, for a given position in reciprocal space of 
arbitrary Q, 

� = �������∥ ��⁄ � 
� =  !��� " �

4� $�∥% + ��%& 
for fixed φ and ψ. In a strained thin film, a priori one would know neither δ nor 2θ, so the 
relevant reflection spot can be easily missed with just a single one-dimensional scan. 
Two-dimensional maps of the reciprocal space can be attained by scanning over a range 
of ω and 2θ values, where ω determines the orientation of Q and 2θ determines the 
length of Q. A schematic of such a map, commonly referred to as a reciprocal lattice 
map, is shown in Fig. 2.2b. 
 At a Bragg angle that contains both in-plane and out-of-plane reciprocal lattice 
components, a φ scan to can be performed to examine the in-plane crystalline symmetry 
of the thin films. As with an ω scan, the length of the scattering vector remains constant. 
 In this work, the following types of x-ray diffraction experiments are commonly 
employed: (1) 2θ scans with ω = 2θ/2, (2) ω scans at a particular 2θhkl, and (3) two-
dimensional off-orthogonal 2θ-ω maps of regions in reciprocal space. All of these scans 
are performed at fixed φ and ψ. The diffraction experiments presented in this dissertation 
were taken on a Panalytical X’Pert MRD diffractometer. The radiation source was 
copper K-edge emission; a four-bounce Ge-crystal monochromator selects only the Kα 
radiation, which corresponds to a wavelength of 1.541 Å. For a standard reference in x-
ray diffractrometry optics, see Chapter 6 of Ref. [2]. 

 

Figure 2.1. Schematic showing all of the relevant angles (2θ, ω, φ, and ψ) with respect to the 
sample for four-circle diffraction. k and k’ are the wavevectors of the incoming and outgoing 
radiation. 
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Figure 2.2. (a) Schematic of the x-ray alignment for a scan of a reflection spot with components 
parallel and perpendicular to the sample surface plane. The sample planes of interest are shown. 
φ and ψ are fixed. (b) Schematic of a two-dimensional map of reciprocal space by scanning a 
range of 2θ and ω values with φ and ψ fixed. The reciprocal lattice is represented by an array of 
cigar-shaped spots, typical for a thin-film material. 

 

§ 2.7 SQUID magnetometry 

 

Magnetometry with a superconducting quantum interference device (SQUID) from 
Quantum Design to detect the magnetic flux was used to measure the magnetic 
moments in samples. The magnetic moment is measured in units of emu, where one 
Bohr magneton µB = 9.27×10-21 emu. Magnetization values were calculated by 
normalizing the measured moments by the volume of the sample. The thicknesses of the 
thin films were measured by Rutherford backscattering spectrometry, and their lateral 
dimensions were measured with a caliper.  
 A common measurement is the magnetization as a function of temperature. 
Typically, the temperature is swept from low to high. In the work of Chapter 5 the 
temperature is raised above the film’s Curie temperature before it is cooled to the initial 
temperature of the scan. During this initial cool down prior to taking measurements, a 
magnetic field may (field cool) or may not (zero field cool) be applied. 
 Another common scan is magnetization versus applied field. Because any 
substrate invariably contributes at least a diamagnetic signal, a linear background needs 
to be subtracted from the magnetic moment versus field curves after the measurement.  

The data on studies of thin-film magnetization in Chapter 5 were taken along the 
easy axis (plane) of each sample. The field applied in the SQUID magnetometer was 
always along the cylindrical sample area as a consequence of the geometry of the 
experimental setup. In order to achieve magnetization measurements along various 
crystal directions of a single sample, the sample itself was loaded in different orientations 
with respect to the cylindrical sample area.     
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§ 2.8 Electrical Transport 

 

Electrical transport measurements were made on a Physical Property Measurement 
System (PPMS) from Quantum Design.  Four-point probe measurements of single-layer 
films were performed in the van der Pauw sheet resistance and Hall geometries, as 
shown in Figure 2.3.  In the sheet resistance geometry, resistance RVA is determined by 
sourcing the current through leads 1 and 2, and measuring the voltage across leads 3 and 
4, as shown in Figure 2.3.  Similar definitions of the other resistance values, i.e. RVB as 
well as RHA and RHB in the Hall geometry, are also shown in Figure 2.3.  The sheet 
resistance RS is determined by solving the transcendental equation [3]:  

'() *− �+,-+. / + '() *− �+,0+. / = 1 
The implicit assumption is that the sample conductivity is isotropic. If the thickness d of 
the conducting layer is known, e.g. from RBS data, the resistivity ρ can be calculated: 

2 = +.3 
Hall effect measurements can decouple the contributions of carrier concentration 

and mobility in the measured resistivity. In a Hall bar geometry with a magnetic field 
applied out of plane, the Hall voltage is measured across the bar (transverse) while an 
electric current is sourced along the bar (longitudinal). However, in the van der Pauw 
geometry, there is no geometric confinement that explicitly distinguishes transverse 
voltage from longitudinal voltage. Therefore, any longitudinal voltage component must 
be subtracted from the measured voltage, which can be done by measuring both RHA and 
RHB. The Hall resistance is given by [3,4] 

+4566 = +4- − +402  

A Hall measurement can decouple the contributions of carrier concentration (n) and 
mobility (µ) to conductivity (1/ρ), by using the relationships:  

+4566 = − 7
�'3 

2 = 1
8 = 1

�'9 
where B is the magnetic field and e is the elementary charge.  
 Hall resistance values are measured for different fields and a slope is then 
calculated: m = ∆RHall/∆B. The convention used in these equations is negative (positive) 
slope m for carrier electrons (holes). The mobility and sheet carrier concentration (nS = 
nd) can be deduced even without knowing the thickness of the conductive film: 

�. = 1
'|;| 
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9 = |;|
+.  

For conductive interfaces, in which the exact thicknesses may not be known or readily 
measured, it is customary to use sheet carrier concentration and sheet resistance rather 
than carrier concentration and resistivity. 
 With an applied magnetic field, the resistivity of the sample may change, and the 
magnetoresistance (MR) can be measured  

<+�=� = +.�=� − +.�0�
+.�0�  

where H=B/µ0 and µ0 is the permittivity of free space. The MR is measured at constant 
temperature. In principle, the magnetic field can be applied at any orientation with 
respect to the sample. In practice within a standard Quantum Design PPMS setup, the 
field is always applied along the long axis of the sample space. The sample can be 
mounted onto a horizontal rotator which then allows for the rotation of a sample from 
being fully in-plane to fully out-of-plane. For the sample holders used, in-plane rotation 
must be done manually by physically changing how the sample is loaded. 
 Sheet resistance, Hall resistance, and MR measurements were heavily used in 
this dissertation to study the transport behavior of oxide heterostructures. 
 

 

Figure 2.3. Van der Pauw sheet resistance (top) and Hall (bottom) geometries used in the 
electrical transport measurements.  
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Chapter 3 

Basic Aspects of Correlated Perovskite Oxides 
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The Perovskite Structure: Atomic and Electronic 

 

One of the underlying themes that resonates throughout this dissertation is how the 

perturbations in the atomic structure of perovskite oxides can profoundly affect their 

electronic structures, which in turn govern the electronic properties we can measure. 

This section discusses the intimate relationship between the atomic and electronic 

structures of these materials from a chemical bonding perspective. Noncubic lattice 

distortions are treated perturbatively, and the cubic crystal structure is used as a 

reference.   

 

 

§ 3.1 The cubic perovskite 

 

A conventional cubic perovskite ABO3 has a simple cubic structure with a five-atom 

basis. It can be most readily visualized as an oxygen octahedron, with the oxygen atoms 

on the faces of the cube surrounding the center B atom; the 12-coordinated A atoms 

occupy positions at the corners of the cube, as shown in Fig. 3.1. The structure of the 

perovskite is defined mainly by the BO6/2 octahedron.
*† In an extended solid, A atoms fill 

in the spaces between repeating BO6/2 octahedra. In this dissertation, we will consider 

compounds in which alkaline-earth and rare-earth metals occupy the A sites and 3d 

transition metals and Al occupy the B sites. 

Qualitative aspects of the electronic band structure of a perovskite material can 

be understood using a chemical bonding approach. Let us first consider the general case 

of the formation of a chemical bond between a metal atom and an oxygen atom. Two 

atomic orbitals, one from each atom, combine to form two molecular orbitals—a lower-

energy bonding orbital with character of mainly the oxygen orbital and a higher-energy 

antibonding orbital with character of mainly the metal orbital, as shown in Fig. 3.2. 

Molecular orbitals are treated as linear combinations of atomic orbitals. In the limit of a 

perfectly ionic cation-anion bond, it can be thought of as the metal donating electrons to 

the oxygen. We now have a simplified, but conceptually correct, description of the 

valence electron atomic orbitals, which are perturbed by the act of bonding. As a result 

of this perturbation, the oxygen-like bonding molecular orbital decreases in energy at the 

expense of the transition metal-like antibonding molecular orbital, which increases in 

energy. If the chemical bonding is stronger, perturbations to the atomic orbitals 

consequently become larger, and the separation between the bonding and antibonding 

levels also increases—as is schematically represented in the right panel of Fig. 3.2.    

In a nearly ionic bond, the valence s electrons from both the A and B atoms are 

readily donated to the oxygen atoms. Consequently, the s electronic levels from A and B 

have high energy, and in a solid, they form high-lying empty conduction bands, which 

do not directly affect the ground-state properties of the material. In transition-metal 

                                                 
* ReO3 and WO3 are examples of perovskites without A-site atoms. 
† The notation BO6/2 is used to emphasize that each oxygen atom is corner-shared by 2 
octahedra. 
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perovskite oxides, the electronic bands that are closest to the Fermi level originate from 

the d electrons in the B transition metal, which interact with p electrons of the 

neighboring oxygen atoms. For simplicity, we disregard the s orbitals of the oxygen 

atoms because the omission does not affect our conceptual description.   

 

 
 

Figure 3.1. The perovksite unit cell. 

 
 

Figure 3.2. Schematic of two atomic orbitals forming two molecular orbitals: one bonding and 

one antibonding. The amount of separation between the two levels depends on the degree of 
bonding interaction.   

Molecular orbitals of a BO6/2 octahedron provides the best physical picture of the 

bonding in perovskites. The p orbitals of the oxygen atoms and the d orbitals of the 

transition metal will be used as the basis set. The oxygen p orbitals are three-fold 

degenerate: px, py, and pz. The transition-metal d orbitals are five-fold degenerate: xy, xz, 

yz, x2-y2, and z2 (or more precisely 3z2-r2). The shapes of these atomic orbitals are shown 

in Figs. 3.3 and 3.4.  
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Figure 3.3. Shapes of the three-fold degenerate p orbitals. 

 

 

Figure 3.4. Shapes of the five-fold degenerate d orbitals. 

The B-O bond can be envisaged as the overlap between atomic orbitals.‡ There is 

direct overlap between the x2-y2 orbital of B and the px orbitals of O1, O2 as well as py of 

O3, and O4 (the oxygen sites O1, O2, … O6 are as defined in Fig. 3.1). Likewise there is 

direct overlap between the z2 orbitals and pz orbitals of O5 and O6. This strong orbital 

overlap is referred to as σ bonding and signifies a large perturbation to the atomic 

orbitals. An example is shown in Fig. 3.5a. The remaining d orbitals in the B transition 

metal also overlap with the other oxygen p orbitals, e.g. xy with py of O1 and O2, px of 

                                                 
‡ Overlap here is used loosely to refer to the bonding matrix element in a tight-binding approach. 
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O3 and O4, and similarly for xz and yz. However, the orbital overlap in these cases is 

more indirect, and therefore the bonding is weaker; this is referred to as π bonding and 

atomic orbitals are less perturbed compared to the case of σ bonding. An example is 

shown in Fig. 3.5b. Compared to π bonding, the stronger σ bonding creates lower-lying 

bonding orbitals and higher-lying antibonding orbitals. In summary, the bands near the 

Fermi level of perovskites can be described by the molecular orbitals schematically 

shown in Fig. 3.6. The key feature is that the five-fold degenerate atomic d orbitals are 

split into three-fold π antibonding (π*) and two-fold σ antibonding (σ*) orbitals, with 

group theory symmetry designations of t2g and eg, respectively. The energy between the 

σ* and π* states is commonly known as crystal field splitting. Group theory notations 

are used primarily in Chapters 4 and 5, and they refer to the symmetry of the d-like 

bands at the Γ point in k-space.  

 

 
 

Figure 3.5. Schematics of orbital overlap in the case of (a) σ bonding formed by x2-y2 of the B 

transition metal and px of a neighboring oxygen and (b) π bonding formed by xy of the B and py of 

a neighboring oxygen. There is greater orbital overlap in the case of σ bonding.   

In our basis set of a BO6/2 octahedron, the π and σ bonding orbitals are 6- and 3-

fold degenerate, respectively. But note that we neglected some orbitals in our basis set—

for example, the oxygen 2s. In any case, since the bonding levels of the transition-metal 

oxides are typically completely filled, these levels do not directly control their properties, 

and we will not dwell on the details. The antibonding d-like levels are the ones that 

determine the properties of transition-metal perovskite oxides, and this simplified 

discussion gives us a good description of those levels. In extended solids, instead of 

discrete molecular orbital levels, electronic bands of finite energy bandwidths are 
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formed, and orbitals become Bloch waves. The formation of energy bands from a tight-

binding approach is presented in Section 3.3. The characteristics of the bands in a solid 

are closely related to the molecular orbitals from which they originate. In many parts of 

this work, the bands arising from such antibonding molecular orbitals will be loosely 

referred to as transition-metal d bands.   

 

 

Figure 3.6. Schematic of molecular orbitals formed by the d orbitals of the transition metal (TM) 

and the p orbitals of neighboring oxygen atoms. The antibonding levels, t2g and eg (mainly d-like), 

are three- and two-fold degenerate respectively. 

 

 

§ 3.2 The distorted perovskite 

 

Now that we have considered the origins of the electronic levels of interest, the 

transition-metal σ* and π* bands, we are in a position to consider how these levels 

change as the crystal lattice structure is perturbed. Most perovskite oxides are in fact 

noncubic and have reduced symmetry—tetragonal, orthorhombic, rhombohedral, or 

monoclinic. However, in most systems the deviation from cubic symmetry is small; 

therefore, the materials can be treated using a cubic reference and then incorporating the 

appropriate distortion as a perturbation to the reference structure.     

 Structural distortions in these materials arise from accommodation of internal 

lattice strain; it comes about because the A-O and B-O equilibrium bond lengths are not 

a perfect fit to form a perfectly cubic structure.§ Internal lattice strain is intrinsic to the 

crystal [1], and should not be confused with substrate-induced heteroepitaxial strain. 

From Fig. 3.1, we can see that a structure with B-O-B bond angles that are exactly 180o 

                                                 
§ The equilibrium A-O bond length refers to the bond length between an A cation and an oxygen 
anion only, and similarly for B-O. There are a variety of means to measure such a quantity (see 
Ref. [1]). 
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must satisfy the following relationship between equilibrium A-O and B-O bond lengths 

(LA-O and LB-O respectively): 

���� = √2���� 
The tolerance factor (TF) is defined as

 

	
 ≡ ���� √2����⁄  

As long as TF ≠ 1, there is some internal lattice strain that needs to be accommodated by 

lattice distortions. For example, consider TF < 1 which signifies that the LB-O is larger 

than its “ideal” value, as is often the case for transition-metal perovskites. We can 

visualize that the collective rotation of all octahedra about the [001] axis can relieve the 

in-plane lattice strain: Fig. 3.7 shows the effect of octahedra rotation on the (002) BO2 

plane. This rotation is commonly accompanied by an elongation of the [001] axis, and a 

tetragonal structure is formed. The (002) AO plane remains unchanged. In the rotated 

structure depicted in Fig. 3.7b, adjacent B atoms are closer than a distance of 2LB-O = 2

LA-O; hence, the distortion allows for the accommodation of a B-O bond that would have 

been otherwise too long. Such collective octahedra rotation can occur along other 

crystalline axes—for example, [110] and [111]—leading to orthorhombic and 

rhombohedral distortions. See Ref. [2] for details.    

 Such a structural distortion alters the electronic structure. Because the B-O-B 

bond angles now are not exactly 180o, the bonding orbitals do not overlap from one 

octahedron to the next as much. Therefore, owing to the distortion there is a reduction 

of transition-metal electronic bandwidth as compared to the cubic reference. The further 

the angle θ, as defined in Fig. 3.7b, strays from 180o, the narrower the bands become. 

However, if the bond lengths are shortened, bonding and electronic bandwidth are 

increased. 

 

  

 

Figure 3.7. Schematic of the (002) BO2 plane (a) before and (b) after a collective octahedra 

rotation about the [001] direction. Adapted from Ref. [2]. 
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Correlated Electron Systems 

 

This section introduces correlations in materials by first explaining how uncorrelated 

materials can be modeled using an one-electron band picture, then pointing out why the 

model fails for certain materials, and finally describing how strong correlations in 

electronic systems are treated. Correlation in oxides and their classifications will be 

described. The section ends with a discussion on superexchange magnetic interaction, 

which is typically in 3d transition-metal oxides.  

 

 

§ 3.3 One-electron approximation 

 

A central task of condensed matter and materials physics is to describe how electrons 

behave in solids, because the electron eigenstates and eigenenergies determine many 

properties of a material. The nearly free electron picture provides the simplest 

description of solids: the valence electrons are dispersed among a background of 

immobile ion cores.** When atoms bond to form solids, the discrete electronic levels of 

the valence electrons are perturbed and create continuous bands. Valence electrons in the 

Fermi sea have kinetic energy. The electrons also have potential energy, derived from 

electrostatic interactions with ion cores and other electrons. Electron interaction with 

collective lattice displacement modes, phonons, can alter the energy of electronic 

eigenstates; such an interaction may be either electrostatic or mechanical. Therefore, 

using the Born-Oppenheimer approximation and neglecting the energy of the immobile 

ion cores, we end up with the following Hamiltonian for a crystal: 

 =� ���2� + 1
2�

��
4���|�� − ��′| −� ����

4������ −  ��� + !�"#$��, & �'
�,��,�′�

 

    (Eqn. 3.1) 

 where i and i’ index electrons participating in bonding  

j indexes ions,  

        p is the electron momentum,  

        m is the electron mass,  

         e the electron charge,  

         r the electron position,  

         Z the atomic number,  

             R0 the equilibrium position of the ion,  

     and δR its displacement.   

 

                                                 
** Although the tight-binding approach was used to discuss the electronic structure of perovskite 
oxides in Section 3.1, starting from the nearly free electron model paints a more vivid 
comparison and contrast between uncorrelated and correlated materials. Tight-binding is covered 
in later. 
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and all of the valence electrons, in principle, must be counted. The first term is the 

kinetic energy; second, electron-electron repulsion; third, electron-ion attraction; and 

last, electron-phonon interaction. Albeit harmless-looking, diagonalizing this 

Hamiltonian is, in practical terms, impossible. The summation of each term is over all 

ions and bonding electrons, amounting to ~1023 for a macroscopic sample.   

A model is only as good as the insight it gives us. Having the correct but 

insoluble many-body Hamiltonian is of no use to us. The task is to obtain a tractable 

model Hamiltonian. The one-electron approximation is an extreme simplification. It 

implies that the electronic dispersion of the system can be adequately modeled by 

considering how one test electron behaves in a mean-field potential V(r), which lumps 

together all of the potential energy terms in Eqn. 3.1. By assuming that all bonding 

electrons will behave as the test electron does, we need not perform the cumbersome 

summations in Eqn. 3.1. In crystalline materials, the ionic cores constitute a periodic 

potential; therefore, lattice periodicity is imposed on V(r). We will ignore the electron-

phonon interaction for now. The Schrödinger equation for a crystal becomes                               

∗)* = + ��2� + ,-�./)* = 0*)* 
(Eqn. 3.2) 

where H* is the one-electron Hamiltonian, and ψn and En are the nth
 one-electron 

eigenstate and eigenenergy, respectively. The single-particle Hamiltonian approximated 

from the many-body system not only is tractable, but also has been used since the mid-

20th century to successfully predict the electronic properties of a wide range of materials, 

and to classify them as metals, semimetals, semiconductors, and insulators. The 

interested reader is referred to several exemplary references [3-6].   

 Another approach to band theory that likewise neglects correlations in the many-

body problem is the tight-binding model. Instead of starting from a plane wave basis as 

in the free-electron approach, the basis set is comprised of atomic orbitals. Tight-binding 

is in the spirit of the discussion of Section 3.1. The orbitals are linked by chemical 

bonding expressed through an overlap (also called transfer or hopping) integral t. A tight-

binding Hamiltonian can be written in reference to real space sites i and j: [5] 

1� = −�2��$3�43� + 3�43�'
�,�

 

(Eqn. 3.3) 

where tij is the transfer integral between an orbital on site i and one on site j, and ci
+ and 

ci
 are electron creation and annihilation operators of an orbital on site i. Let us consider 

the case of a one-dimensional chain of N sites. We will assume only nearest-neighbor 

overlap: tij = t if i and j are nearest-neighbor sites and tij = 0 otherwise. The electron 

operators can be written in Fourier (k) space as  

3�4 = 1
√5�364�7�$89:; ⋅  :;�'

6
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3� = 1
√5�36′�7�$−89:;′ ⋅  :;�'

6′
 

where Ri is the real-space coordinates of site i and  :;� −  :;� = =;  for nearest neighbor sites i 
and j, where |=;| is the nearest-neighbor site-to-site distance or the lattice constant. There 
are N nearest-neighbor sites.†† All k ≠ k’ (-π/a ≤ k, k’ ≤ π/a) terms in ci

+cj are equal to 

zero. We get 

9:; ⋅ $ :;� −  :;�' = 9= 
We also can use the following relationships 

36436 = >6 
3?@-9=. = 1

2 A�7�-89=. + �7�-−89=.B 
where nk is the number operator of a state with momentum k. We finally see that the 

tight-binding Hamiltonian, starting with atomic orbitals, does indeed lead to eigenstates 

|k〉 within the first Brillouin zone which are dispersed in energy 

1� = −�223?@-9=.>6
6

 

(Eqn. 3.4) 

Eqn. 3.4 tells us that the electronic bandwidth resulting from nearest-neighbor bonding is 

4t. The tight-binding Hamiltonian HTB is a good starting point for describing transition-

metal d states, because they are generally less delocalized eigenstates than those of sp-

valent materials. The HTB as expressed in Eqn. 3.3 will be used heavily because of its 

physical, real-space appeal. 

 

 

§ 3.4 Failure of the one-electron approximation 

  

A priori we would not know whether the overly simplistic one-electron Hamiltonian H* 

or HTB can capture the properties of real materials. Perhaps we should not be surprised 

that the model may not hold for certain materials; rather, we should wonder how it can 

be valid for any materials system. Its versatility in capturing the electronic behavior of 

many sp-valent materials justifies the approximation of a collection of quasi-independent 

particles residing in some type of mean field. We understand such systems to be weakly 

correlated or uncorrelated.   

From Eqns. 3.2 and 3.4, we see that in a one-electron picture, the electronic 

states do not explicitly depend on the number of electrons in the system; therefore 

inherent to the approximation, electron-electron interactions cannot be treated 

                                                 
†† In principle, for the case of a linear chain, there are N-1 nearest neighbor sites, but with 

periodic boundary conditions, there are N. 
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appropriately with this over-simplified model. Furthermore, the mean-field 

approximation becomes invalid when interactions, including electron-electron and 

electron-phonon coupling, are strong and short-ranged. Such systems are strongly 

correlated. For example, a similar mean-field approach has been effectively used to 

describe superconductivity in conventional superconductors, in which Cooper pairs span 

a large spatial extent. The model, however, fails to describe high-Tc ceramic oxide 

superconductors, in which Cooper pairs are much smaller—on the order of atomic 

spacings. Transition-metal oxides, with d-valent cations, exhibit strong correlations; 

hence, Eqns. 3.2 and 3.4 do not adequately model the electronic properties of this class 

of materials.     

 

 

§ 3.5 The Hubbard model 

 

Mott was the first to eloquently articulate the need to formulate a new framework to 

explain the electronic behavior of transition-metal oxides [7], pointing out that the one-

electron, independent-particle theory would predict insulating NiO to be metallic. NiO is 

a nearly ionic compound with Ni2+ and O2- ions. Mott speculated that electrical 

conduction in NiO would require the formation of Ni+ and Ni3+ cations by the following 

“reaction”:  

2Ni2+ → Ni+ + Ni3+ 

The reaction needs energy input; thus the ground state of NiO is insulating. The inability 

of electrons to move freely in NiO is a manifestation of short-ranged electron-electron 

repulsion, a form of electronic correlation. This argument remains as good of a 

conceptual explanation today as it was when Mott proposed it in 1949 [7].      

Owing to correlations in some materials as exemplified by NiO, bonding 

electrons may not be as free as is suggested by the one-electron Hamiltonian H* or HTB. 

Although Eqns. 3.2 and 3.3 are not valid in describing, even qualitatively, transition-

metal oxides, we cannot automatically retreat to Eqn. 3.1 since it is not solvable. The 

approach taken by Hubbard is to add a term that represents strong electron correlation to 

the Hamiltonian [4,5]:    

′ = −�2��$3�C4 3�C + 3�C4 3�C'
�,�,C

+�D�>�↑>�↓
�

 

 (Eqn. 3.5) 

where i indexes bonding orbitals with strong correlation, niσ is the electron number 

operator of orbital i and spin σ, and Ui is the on-site potential associated with the ith 

orbital. The tight-binding model is appropriate as a starting point because the 3d states of 

transition-metal oxides are expected to be fairly localized. In the Hubbard model (Eqn. 

3.5), there is an energy cost of U for both spin-up and spin-down electrons to be in the 

same orbital. In contrast, the one-electron picture assumes spin degeneracy, whereby 

electrons of both spins can occupy the eigenstates of the same spatial component 
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simultaneously. Consequently, on-site repulsion in transition-metal oxides often results 

in moments, magnetic interactions, and long-range magnetic order—a topic to be 

covered in Section 3.7.   

Electron-electron repulsion splits the spin degeneracy of levels, resulting in the 

formation of lower and upper Hubbard bands (LHB and UHB) separated by the 

potential energy U that needs to be overcome for electrical conduction. Encapsulated in 

HTB is the net electron kinetic energy gained as result of the condensation of atoms into a 

solid with a periodic lattice. Kinetic energy can be represented by electronic bandwidth 

(B). From Eqn. 3.4, B = 4t. If the kinetic energy overwhelms the on-site potential energy, 

i.e. B > U, there is overlap between the LHB and UHB (Fig. 3.8), and the material is a 

correlated metal. Conversely if U > B, there is no overlap, and the material is a Mott 

insulator. For Mott insulators, the gap is approximately U – B. We see that correlations 

can, but do not necessarily, localize electrons of would-be metallic systems. 

Furthermore, the Hubbard Hamiltonian should not be viewed as the perfect model for 

correlated insulators; it is simply the best we have at the present. There is no definite way 

to determine U, and computational results can be entirely (pre)determined by the initial 

input value of U. In describing the Hubbard model, Marder says in his textbook that 

“there is no better illustration of the difficulties involved in progressing systematically 

beyond the one-electron pictures of solids.” [4]      

 

 

 

 

 

 

Figure 3.8. Schematic density of states (DOS) plots of (a) a Mott insulator with a gap between 
the LHB and UHB and (b) a correlated metal with band overlap. The filled states are shaded. 
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§ 3.6   A comment on the classification of correlated insulators 

 

As noted previously, the electrical conduction in transition-metal oxides can be 

envisaged as the flow of an electron from a cation to a neighboring cation. For an 

arbitrary cation of oxidation state v+ (Mv+), the reaction responsible for conduction is 

2Mv+ → M(v-1)+ + M(v+1)+ 

Energy is required for the ionization of Mv+ to a higher oxidation state, but then upon 

getting an extra electron, a neighboring cation lowers its energy. Finally, the extra 

electron at the M(v-1)+ site and the hole at the M(v+1)+ site are bound by the Coulomb 

interaction. Therefore, the energy U required for excitation from the LHB to the UHB 

can be approximated as [8] 

 

D = GH − 0IH − ��
4���� 

where Iv and EAv are the ionization energy and electron affinity of M
v+ respectively, r is 

the distance between nearest-neighbor transition-metal cations, and -e2/4πε0r is the 

electron-hole Coulomb attraction energy. 

 Zaanen et al. further classified correlated insulators into two types: Mott-Hubbard 

insulators and charge-transfer insulators [9]. Conduction can be visualized in another 

way—electrons moving from oxygen anions to transition-metal cations, i.e.  

Mv+ + O2-  → M(v-1)+ + O- 

The excitation energy here is 

 

Δ = G� − 0IH − ��
4����′ 

where ∆ is the charge-transfer energy, IO is the ionization energy of O
2-, and r’ is the 

nearest-neighbor anion-cation distance. If B < U < ∆, the material is a Mott-Hubbard 

insulator. If B < ∆ < U, the material is a charge-transfer insulator. The charge-transfer 

gap is approximately ∆ – B.   

 Such a classification is somewhat artificial, as it assumes the perfect ionic limit. 

Bonds between transition-metal and oxygen atoms always exhibit a degree of covalency, 

so the relevant eigenstates of the solid must be partly transition-metal 3d and partly 

oxygen 2p in character. From the categorization of perovskite oxides tabulated by Arima 

et al. [10], the apparent distinguishing factor between Mott-Hubbard and charge-transfer 

insulators is the degree of hybridization of the highest occupied state. Insulating 

compounds with electrons occupying eg states are more charge-transfer-like, whereas 

insulator compounds with only t2g electrons are more Mott-Hubbard-like.       

 The term “Mott insulator,” without distinction between Mott-Hubbard and 

charge-transfer insulator, will be used throughout the dissertation. 
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§ 3.7 Magnetism in correlated oxides 

 

As was shown Eqn. 3.5, an on-site potential naturally favors unpaired electrons. 

If there is a mechanism for exchange coupling among the spins of the unpaired electrons 

of different sites, then long-range order is possible in complex oxides. The fact that many 

3d transition-metal oxides do exhibit a disordered paramagnetic state at high 

temperatures and magnetic ordering at low temperatures further justifies using the 

Hubbard model as a baseline to describe these materials. The issue of magnetic ordering 

is particularly important in Chapter 5.  

 It turns out the relevant magnetic interaction between adjacent transition-metal 

cations in oxides is made possible by bonding with the oxygen anions; this is known as 

superexchange. The concept of superexchange as we understand it today can be traced 

back to the Kramers’s idea of an exchange mechanism between moments mediated by 

nonmagnetic atoms, and in the case of the oxides, the nonmagnetic mediators of 

magnetism are the oxygen anions [11]. Anderson formulated Kramer’s concepts further, 

made predictions on the sign of the superexchange interaction for some model cases, and 

distinguished the superexchange effects in MnO for 90o and 180o Mn-O-Mn bonds [12]. 

The language of orbitals and hybridization were introduced by Goodenough [13,14] and 

Kanamori [15] who made predictions for the sign and strength of the exchange 

interactions for a variety of transition-metal perovskites. The generalizations that they 

made are referred to as the Goodenough-Kanamori rules. The discussion of magnetic 

ordering in oxides herein and throughout this dissertation will be largely based on their 

work, as there has not yet been a more accurate or physically satisfying model proposed 

since to describe the magnetism in transition-metal oxides. Goodenough’s text, printed 

in 1963, still remains the best and most physically transparent monograph on the subject 

[16]. 

 

 

3.7.1  Antiferromagnetic coupling from superexchange 

 

Let us start with the simplest example of a two-site system with one orbital and one 

electron in each site. The two orbitals are connected by a hopping term t. For transition-

metal oxides, t may refer to 3d/2p σ or π bonding. The question is whether the spins of 

the two electrons are coupled. A calculation of the exchange interaction of this situation 

starting from the Hubbard Hamiltonian (t-J model) can be found elsewhere [17]. A 

qualitative description is presented here. By studying the Hubbard Hamiltonian H’, we 

see the system can lower its energy by the allowing electrons to hop from one site to 

another. Schematically shown in Fig. 3.9, if the relative spin orientation is antiparallel, 

the energy cost will be the on-site potential U, and if the relative spin orientation is 

parallel the energy cost will be associated with disobeying the Pauli exclusion principle. 

For relevant energy scales of solids, the Pauli exclusion principle must always be obeyed; 

therefore, ferromagnetic alignment is not possible in this situation. Because of the energy 

penalty U, hopping of electrons that are aligned antiparallel must be transient (or 
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virtual). To express magnetic interaction, we would like to attain an exchange 

Hamiltonian of the form 

!K = LM;N ∙ M;� 
For t ≪ U, it can be shown that antiparallel moment alignment is the lowest energy state, 
and the antiferromagnetic exchange energy is given by [17]  

L = 22�
D  

Here, a positive J signifies antiferromagnetic coupling. We need t to be non-negligible to 

allow for exchange interaction through chemical bonding; however, t cannot be too large 

as to destabilize the Mott insulating state. For t ≫ U, it can be shown that the 
diamagnetic, metallic state has the lowest energy—as expected for uncorrelated or 

weakly correlated materials [17]. 

 

 

Figure 3.9. Schematics of the transient hopping with amplitude t in a two-site system with one 

orbital and one electron per site. The hopping in the case of (a) parallel moment alignment incurs 
an energy penalty associated with violating the Pauli exclusion principle, while in the case of (b) 
antiparallel moment alignment incurs a energy penalty of the on-site potential U. 

 

 

3.7.2   Ferromagnetic coupling from superexchange 

 

The Hamiltonian H’ in Eqn. 3.5 is actually more suited for a system that contains only 

one orbital per site. In considering multiorbital sites, we must include a term to account 

for the propensity of each site to maximize its total spin momentum. We can call this 

added energy term the on-site Hund energy JH, and extend H’ to get   

" = − � 2�"�"′$3�"C4 3�"′C + 3�"′C4 3�"C'
�,",�,"′,C

+�D�">�"↑>�"↓
�,"

+ � L�S>�"↑>�"′↓
�,","′T"
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where the first index of the electron operators (i and j) account for the site, the second 

index (p and p’) account for the orbital within each site, and the third index (σ) accounts 

for the spin. Exactly as in the case of H’, H” includes an on-site (on-orbital) energy 

penalty of the pairing of electrons in orbital p on site i (Uip). The Hund energy is added as 

an energy penalty for not maximizing the spin angular momentum of each multiorbital 

site i (Ji
H). 

 Within this Hamiltonian, we are now equipped to study how ferromagnetic 

coupling can also emerge from superexchange interactions. We will investigate the 

hypothetical case of a linear transition metal/oxygen/transition metal bond, considering 

only the x2-y2 and z2 orbitals and one electron per transition metal. Then the only bond is 

the σ bond between the transition-metal x2-y2 and oxygen p orbitals, and the z2 orbital is 

nonbonding.  

Let us consider a special case of a type of charge and orbital ordering. First, we 

will enforce charge order; that is, we add yet another energy penalty (V) for two 

electrons to be on different orbitals of the same site, i.e. 

^ = ′′ + � V�>�"C>�"′C′
�,","WX",C,CW

 

Furthermore, we enforce that the electron on the one transition metal prefers to occupy 

the x2-y2 orbital (in site 1 of Fig. 3.10) and the electron in the other transition metal 

prefers to occupy the z2 orbital (in site 2 of Fig. 3.10).‡‡ If t ≪ υ, the added term 

effectively renders the hopping of the electron on the left to the right side as transient 

(virtual); that is, it must spend most of its time on the left side. A qualitative description 

will be given here, and a more rigorous treatment with all of the appropriate arguments 

can be found in Appendix A.3. 

 In order to lower the energy of the system, the electron on left side (see Fig. 3.9) 

will want to hop to the x2-y2 orbital on the right side. The question is whether this 

hopping induces magnetic exchange. When the electron in the z2 orbital has a different 

spin orientation from the hopping electron, the system is penalized an energy JH. 

Therefore, parallel alignment of electrons is favored—ferromagnetic coupling. From 

these simple arguments, we learn two important things. First, localized moments in 

insulating oxides with the aforementioned orbital configuration can have ferromagnetic 

interaction. The second important realization is that without such charge and orbital 

restrictions, a multiorbital system that is not perfectly half-filled can easily be a 

diamagnetic and ferromagnetic metal even if B = 4t is smaller than U. These ideas 

pervade the discussions in Chapters 4 and 5. 

  

                                                 
‡‡ This is a case of orbital ordering, which will be discussed in greater detail in Chapter 5. Here, 
we have demanded such an orbital condition on the system without justifying its origins. Also, 
the energy associated with such ordering is not specifically taken into account in the Hamiltonian 

H’’. Although all of these restrictions may seem somewhat arbitrary, they are quite commonplace 

in transition-metal perovskites because of the strong coupling among the charge, orbital, spin, 
and lattice states. 
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Figure 3.10. Schematics of the transient hopping with amplitude t in a two-site system with two 

orbitals and one electron per site. The hopping in the case of (b) antiparallel moment alignment 
incurs a Hund energy penalty, while in the case of (a) parallel moment alignment it does not. 
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This chapter discusses an insulator-metal transition in LaTiO3 thin films induced by 
heteroepitaxial strain. The data presented here suggest that metallic conduction can be 
realized in epitaxial tetragonally distorted LaTiO3 thin films on (001) SrTiO3 substrates, 
while films grown on (110) DyScO3 and GdScO3 substrates are insulating.

*  These results 
illustrate the sensitivity of electrical transport to lattice effects and demonstrate the 
tunability of correlated oxide thin-film properties through substrate-induced tetragonal 
deformation.  

There has been renewed interest in LaTiO3 after reports of metallicity in 
LaTiO3/SrTiO3 superlattices that was attributed to Mott/band insulator interfacial 
electronic reconstruction, arising from the Ti3+/Ti4+ charge discontinuity at the interface 
[1]. Metallic conduction was thought to occur only at the interface with SrTiO3. 
Interfacial polar discontinuity will be discussed in greater detail in Chapter 6. However, 
it will be argued here that since LaTiO3 has a small Mott gap of ~0.1 eV, measured 
optically [2], the material itself is on the brink of an electronic transition; therefore, any 
small external perturbation can profoundly alter its electronic properties. Lattice strain 
from heteroepitaxy will be shown to be capable of inducing an electronic transition in 
LaTiO3. Hence, in addition to any possible interfacial effects in superlattices, the role of 
lattice distortions must be examined carefully. 
 Prior to the presentation of the experimental data, properties of bulk LaTiO3 will 
be overviewed. Special emphasis is placed on how and why LaTiO3 is near an electronic 
instability. The growth conditions and transport properties of LaTiO3 will then be 
shown, followed by a systematic presentation of reference samples to test for other 
possible sources of metallic conduction measured in strained LaTiO3 films on (001) 
SrTiO3 substrates. The findings here will be compared to a recent computational study 
on the electronic structure of strained LaTiO3 [3]. The chapter ends with comments and 
an outlook on other perovskite oxides that may be susceptible to strain-induced metal-
insulator transitions.  
 
 

§ 4.1  Proximity to electronic instability of bulk LaTiO3 

 

Electron correlations are thought to be important for most 3d transition-metal perovksite 
oxides. In the limit of on-site potential energy (U) being much greater than transfer 
integral (t) between neighboring electronic sites (U ≫ t), the Hubbard Hamiltonian 
applied to a system of exactly half-filled orbitals invariably yields an insulating state with 
antiferromagnetically coupled electrons. One can think of such a system as a canonical 
Mott insulator. However, because of the orbital degeneracy of the t2g and eg states, for 
many materials these states are not exactly half-filled. Although antiferromagnetic 
insulators are predicted for systems with half-filled orbitals, when interacting orbitals are 

                                                 
* Substrate orientations will be discussed in Section 4.2. 
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not exactly half-filled, there is ambiguity as to whether ferromagnetism, 
antiferromagnetism, or no long-range ordering is most stable; furthermore, it is unclear 
whether the material would be a metal or insulator. The charge, spin, orbital, and lattice 
states can be intimately coupled. 
 LaTiO3 is a 3d

1 transition-metal system, with one d electron occupying the three-
fold degenerate t2g levels. In fact, when the one electron randomly occupies any of the 
three orbitals, i.e. exercises its orbital degree of freedom, the antiferromagnetic, 
insulating state becomes unstable. It is precisely this electronic instability that can be 
exploited through heteroepitaxial strain of LaTiO3 films. Further details on the role of 
orbital degeneracy in systems with orbitals that are not exactly half filled can be found in 
Appendix A.3.   

In bulk form, LaTiO3 is a Mott insulator that exhibits an orthorhombic GdFeO3-
type distortion [4,5], which is a relaxation mechanism for a tolerance factor less than 1. 
A brief discussion of the tolerance factor can be found in Section 3.2. The reduction of 
symmetry from a cubic to an orthorhombic structure can also break the degeneracy of 
electronic levels, and can then lead to preferential occupation of a certain t2g orbital(s) 
rather than occupation of each of the three with equal probability. If the occupational 
preference of the different electronic states is weak, then the system is susceptible to 
orbital fluctuations, leading to instabilities of both the insulating state and long-range 
magnetic ordering of Mott insulators. This scenario seems to be the case in bulk LaTiO3; 
although it is an antiferromagnetic Mott insulator, its moment is only 0.45 µB per Ti site 
[6]—reduced from the expected 1 µB. In a computational study, Pavarini et al. showed 
that distortions of the oxygen octahedra in 3d1 perovskite oxides can play a large role in 
suppressing orbital fluctuations and therefore stabilize not only the charge and orbital 
order but also the magnetic order of these systems [7].  

Other compounds of RTiO3 (R = trivalent rare-earth cation) also exhibit similar 
GdFeO3-type distortions, wherein adjacent octahedra rotate about a common axis but in 
the opposite sense. Rotations about the [001] axis is schematically shown in Fig. 4.1b. 
The Ti-O-Ti angle between adjacent octahedra is reduced as a result, and the angle is 
used to quantify the degree of lattice distortion. Though the distortion in LaTiO3 is 
orthorhombic rather than tetragonal to accommodate for internal lattice strain, the focus 
here will be on the local Ti-O-Ti bond angle and not the symmetry of the unit cell. For 
an orthorhombic distortion, the axis of collective octahedral rotations is <110>-type, but 
the key result is still reduced Ti-O-Ti bond angles. Figures 4.1c and 4.1d show a 
schematic representation of the change of π bonding between transition metal d orbitals 
with an oxygen 2p orbital as a result of bond rotation.    

The Ti-O-Ti bond angle changes depending on the rare-earth cation in the A site. 
Compared to bulk LaTiO3 with a Ti-O-Ti bond angle of 157

o, YTiO3 has a smaller angle 
of 140o [5]. Greater deviation from the ideal angle of 180o results in reduced 
hybridization of orbitals of adjacent atoms, i.e. electronic bandwidth; therefore, YTiO3 
has a much larger bandgap than LaTiO3, ~1 eV  compared to ~0.1 eV [2]. The 
significance of the role of local structural distortions in the titanates is exemplified by 
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bulk studies on La1-xYxTiO3; La
3+ and Y3+

 have the same valence, but the difference in the 
ionic radii of La3+ and Y3+ leads to an increase in magnitude of the GdFeO3 distortion 
and subsequently an increase in magnitude of the bandgap Eg as x approaches 1 [8].  
Furthermore, Crandles et al. investigated the gradual closing of the Hubbard gap, owing 
to changes in the tolerance factor and hence in electronic bandwidth, using optical 
absorption of Ti3+ titanites with different A-site cations [9].  
 

 

 
Figure 4.1. Schematics of the BO2 plane (a) with and (b) without octahedral rotations about the 
[001] axis. Schematics of bonding between the Ti 3dxy and O 2py orbitals with a Ti-O-Ti bond 
angle (c) equal to and (d) less than 180o. 

Although significant D3d distortions to the oxygen octahedra [5,10] and even 
Jahn-Teller distortions [11] have been claimed to stabilize the antiferromagnetism and 
induce orbital ordering of LaTiO3, neutron scattering [12] and nuclear magnetic 
resonance [13] studies show no signs of orbital ordering in LaTiO3, whereas staggered 
orbital ordering in YTiO3 is clearly visible [13,14]. The staggered orbital ordering is 
directly related to the observed ferromagnetism [5], and this relation is fully expected 
according to the Goodenough-Kanamori rules. Ferromagnetic coupling arising from 
staggered orbital ordering is introduced in Section 3.7.2 and will be discussed in the 
context of the manganites in Section 5.2.  
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Much of the investigation of bulk LaTiO3 suggests that it is indeed near an 
electronic instability, and it is possible to induce an insulator-metal transition through 
thin-film heteroepitaxy. There have been many investigations on effects of chemical 
substitution [8,15-20], cation vacancy [21], and hydrostatic pressure [16] on atomic 
structure, electronic band filling, and electrical and magnetic properties of bulk LaTiO3; 
the work on substrate-induced strain effect should compliment bulk studies.   

There have been several thin-film studies of LaTiO3 [22-24] and La1-xSrxTiO3
 

[25,26], but the effects of epitaxial strain have not been carefully examined.  The small 
band gap of LaTiO3 makes it a particularly promising candidate to study an insulator-
metal transition through changes in the electronic energy bandwidth induced by 
heteroepitaxial lattice perturbations. 
 
 

§ 4.2  Growth and structure of LaTiO3 thin films 

 
The LaTiO3 stoichiometry is difficult to stabilize in the bulk, because Ti prefers a 4+ to a 
3+ oxidation state. Therefore, in fact many of the bulk properties of LaTiO3 are still 
controversial, including its low-temperature antiferromagnetic state, as mentioned in 
previous sections. However, assisted by heteroepitaxial growth on an isostructural 
substrate and the typically reducing nature of the pulsed-laser deposition, LaTiO3 thin 
films can be grown rather routinely.    
 Starting from a more oxidized La2Ti2O7 target, Ohtomo et al. reported the 
stabilization LaTiO3 thin films on perovskite substrates for oxygen partial pressures 
below 10-4 Torr over a range of 650 to 950 oC [22]. They used a combination of x-ray 
diffraction, scanning transmission electron microscopy, and electron energy loss 
spectroscopy to distinguish the LaTiO3 and La2Ti2O7 phases. Both x-ray diffractometry 
and electron microscopy revealed that a LaTiO3 film on a (001) SrTiO3 substrate can be 
grown under appropriate deposition conditions, and there are no reflections from 
possible La2Ti2O7 secondary phases. 
 In principle to grow a more reduced phase, it is best to deposit the film at high 
temperatures and low oxygen pressures. However, that combination may lead to oxygen 
vacancies in the substrates, which are particularly concerning for SrTiO3 substrates, 
where oxygen vacancies are known to be electrically active n-type dopants. Therefore, 
the compromise is to deposit LaTiO3 films in as low oxygen pressures as possible, but 
also at as low temperatures as possible while still maintaining relatively high thin-film 
crystalline quality. The deposition times should also be short. It can be viewed that a 
more reduced phase is achieved kinetically rather than thermodynamically.  
 Thin films of LaTiO3 were deposited in a vacuum of 5× 10-6 Torr, at 625 oC, with 
a 3 Hz laser pulse rate, using a fluence of ~1.4 J/cm2 on (001) SrTiO3, (110) DyScO3, 
and (110) GdScO3 substrates. Because DyScO3 and GdScO3 crystals are slightly 
orthorhombically distorted, a (110) plane corresponds to a pseudo-(001) plane in these 
pseudocubic crystals. Although DyScO3 and GdScO3 are orthorhombic, the interplanar 
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spacing d1-10 is extremely close to d002; since [1-10] and [001] are orthogonal in-plane 
directions, the in-plane symmetry of the scandate substrates is nearly four-fold. The 
(pseudocubic) lattice parameters for SrTiO3, DyScO3, and GdScO3 are 3.905, 3.942, and 
3.968 Å, respectively—hence providing different degrees of heteroepitaxial lattice stress 
on the overlying LaTiO3 film, whose bulk pseudocubic lattice parameter is 3.97 Å.†  
 Figure 4.2 shows atomic force microscopy (AFM) images of 34 nm LaTiO3 films 
on the three substrates; the images reveal atomically smooth surfaces. To check that the 
LaTiO3 phase is stabilized, 2θ with ω = 2θ/2 x-ray diffractometry scans were performed 
on all of the films, and the scans suggest that perovskite ABO3 films were indeed 
deposited isostructurally onto perovskite substrates (Fig. 4.3), showing only the 00l 
reflections of both the substrates (high-intensity peaks) and thin films (low-intensity 
peaks). Furthermore, ω scans about the 002 thin-film reflections reveal small full-width-
half-maximum values (Table 4.1).      
 
 

 
 

Figure 4.2. Atomic force microscopy images (5 µm × 5 µm) of LaTiO3 films on (a) SrTiO3, (b) 
DyScO3, and (c) GdScO3 substrates.  Despite the particulates in image (c), the underlying film is 
still atomically smooth. 

                                                 
† † The pseudocubic lattice parameters for the scandates and LaTiO3 are calculated as averages of 
their d1-10 and d002 interplanar spacings. 
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Figure 4.4a is a high-resolution cross-sectional transmission electron microscopy 
(TEM) image of a LaTiO3 film on a SrTiO3 substrate at the film/substrate interface, 
showing epitaxial film growth. The fast Fourier transform of the image indicates that the 
film is single-phase and isostructural to the substrate. In addition, TEM imaging also 
confirms that the perovskite ABO3 structure and the [001] growth orientation is 
preserved throughout the entire film, as seen in Fig. 4.4b which shows a section of the 
film away from the interface. Numerous images at different locations and magnifications 
on the sample were taken, and there was no indication of the oxygen-rich La2Ti2O7 

phase, whose structure in bulk [27] and thin-film [22,28] form have been reported in 
previous TEM studies. Therefore, the samples are expected to be nearly stoichiometric 
LaTiO3, although this study does not include a measurement of possible slight 
nonstoichiometries.   

   
 

 

Figure 4.3. 2θ scans of the out-of-plane 00l reflections. 

Table 4.1.  In-plane and out-of-plane lattice parameters (a and c) of 34 nm LaTiO3 films grown 
on different substrates.  Strain components associated with volume dilation and tetragonal 
distortions are estimated for each sample.   

Substrate a (Å) c (Å) FWHM (o)* εεεεxx+εεεεyy+εεεεzz    2εεεεzz-εεεεxx-εεεεyy 

GdScO3 3.968 3.991 0.075 0.43% 1.16% 

DyScO3 3.944 4.014 0.07 -0.20% 3.52% 

SrTiO3 3.905 4.015 0.06 -2.14% 5.54% 

*full-width at half-maximum of the 002 reflection 



 

Figure 4.4. Cross-sectional transmission electron micrographs of (a) the SrTiO
and (b) the only LaTiO3 film along the [100] zone axis.
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GdScO3 substrates were likewise mapped out to determine in-plane and out-of-plane 
lattice parameters (Table 4.1). The in-plane and out-of-plane lattice parameters presented 
in Table 4.1 were determined by x-ray scans taken by S.-H. Baek of Materials Science 
and Engineering, University of Wisconsin, Madison. The small degree of orthorhombic 
in-plane distortion from the scandate substrates amounts to less than 0.005 Å difference 
in in-plane interplanar spacings, and is difficult to detect in thin films because of the lack 
of diffracted intensity owing to finite size. In summary, all of the films are coherently 
strained in plane to conform to the underlying substrates.   

 

 
Figure 4.5. Reciprocal lattice map of the 103 reflection of the SrTiO3 substrate (more intense 
peak) and the LaTiO3 thin film (less intense peak). 

 
§ 4.3  Substrate-dependent electrical transport of LaTiO3 films 

 

Electrical transport measurements in the van der Pauw geometry were performed on the 
films. Figure 4.6 shows resistivity curves of 34 nm LaTiO3 film on SrTiO3 as well as 
LaTiO3 films of the same thickness grown on DyScO3 and GdScO3 under the same 
deposition conditions. While the LaTiO3 film on SrTiO3 displays metallic behavior, 
LaTiO3 films on both DyScO3 and GdScO3 are insulating—though LaTiO3 on GdScO3 
exhibits higher resistivity than LaTiO3 on DyScO3 over the entire measured temperature 
range.   

Furthermore, LaTiO3 films on SrTiO3 are metallic for all film thicknesses 
measured in this study. Fig. 4.7a shows that the metallic resistivity curves of the different 
samples overlay one another for film thicknesses from 15 to 45 nm.  The magnitude and 
temperature dependence of the resistivity values are comparable to those of the metallic 
d1 perovskite oxide ReO3 [29]. Spectroscopic features of ReO3 suggest that its free 
carriers are sufficiently mobile to screen would-be correlation effects [30]. An insulator-
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metal transition in LaTiO3 may result in a similar effect. The inverse scaling of sheet 
resistance at 300 K with film thickness is shown in Fig. 4.7b. In Fig. 4.7c, it can be seen 
that specifically the sheet carrier concentration values increase roughly linearly with film 
thickness, indicating that higher sample conductance in thicker films is due to more 
carriers rather than higher mobility. This scaling is evidence that the metallic conduction 
occurs in the entire film. It is found by x-ray diffraction that over this thickness range, the 
out-of-plane lattice parameter of the LaTiO3 does not noticeably change, suggesting 
preservation of thin film/substrate coherence. 

Hall effect measurements were performed on the 34 nm LaTiO3 film on SrTiO3 
to decouple the carrier concentration and mobility over the temperature range from 3 K 
to room temperature (Fig. 4.8).  The carriers are electron-like.  The carrier concentration 
is fairly temperature-independent and corresponds to an average of 0.77 electrons per Ti 
cation.  Its Hall mobility has a power-law dependence at high temperatures, µH ∝T -3.07, 
and the main scattering mechanism likely is carrier interaction with optical phonons. 
Carrier mobility limited by optical phonons, particularly the longitudinal modes, is 
common in polar oxide materials. At low temperatures, the resistivity is governed by 
scattering by defects in and at the boundaries of the sample, and the mobility saturates to 
~104 cm2/Vs. Attempts in performing Hall effect measurements on the LaTiO3 films on 
DyScO3 and GdScO3 resulted in data that translate to very low effective mobility values 
(< 1cm2/Vs), which correspond to mean free paths smaller than a lattice constant, thus 
suggesting non-Boltzmann-like transport. Therefore, meaningful carrier concentration 
and mobility values cannot be easily deduced from Hall effect measurements on these 
samples. Regardless, it can still be inferred that the reason for the low conductance of 
these samples is immobile electrons rather than the lack of carriers, as would be expected 
for conventional semiconductors or insulators.  

 

 

Figure 4.6. Resistivity curves of the three 34 nm LaTiO3 films on (001) SrTiO3, (110) DyScO3, 
and (110) GdScO3 substrates. Difficulties in maintaining an ohmic contact on an insulating 
sample contributed to the noise at low temperatures observed in LaTiO3 on GdScO3. 
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Figure 4.7. (a) Resistivity of LaTiO3 thin films of different thicknesses on (001) SrTiO3 substrates. 
Film thickness-dependent variations in (b) sheet resistance and the (c) sheet carrier concentration 
measured at 300 K.   

 

 

Figure 4.8. Hall mobility (µH) and carrier concentration (n) of the 34 nm LaTiO3 film on a 
SrTiO3 substrate.    
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§ 4.4  Strain-induced metallicity of LaTiO3 films on SrTiO3 substrates 

 

It is common to probe the electronic properties of crystalline bulk oxides under 
hydrostatic pressure, which can cause two different and somewhat competing effects: (1) 
the shortening of bonds, which increases hybridization and therefore the transfer 
integral, and (2) rotation of bonds, which decreases the transfer integral. The following 
dependence of π bonding (t2g) matrix element of a single transition metal-oxygen bond 
can be shown to be [31] 

���� ∝
1

�	/�
|���| 

where λ is the bond length and θ is the bond angle as illustrated Fig. 4.1d. For the 
electrons to have high kinetic energy, the bonds should be as short as possible but 
without significant bond rotations. Experimentally, hydrostatic pressure on LaTiO3 has 
been shown to result in higher sample conductance, but an insulator-metal transition 
was not induced [16]. Nevertheless, based on these finding, it appears that some degree 
of compression can be introduced to LaTiO3 without causing significant bond rotations 
so that the band kinetic energy of electrons would increase. Unlike hydrostatic pressure 
studies on bulk crystals, higher magnitudes of lattice distortions can be readily achieved 
in heteroepitaxial films; furthermore, the inherent anisotropy of heteroepitaxial strain 
can be exploited, particularly when the tuning parameter of interest is lateral 
conductivity.    

The metallic behavior of LaTiO3 films on SrTiO3 versus the insulating behavior 
of LaTiO3 films on DyScO3 and GdScO3 substrates can be correlated with the atomic 
structure of the LaTiO3 films. Since detailed structural characterization indicates that the 
LaTiO3 films are coherently grown on all substrates with a high degree of crystallinity 
and smooth surfaces, the electronic transition cannot be attributed to differences in 
microstructure or defect structure.  

The observation of insulating to metallic behavior that depends on the choice of 
underlying substrate indicates that lattice distortions profoundly modify the electronic 
structure of LaTiO3. As there is no off-diagonal element shear strain in (001) 
heteroepitaxy; only volume dilation and tetragonal distortion need to be considered. The 
strain tensor elements are defined in Appendix A.1. From the measured in-plane and 
out-of-plane lattice parameters, the volume dilation εxx + εyy + εzz and an element 
representing the degree of volume-preserving tetragonal distortion 2εzz – εxx – εyy can be 
deduced (Table 4.1). LaTiO3 is virtually lattice-matched with the GdScO3 substrate; 
hence, there is little in-plane compression. In the LaTiO3 film on DyScO3, the film is 
under a slight compressive strain (-0.7%) and exhibits resistivity values from a factor of 
about two at room temperature to more than two orders of magnitude at low 
temperatures lower than those of LaTiO3 on GdScO3. Finally under a larger compressive 
strain (-1.6%), LaTiO3 films on SrTiO3 films undergo a lattice-induced insulator-metal 
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transition. Greater in-plane compression yields structural anisotropy, resulting in 
metallic conduction in LaTiO3 on SrTiO3.   

It appears that on SrTiO3, the strained LaTiO3 film is distorted to the degree that 
its kinetic energy—electronic bandwidth—overwhelms the potential energy—on-site 
repulsion energy. The implication is that the in-plane compression shortens the Ti-O 
bonds without excessively reducing the Ti-O-Ti bond angle, leading to a net increase of 
hydridization and hence greater kinetic energy—consistent with the aforementioned 
hydrostatic pressure studies of bulk crystals. It is unclear whether that volume 
contraction or tetragonal distortions are more important in inducing metallicity in 
LaTiO3. The two contributions cannot be systematically separated out in heteroepitaxial 
systems, as elastic deformation is not volume-preserving. In general for many similar 
oxides, in-plane compression (tension) leads to volume contraction (expansion). 
Furthermore, from lattice parameters listed here, it is possible that the degree of strain is 
large enough that the films on SrTiO3 substrates are beyond the linear regime of 
elasticity. It has also been argued that a localized-to-itinerant (insulator-metal) transition 
typically comes about with volume contraction owing to the shortening of bonds 
between the transition metal and oxygen [32]; if this statement is applicable for a variety 
of oxide materials, it may suggest that achieving insulator-metal transitions through in-
plane thin-film compression should be particularly effective. However, as will be shown 
in Chapter 5, this condition is by no means general. In any case, it is clear than the in-
plane compression is important to the insulator-metal transition in LaTiO3 thin films. 

Although the tetragonal distortions in LaTiO3 films on DyScO3 are insufficient to 
induce metallicity, it is speculated the slight in-plane compression produces a larger 
bandwidth of occupied states and hence higher electronic kinetic energy and 
conductance in LaTiO3 on DyScO3 compared to that on GdScO3.  In order to fully 
understand metallic conduction in LaTiO3 on SrTiO3, electron-phonon interactions in 
tetragonally deformed LaTiO3 thin films must be also explored. Phonon dispersion in 
distorted LaTiO3 and electron-phonon interactions are topics that warrant further 
attention in future studies. 

Ishida and Liebsch considered tetragonal distortions in LaTiO3 and found 
broadening of the t2g bands compared to the orthorhombic bulk structure [3]. The in- and 
out-of-plane lattice parameters that they used for the strained LaTiO3 on SrTiO3 were 
3.92 and 4.01 Å respectively, corresponding to εxx + εyy + εzz = -1.52% and 2εzz – εxx – εyy 
= +4.53% [3]; though not exactly the same, their values are comparable to the 
experimental values in this work. Their calculations show that tetragonally distorted 
LaTiO3 on SrTiO3 exhibits metallicity, while orthorhombic bulk LaTiO3 is an insulator. 
The metallicity observed in the LaTiO3 films on SrTiO3 reported here is qualitatively 
consistent with their claim that bonding effects, in the form of reduced magnitude of t2g 
band splitting‡ and enhanced electron bandwidth near the Fermi level, are important 
factors in the stabilization of a metallic ground state in tetragonally deformed LaTiO3. 
However, one of the shortcomings of their computational study is that they did not take 
                                                 
‡ There is energy splitting of the t2g-like bands because of noncubic distortions. 



50 
 

into account rotations and tilting of the oxygen octahedral cages. Such distortions result 
in deviation of the Ti-O-Ti bond angle from 180o, as is visualized in Figs. 4.1b and 4.d, 
and can therefore lead to reduction in bond hybridization. Regardless, experimentally, 
metallicity can be achieved in tetragonally deformed LaTiO3 films on SrTiO3 substrates. 

We also cannot ignore the role of electron-electron correlations even in the 
metallic state of LaTiO3. Given the high mobility values measured in LaTiO3 films on 
SrTiO3 substrates, electron-electron interactions intrinsic to LaTiO3 are not strong 
enough to limit the mobility of the films. The role of screening effects at the LaTiO3 
film/substrate interface must also be considered since SrTiO3 has a high and highly 
temperature-dependent dielectric constant, whereas the dielectric response of DyScO3 
and GdScO3 are lower and constant with temperature [33].  The fact that metallic 
behavior is not observed in a LaTiO3 film on 10 nm SrTiO3-buffered DyScO3 substrate 
(as will be further discussed in the next section) suggests that dielectric screening is not 
the primary cause of metallicity and has, at most, a second order effect in carrier 
itineracy, such as allowing for high mobility. It is possible that dielectric screening from 
the SrTiO3 substrate screens would-be strong electron-electron correlations in the LaTiO3 
films, allowing carriers in LaTiO3 to behave as nearly free electrons. While the finding in 
this work cannot completely decouple the effects of screening across the interface, the 
transport properties over a range of film thicknesses in LaTiO3 films on SrTiO3 indicate 
that tetragonal distortions play a dominant, likely the primary, role in inducing 
metallicity in LaTiO3 thin films. Screening from nearly free electrons can cause a 
positive feedback effect. The more effective screening is, the freer the conduction 
electrons become; the freer the conduction electrons are, screening becomes more 
effective.  

 
 

§ 4.5  Elimination of other potential sources of metallicity 

 

Because of the sensitivity of the electrical transport of both SrTiO3 and LaTiO3 to crystal 
defects, several different possibilities of defect-induced metallic conduction were 
systematically ruled out. Unintentional doping by interdiffusion, oxygen vacancy 
formation in SrTiO3 during the deposition process, and electronic reconstruction were 
considered and tested as possible origins of the observed metallicity.  

Sr doping of LaTiO3 is known to cause p-type conduction [25,26,34]. In addition 
La doping of SrTiO3 can induce not only n-type metallicity, but also superconductivity 
for a range of dopant concentrations [35]. As revealed by the Hall effect, since the 
carriers in the LaTiO3 films on SrTiO3 are electron-like, p-type Sr doping of LaTiO3 
cannot possibly explain the observed metallicity. Moreover, Rutherford backscattering 
spectrometry analysis indicates that interdiffusion is negligible compared to the film 
thicknesses and cannot produce the large carrier densities observed in the LaTiO3 films 
on SrTiO3 substrates; hence, it is improbable that the measured metallic conduction be 
due to La doping of SrTiO3. 
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The major concern was to check for the possibility of introduction of mobile 
electrons in the SrTiO3 substrate by creating oxygen vacancies, known to be electron 
donors in SrTiO3 [36], during the pulsed-laser deposition process. Oxygen vacancies act 
as donors to many such oxides by the reaction: 

��������
� → ������

�� + 2�� 

A SrTiO3 substrate loaded into the chamber and just annealed in the deposition 
conditions of LaTiO3 thin films did not show metallic behavior. Therefore, the 
deposition temperature and pressure in themselves could not have caused metallicity in 
the SrTiO3 substrates. A sample of a 10 nm EuTiO3 thin film grown on SrTiO3 in the 
same deposition conditions was made to test whether an actual deposition can cause 
metallic substrates. With Eu2+ and Ti4+ cations, EuTiO3 is a material that is likewise 
optimally grown in rather reducing conditions to prevent the formation of Eu3+ cations, 
which is the preferred oxidation state; the stabilization of the phase close to the EuTiO3 
stoichiometry can be checked by a 2θ scan of the out-of-plane reflections that shows the 
growth of a single-phase film isostructural to the perovskite substrate (Fig. 4.9). Figure 
4.10 shows the electrical transport measurements of the sample, and it can be seen that 
the sample is too insulating to be measured electrically. The apparent noise in the data 
signifies the difficulty of maintaining ohmic contacts on and measuring large resistance 
values of an insulating sample. Therefore, it is concluded that the deposition conditions 
alone do not result in metallic SrTiO3 substrates. Moreover, given the short deposition 
times—3 to 20 minutes depending on film thickness—and oxygen vacancy diffusion 
constants [37], the carrier concentration numbers cannot be explained in terms of 
reduced SrTiO3 substrates. 

Although the aforementioned sample suggests that electron-doped SrTiO3 
substrates are not created during thin-film deposition, it does not immediately indicate 
that lattice deformation is the key component to the insulator-metal transition. Because 
EuTiO3 (a ~ 3.92 Å) has a similar lattice parameter to SrTiO3 (a = 3.905 Å), a 10 nm 
coherently strained buffer layer of EuTiO3 on a SrTiO3 substrate was used as a template 
for deposition of a 17 nm LaTiO3 film (SrTiO3 // EuTiO3 / LaTiO3), which is expected 
to undergo a similar thin-film lattice distortion as would be if it were directly on a SrTiO3 
substrate. Atomic force microscopy image of SrTiO3 // EuTiO3 / LaTiO3 reveals 
terraces of unit-cell height (Fig. 4.11), showing that the insertion of EuTiO3 buffer layer 
likely does not degrade the growth of the LaTiO3 film.  Figure 4.12 shows that the 
temperature-dependent resistivity curves of SrTiO3 // EuTiO3 / LaTiO3 and a 17 nm 
LaTiO3 film grown directly on a SrTiO3 substrate are roughly the same for the entire 
temperature range. Since the EuTiO3 layer barely contributes to sample conductance as 
was determined by the transport measurements of the single EuTiO3 film, the resistivity 
values were attained by multiplying the sheet resistance values with just thickness of the 
LaTiO3 film. This result implies that substrate-induced lattice distortions are indeed the 
origin of metallicity in tetragonally deformed heteroepitaxial LaTiO3 films on SrTiO3 
substrates. 
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Figure 4.9. 2θ scan of a 15 nm EuTiO3 film on a SrTiO3 substrate.  

 

 
Figure 4.10. Temperature-dependent sheet resistance of a 15 nm EuTiO3 on a SrTiO3 substrate. 
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Figure 4.11. A 10 µm × 10 µm atomic force microscopy scan of the SrTiO3 // EuTiO3 / LaTiO3 
sample. 

 

 

Figure 4.12. Temperature-dependent resistivity of a 17 nm LaTiO3 on a SrTiO3 substrate with 
and without a 10 nm EuTiO3 buffer layer in between.  

Finally, metallicity through interfacial electronic reconstruction must also be 
considered. In order to test for this possibility, a 10 nm LaTiO3 film was deposited on a 
DyScO3 substrate with a 7 nm SrTiO3 buffer layer (DyScO3 // SrTiO3 / LaTiO3). The 
SrTiO3 film was first deposited at 700 oC in 2.5×10-5 Torr of oxygen; the chamber was 
then evacuated, and the LaTiO3 film was deposited at 625 oC in vacuum. Again because 
the SrTiO3 buffer layer is thin, the LaTiO3 film is expected to be deformed similarly to a 
film directly deposited on a DyScO3 substrate. Figure 4.13 reveals that the sheet 
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resistance of this sample has weak temperature dependence. Furthermore, the mobility 
and sheet carrier concentration (Fig. 4.14) are also found to be weakly temperature-
dependent. Since the sheet resistance curve does not resemble that of a single LaTiO3 
film on DyScO3, other possibilities must be taken into account. If sample conductance 
were to arise mainly from the thin layer of SrTiO3, lower sheet carrier concentration but 
higher mobility values would be expected. For example, assuming that all of the carriers 
are in the thin SrTiO3 layer, a measured sheet concentration of about 3.5×1015 cm-2 
corresponds to a volume concentration of about 5×1021 cm-3, which roughly translates to 
one carrier per three unit cells of SrTiO3. Such a high carrier concentration in SrTiO3, a 
band insulator which has no d electrons in its undoped state, is unlikely.  It is possible 
that conductance arises from both the LaTiO3 and SrTiO3 layers as well as the interface 
between them through electronic reconstruction. Since there may be at least two types of 
carriers, the Hall effect measurements are difficult to interpret. It is speculated that the 
SrTiO3 has a much lower concentration of but more mobile carriers, and its conductance 
is the dominant term at low temperatures; the LaTiO3 layer has a much higher 
concentration of but less mobile carriers, and its conductance is the dominant term at 
high temperatures. Furthermore in this case, the conduction in LaTiO3 is expected to be 
hopping transport rather than Drude-like. In any case, the differences in the temperature 
dependences and magnitudes of resistivity, carrier concentration, and mobility of 
DyScO3 // SrTiO3 / LaTiO3 sample and the LaTiO3 films on SrTiO3 substrates indicate 
that any possible electronic reconstruction at the LaTiO3/SrTiO3 interface cannot 
completely explain the metallicity in strained LaTiO3 films.   
 

 
Figure 4.13. Temperature-dependent sheet resistance of a 10 nm LaTiO3 film on a (110) DyScO3 
substrate with a 10 nm SrTiO3 buffer layer in between (DyScO3 // SrTiO3 / LaTiO3). 
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Figure 4.14. Temperature-dependent sheet carrier concentration and Hall mobility of DyScO3 // 
SrTiO3 / LaTiO3.  

 

§ 4.6  Outlook on strain engineering of electronic transitions in single-valent oxides 

 
There has been a vast array of studies on superlattices and heterointerfaces that aim at 
generating new states at interfaces. This work shows that when one incorporates a Mott 
insulator that may be close to an instability—usually signified by a small band gap—
lattice perturbation from heteroepitaxy may play a more dominant role than any 
interfacial charge redistribution. This chapter will end with a short discussion 
commenting on how the ideas presented here can be extended to other transition-metal 
perovskite oxides. 

The proximity to an electronic instability for LaTiO3 is largely related to its 
orbital fluctuations, because it contains one 3d electron in triply degenerate t2g states—
considering only one spin orientation.§ On the other hand, correlated systems that are 
perfectly half-filled are expected to be very stable Mott insulators. For example, LaCrO3 
(t2g

3) has a sizeable band gap of 3.3 eV [2,38], and BiFeO3 (t2g
3eg

2) has a band gap of 2.7 
eV [39].     
 Systems with one electron or hole in the doubly degenerate eg band—e.g. high-
spin d4, low-spin d7, and d9—appear to fit the criterion of electronic states that are not 
exactly half-filled. However, such systems are also susceptible to Jahn-Teller distortions 
that favor the ordering of orbitals and in turn make a Mott insulating state stable. Such is 
the case for LaMnO3 (t2g

3eg
1). It is interesting that LaNiO3 exhibits metallic behavior 

despite its low-spin d7 configuration. As insulating phases are found in nickelates with 

                                                 
§ In the limit of exceedingly weak correlations, the degeneracy of these states is 6, accounting for 
spin degeneracy. 
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smaller A-site rare-earth cations, it may be worthwhile to explore whether LaNiO3 can 
be made insulating, i.e. undergo a metal-insulator transition, with the introduction of 
thin-film epitaxial strain. 
 Other materials with t2g states that are not exactly half-filled may be on the brink 
of an insulator-metal transition and hence be suitable for tuning through heteroepitaxial 
strain; they include d2, low-spin d4, high-spin d6, and high-spin d7 systems. LaVO3 is a 3d

2 
material, but it has a sizeable optical gap of about 1 eV [2,38]. This electronic excitation 
gap is likely related to the orbital ordering [40] that stabilizes its Mott insulating as well 
as its antiferromagnetic ground state. However, it may be possible to introduce thin-film 
strain to destabilize the orbital-ordered state and subsequently induce an insulator-metal 
transition.  

To the author’s knowledge, there is no low-spin 3d4 ABO3 perovskite oxide, but 
SrRuO3 is a low-spin 4d

4 system. As a general rule, the electron bandwidth of and the 
energy splitting between t2g

 and eg states of 4d transition-metal oxides are greater—as a 
result of stronger hybridization between the transition-metal 4d orbitals, compared to the 
3d orbitals, with the oxygen 2p orbitals. Despite both experimental [41] and theoretical 
[42] studies of strain-induced modification of the electronic and magnetic properties of 
SrRuO3, it is not clear whether a metal-insulator transition is possible. There is still 
debate on whether electron-electron correlations are important in SrRuO3 and in similar 
4d oxide materials [43]. Nevertheless, a recent report of an insulating and perhaps 
antiferromagnetic phase induced in ultrathin SrRuO3 films suggests the possible role of 
lattice distortions [44]. Thicker films become metallic. 

LaCoO3 is an example of a 3d6 system. It is close to a low-to-high spin transition 
that can be thermally activated [45]. In its low-spin state the t2g band is completely filled, 
and not surprisingly it is insulating; furthermore, along with its transition to a high-spin 
state at higher temperatures (t2g

4eg
2), it also becomes metallic. It would be interesting to 

explore whether a high-spin state can be stabilized and an insulator-metal transition be 
tuned at lower temperatures. Recent studies have shown that long-range magnetic 
ordering in epitaxial films may be linked to an intermediate spin state (t2g

4eg
2) [46,47]. 

The films are ferromagnetic and insulating. Though not an insulator-metal transition, 
magnetic ordering in strained LaCoO3 thin films is another example of the importance of 
epitaxial distortions in a material near an electronic or spin transition. But remarkably, 
according to the calculations of Rondinelli and Spaldin, a half-metallic A-type 
antiferromagnetic state is most stable for tetragonally strained LaCoO3 [48].  

To the author’s knowledge, there is no high-spin d7 ABO3 perovskite oxide. 
  
 

4.7. Concluding remarks 

 

The work reported here provides an alternative explanation to the metallicity observed in 
LaTiO3/SrTiO3 heterostructures [1]. A detailed study suggests that metallicity in LaTiO3 
thin films on SrTiO3 substrates is induced by epitaxial strain. As LaTiO3 is a 3d

1 system, 



57 
 

it has proved to be a good starting point for strain-controlled insulator-metal transitions. 
In fact, several other d1 systems—e.g. CaVO3, SrVO3, and ReO3—are metallic. The 
ability to maintain strain coherency in heteroepitaxial films enables the investigation of 
possible strain-induced electronic transitions based on rather simple ideas. In this 
particular example, the lattice state of a material that naturally has orbital degrees of 
freedom is modified.  

There are many proposals of band offset engineering of Mott insulators; however, 
because many Mott insulators are also susceptible to orbital disorder, the effects of lattice 
distortions may prove to be critical. The challenge is to achieve engineering control 
within a single sample. Deposition on substrates with a strong piezoelectric response 
may be an avenue to control the electrical properties of the thin films.  

Though there may be several opportunities to exploit heteroepitaxy to tune 
electronic transitions in single-valent transition-metal perovskite oxides, there is great 
potential in mixed-valent materials as well, as demonstrated in the following chapter. 
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Since its discovery in lanthanum calcium manganites [1], the phenomenon of colossal 
magnetoresistance (CMR) continues to be of great scientific inquiry. The phase diagrams 
of chemically alloyed bulk crystals have been heavily investigated. Because of the strong 
dependence of the properties of many such correlated electron systems on their lattice 
states, epitaxial strain has been considered in lieu of chemical doping as a possible route 
of generating equally rich phase diagrams as seen in the bulk materials and to tune CMR 
in this class of materials. Thin-film properties that are distinct from bulk properties can 
be engineered if the critical parameters are identified and controlled. In this study, a 
more insulating low-temperature phase is shown to be induced in an otherwise very 
stable ferromagnetic metallic La2/3Sr1/3MnO3—close to the optimal stoichiometry for the 
highest Curie temperature for an alloy of La and Sr. The stabilization of insulator/metal 
phase coexistence in a material, whose bulk is dominated by ferromagnetic double 
exchange, exemplifies the potential of exploiting epitaxial strain to design the 
magnetoresistive properties of thin-film manganites.      
 
 

§ 5.1 Double exchange and ferromagnetism 

 
In colossal magnetoresistive manganites R1-xAxMnO3 (R = trivalent rare-earth metal, A = 
divalent alkaline-earth metal, and 0 ≤ x ≤ 1), Mn cations have both t2g and eg electrons. 
There are 3 t2g and 1-x eg electrons per Mn. As introduced in Section 3.7.1, the Hubbard 
Hamiltonian demands antiferromagnetic coupling between two neighboring half-filled 
orbitals that hybridize. A description of the effects of orbital degeneracy on orbitals that 
are less than half-filled is presented in Section 4.1 to illustrate the antiferromagnetic 
instability of LaTiO3, a 3d

1 system. In La2/3Sr1/3MnO3, each Mn has on average 3.67 
electrons and a valence state of 3.33+. Disregarding the noncubic distortions, 0.67 
electrons occupy two degenerate eg states. Electrons in the t2g levels are assumed to be 
extremely localized, and the eg states are more hybridized. A model Hamiltonian 
relevant for this system is as follow [2]:  

� = − � ����	�
� 	�
 + 	�
� 	�
 − 12 �� � �� ∙ 	�
��,
,
��,�,

�

�	�
� + � � ��↑��↓ + � � �� ∙ ��

�,��
 

where tij is the transfer integral between the eg states of cations i and j, ciσ
† and ciσ

 are the 
creation and annihilation operators for an eg electron in ion i, Si is the total spin of the 
three t2g electrons in each ion (|Si|=3/2 for all i), σσσσ    are the Pauli spin matrices, U is the 
on-site potential for t2g states, n is the number operator for t2g electrons, and J is the 
superexchange energy of the t2g states. The hybridization of the t2g electrons is not 
explicitly taken into account because it is assumed that the on-site potential of the t2g 
states (U) is much greater than its transfer integral. Therefore, the t2g states have a very 
stable configuration of three electrons with their spins aligned to the same direction due 
to Hund’s coupling. Orbital overlap between adjacent t2g states is hidden in the J Si·Sj, the 
superexchange term, as discussed in Section 3.7 and Appendix A.3.  
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Shown in Fig. 5.1 is a schematic of the transfer of an eg electron from Mn
3+ to an 

adjacent Mn4+ ion. Often, the orbital degeneracies of the t2g and eg states are disregarded 
in the modeling, and the states are replaced by a nondegenerate upper and lower levels 
(Fig. 5.1b). The effects of orbital degeneracy of the eg states are discussed in detail in the 
next section. The charge in the lower energy level carries a spin S = 3/2. One can also 
see that if JH is large enough, which is assumed to be the case, the delocalization of the eg 
electron demands that adjacent magnetic cations be aligned parallel to each other, which 
constitutes the mechanism for double-exchange ferromagnetism [3,4]. For the 
manganites, it is often assumed that not only JH is large, but so is U; the assumptions are 
a statement of the application of Hund’s rules on each cation and large on-site repulsion 
on the t2g states that ensures exactly half filling of parallel spin electrons, validating the 
single spin S=3/2 approximation. The superexchange interaction between t2g electrons of 
adjacent cations will most assuredly be antiferromagnetic. Therefore, the 
antiferromagnetic coupling between the localized t2g competes with the ferromagnetic 
coupling arising from the eg electrons that can delocalize. For certain manganites, the 
two interactions are comparable in strength, and their competition is believed to be the 
underlying ingredient for colossal magnetoresistive properties. The relevant part of the 
Hamiltonian for this problem consists of these two terms, and can be written as:       

�′ = − � �������	��	� + 	��	� + � � �� ⋅ ��
�,��,�

 

where 

������ = �	� !2 
and θ is the angle between Si and Sj. Whereas first term represents double exchange and 
favors ferromagnetic alignment of moments, the second terms represents superexchange 
the favors antiferromagnetic alignment of moments. The competition between 
hybridization-induced delocalization of eg electrons and superexchange coupling 
between localized t2g electrons is quantified by the magnitudes of t and J in mixed-valent 
manganites.   
 
 

§ 5.2 Phase separation and it role in colossal magnetoresistance 

 
A canted spin structure may appear to be the most reasonable moment configuration 
exhibited by the mixed-valent manganites owing to the competing ferromagnetic and 
antiferromagnetic interactions. However, it be can shown that based solely on the double 
exchange Hamiltonian used by deGennes [4], a single-phase canted magnetic state, with 
two sublattices of opposite canting orientations, is unstable with respect to phase 
separation; in particular, Kagan et al. showed that a canted spin state at both low hole 
concentrations (small x in La1-xAxMnO3 where A = alkaline-earth metal) as well as low 
electron concentrations has negative electronic compressibility [5]:  
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exhibit mesoscopic phase separation [6]. Here, nanoscale refers to within a few lattice 
and mesoscale refers to any bigger scale, up to the micrometer range.  
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electron from Mn3+ to Mn4+ with amplitude t. (b) Simplified picture of the same 
hopping mechanism, disregarding the orbital degeneracy of the lower t2g and the upper 
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in literature to use the term “electronic phase separation,” 
believes that “carrier phase separation” is a more unambiguous term for this specific case, 
because other works have shown two phases with the same carrier density, ferromagnetic and 
antiferromagnetic or metallic and insulating phases, can likewise coexist. Whereas in such a 
scenario, the electronic properties of the two comprising phases differ, their carrier densities do 
not. Electronic phase separation (or just phase separation) will be more generally used to refer to 
scenarios with or without carrier separation.  
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bandwidth, which in bulk materials is governed mainly about the average ionic size of 
the rare-earth and alkaline-earth ions. Therefore tunability of bulk manganites can be 
achieved through a combination of aliovalent and isovalent substitution of La in the 
parent material LaMnO3. 

Considering that the mixed valence of Mn is dependent on alloying, the effects of 
chemical disorder from alloying is important; disorder turns out to be of crucial 
importance to metal/insulator or ferromagnetic/antiferromagnetic phase separation with 
both phases containing the same carrier density [7,8]. Using Monte Carlo simulations, 
Moreo et al. showed that though a mixed-valent manganite in the clean limit is unstable 
to carrier spinodal decomposition for 0 ≲ x < 0.25, this is not the case when disorder is 
taken into account [7]. The superexchange energy is very sensitive to local chemical 
bonding changes and so is double exchange. Therefore, having randomly dispersed A-
site cations from alloying not only can bring about a change in the Mn valence state, but 
also can cause small yet consequential fluctuations in magnetic exchange due to the 
variance of local bonds. Using a combination of different A-site cations, Kundu et al. 
studied the effects of the variance in A-site cation size while keeping the average radius 
constant; they found that disorder, resulting from a distribution in A-site cation sizes, 
does indeed profoundly change the magnetic and transport properties of their crystals 
[9]. Disorder induced by size differences is commonly quantified by the Attfield 
parameter, which is the square of the variance of the A-site ionic radius. Moreo et al. 
handled the problem by including a random field term on each lattice site in the Ising 
model, rather than taking into account the fluctuations directly into the exchange 
integral [7]. From the spatial mapping of average nearest-neighbor spin-spin correlation, 
it was found that ferromagnetic/antiferromagnetic phase coexistence is possible with 
random fields, without carrier separation. This description is more amenable to phase 
separation in the mesoscopic scale, up to even the micrometer scale, as there is not a 
Coulomb energy penalty that would arise from charge separation. Recent work on 
digital superlattices of alternating layers of LaMnO3 and SrMnO3 films, mimicking the 
chemically clean limit, will certainly give further insight to the role of disorder in phase 
separation and ultimately CMR in the manganites [10].  

Metal/insulator coexistence in both the nanoscopic [7,11] and mesoscopic 
[6,7,12-14] scales may be important to the CMR phenomenon. If a particular manganite 
is at or near a two-phase coexistence state, metamagnetic transitions induced by a 
magnetic field may become relevant and be responsible for CMR. Metamagnetic 
transitions are especially prominent in lower electronic bandwidth manganites such as 
Pr1-xCaxMnO3 and Nd1-xCaxMnO3 [15].   

It appears that the separation and coexistence of distinct electronic phases are a 
natural result of model Hamiltonians widely used to describe manganites. However, the 
phenomenology may perhaps be even more commonplace in correlated electron 
systems. Experimentally, magnetic/superconducting phase coexistence has been 
observed both in superoxygenated La2-xSrxCuO4+y [16] and underdoped Ba1-xKxFe2As2 
[17]. Though the strength of electron correlations in the iron pnictides is still debated, 
they certainly play a prominent role in the cuprates. Different phenomena that may arise 
from electronic phase-separated states are of much current interest.     
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Understanding and ultimately engineering the CMR effect in manganites remains 
an active area of research. It is generally believed that phase separation does play a role 
in CMR, but there is no universally accepted explanation. Because of the degeneracy of 
the eg level, there is an orbital degree of freedom that is not fully captured in the 
aforementioned studies [18].  In fact, when there is exactly one electron in the doubly 
degenerate eg levels, as is the case with the parent material LaMnO3, the system is 
extremely Jahn-Teller active. Jahn-Teller distortions refer to deformation of each MnO6/2 
octahedron, and are independent from octahedral rotations that are discussed in Section 
3.2.† A type of collective Jahn-Teller distortion of the MnO6/2 octahedra was proposed 
by Kanamori [19]‡ and experimentally verified by Proeffen et al. in LaMnO3 [20]. A 
schematic collective distortion on the x-y plane is shown in Fig. 5.2. The result is orbital 
ordering of the eg electrons into x

2-z2 and y2-z2 orbitals: the eg electrons of adjacent Mn
3+ 

sites in an x-y plane occupy alternating orbitals, and along the z direction they occupy the 
same orbital [21], as shown in Fig. 5.3. The numbering of the sites and orbitals in Figs. 
5.2 and 5.3 show the correspondence between the lattice and orbital states. The 
reduction in crystal symmetry, leads to a rehybridization (different linear combinations) 
of the familiar x2-y2 and 3z2-r2 orbitals: 

+% − ,% = 12 -.%% + .%(%/ − 1
√2 .%1 ∝  -+% − 4%/ − -3,% − 6%/ 

4% − ,% = 12 -.%% + .%(%/ + 1
√2 .%1  ∝  -+% − 4%/ + -3,% − 6%/ 

where the Yl
m’s are the spherical harmonics. Because of the Jahn-Teller origin of orbital 

ordering, it is necessarily associated with the collective lattice distortion. Furthermore, 
the orbital ordering explains the A-type antiferromagnetic ordering in LaMnO3. The 
staggered in-plane orbital ordering leads to in-plane ferromagnetic coupling (see Section 
3.7.2 and Appendix A.3 for details). There is some discrepancy on the ordering of the 
orbitals along the z axis, whether they repeat the same x-y pattern [21] or are staggered 
along adjacent x-y planes [22]. Nonetheless, the preferential arrangement of eg electron 
density in the x-y planes makes the superexchange coupling of half-filled t2g orbitals the 
most dominant interplanar exchange interaction—hence, antiferromagnetic coupling. 
All in all, the manganites are indeed an exemplary model system of the strong coupling 
among the charge, lattice, orbital, and spin states. 

Given that orbital degeneracy is important, in ferromagnetic alloyed manganites, 
the competition between double exchange and Jahn-Teller distortions are thought to 
result in large MR observed near the magnetic transition [23,24]. Experimentally, it is 
seen that associated with the magnetic transition, there is a reduction in octahedral 
symmetry of the MnO6/2 cages manifested above the Curie temperature [25], as one 
would expect for a Jahn-Teller distortion. Furthermore, there are suggestions that phase 

                                                           
† Though octahedra rotations do occur in LaMnO3, the primary lattice effect is deformation of 
each octahedron, which reduces the Mn-site symmetry. 
‡ Although Kanamori used MnF3 instead of LaMnO3 as an example, the important aspect is that 
both materials have octahedral Mn3+ cations, which are extremely Jahn-Teller active [19]. 
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coexistence of a metallic ferromagnetic state and a more insulating paramagnetic state is 
also essential for explaining the temperature- [26,27] and field-dependent resistivity [26] 
of ferromagnetic manganites.  

 
 

 

Figure 5.2. The collective Jahn-Teller distortion in the x-y plane exhibited by LaMnO3. Adapted 
from Refs. [19,20]. 

 

Figure 5.3. Schematic of the orbital ordering of the one eg electron per Mn site in LaMnO3. 
Adjacent orbitals in the x-y plane are staggered alternating between x2-z2 and y2-z2. The pattern is 
repeated in the z direction.  

In manganites with relatively small electronic bandwidths, a charge-ordered-to-
ferromagnetic transition can be induced by both temperature and magnetic field 
[8,26,28] particularly near the 50:50 rare-earth/alkaline-earth composition. In these 
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cases, the high MR values can be observed at temperatures well below the Curie 
temperature or charge ordering temperature. It is important to distinguish the measured 
MR into two categories: that near the magnetic transition and that well below the 
ordering temperature(s). Most can agree that a low-temperature metallic state in the 
manganites must arise from ferromagnetic double exchange. But both antiferromagnetic 
superexchange exchange and Jahn-Teller distortions favor the single occupancy of eg 
states. This commonality has made the determination of “the correct mechanism” of 
CMR more challenging [29]; different mechanisms may be relevant within a single 
sample, but their comparative importance may vary with temperature.   

 
 

§ 5.3 General concept and scope of this work 

 

This work is motivated in part to shed light on the potential of using heteroepitaxial 
strain in manganite thin films in lieu of chemical doping to generate rich phase diagrams 
of a variety of magnetically ordered states. However, the work is more particularly 
aimed at examining how MR can be engineered in strained manganite thin films. The 
material of choice is La2/3Sr1/3MnO3, which in the bulk has a Curie temperature of about 
355 K and a saturated magnetization of about 590 emu/cm3. For the manganites, the 
Curie temperature is fairly high, signifying that double exchange dominates 
superexchange for this particular composition. Also, the kinetic energy of the mobile eg 
electrons overwhelms the propensity of Jahn-Teller distortions up to the relatively high 
Curie temperature. Its Attfield parameter is small, 8.9×10-5 Å2 based on Pauling ionic 
radii; in comparison, the commensurately charge-ordered La1/2Ca1/2MnO3, which is 
susceptible to phase separation, has an Attfield parameter of 6.4×10-3 Å2. La2/3Sr1/3MnO3 
has received interest as a half metal, as it has only conduction electrons of majority spin, 
and therefore a viable electrode in all-oxide magnetic tunnel junctions [30-34]; however, 
it is not particularly interesting within the manganites as a CMR material in itself.  

Though bulk La2/3Sr1/3MnO3 is not near any ferromagnetic/charge-ordered or 
any low-temperature metal/insulator phase boundary, this investigation is focused on 
whether the material can be brought closer to a phase boundary through lattice 
distortions. A low-temperature insulating state has been stabilized in coherently strained 
films, and indirect evidence from magnetism and transport data points to 
metal/insulator coexistence. Selecting a starting material that is a stable ferromagnet in 
the bulk fully illustrates the potential for using epitaxial strain to tune the electronic 
properties and possible phase coexistence in related manganites. From the discussion in 
the previous two sections, it is not surprising that thin-film lattice strain can profoundly 
change the electronic state of manganite films. In bulk La0.75Ca0.25MnO3, it is shown that 
a ferromagnetic-to-antiferromagnetic transition can be traversed with the application of 
uniaxial stress using a diamond anvil cell [35]. However, heteroepitaxy provides an ideal 
and vast platform to routinely realize more strain and therefore thoroughly investigate 
the effects of lattice deformation.      
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There have been some studies in strained La2/3Sr1/3MnO3 films that have 
suggested phase coexistence wherein charge localization is induced by heteroepitaxial 
lattice deformation [36-38], and the stabilized insulating phases have been shown to 
persist at low temperatures, well below the Curie temperature [36,38-41]. Similar 
findings were reported in the La2/3Ca1/3MnO3 thin films [42,43]. Several studies have 
concentrated only on the effect of lattice distortions on the Curie temperatures of 
La2/3Sr1/3MnO3 films and not explored the magnetotransport properties [44-46].  

Heteroepitaxial lattice distortions can be exploited as a means to change 
electronic bandwidth and thereby tune the magnetic ordering and CMR effect of these 
materials. The interdependence of magnetic ordering and electrical transport in the thin 
films is emphasized. Manipulating phase coexistence in La1-xSrxMnO3 thin films to 
achieve desired magnetoresistive properties is a promising route for materials design; the 
dual goals in this study are to increase MR as well as broaden the temperature range in 
which high MR is observed. 
 

 

§ 5.4 Samples studied and their structures 

 
La2/3Sr1/3MnO3 films were deposited on (001), (110), and (111) LaAlO3 substrates at 700 
oC and in 300 mTorr of oxygen by pulsed-laser deposition. The laser pulse rate was 10 
Hz. The deposited films were cooled from 700 oC to room temperature in 300 Torr of 
oxygen. The pseudocubic lattice constant is 3.88 Å for La2/3Sr1/3MnO3 and 3.79 Å for 
LaAlO3. In each deposition a substrate of every orientation is loaded, and films of the 
different orientations are grown simultaneously. Rutherford backscattering spectrometry 
was used to measure the thicknesses of the films. It was seen that within the same 
deposition, the film thicknesses on differently oriented LaAlO3 substrates were the 
same—to within the error of the measurement. This chapter will be focused on 34 nm 
thick films, but data of an additional 45 nm (001) film will be shown. The magnetism, 
electrical transport at zero magnetic field, and magnetotransport properties of the films 
on the three LaAlO3 substrates of different orientations will be compared with one 
another and correlated with their respective lattice strain states. Atomic structures and 
microstructures of the films were studied with four-circle x-ray diffraction.       

Representative atomic force microscopy images, Fig. 5.4, reveal that the (001) 
film is the smoothest with a typical root mean squared roughness of ~1 nm. This finding 
is typical for films thicknesses less than 100 nm. In order to prevent equilibrium faceting 
of the surfaces of the (110) and (111) films to lower energy {001} planes, the films were 
grown at 10 Hz pulse rate, a relatively high rate for pulsed laser deposition. As a result, 
films of reasonable smoothness, with root mean squared roughness values ≲ 2 nm, can 
be attained on all substrate orientations, as can be seen in the atomic force microscopy 
images. Decreasing the deposition temperature can also reduce surface faceting by 
limiting surface diffusion, but it also generally results in lower thin-film crystallinity.   

X-ray diffraction 2θ and ω scans of the out-of-plane reflections were performed 
on the films on the three different substrates. Figure 5.5a, 2θ scans with ω = 2θ/2, show 
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Figure 5.5. (a) 2θ and (b) ω scans of the out-of-plane reflections of the (001), (110), and (111) 
films. 

The strain tensor of the (001) film is 

7-11)/ = 8−2.32 0 00 −2.32 00 0 2.76= % 

The tensor can be decomposed into components that represent the volume 
dilation and tetragonal (or more generally, orthorhombic) distortion: 

7-11)/ = −0.63 81 0 00 1 00 0 1= % + 8−1.69 0 00 −1.69 00 0 3.39= % 

Similarly, the strain tensor of the (110) film is  
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Table 5.1. Properties of the heteroepitaxial 34 nm (001), (110), and (111) films. The saturated 
magnetic moment (MS) is measured at 7 K, MR at 10 K and 50 kOe, and resistivity (ρ) at 10 K. d 
refers to the spacing between (hkl) planes for the corresponding (hkl) films, and the interplanar 
spacings are compared to those of the bulk. Bulk interplanar spacing values are calculated using a 
pseudocubic lattice parameter of 3.88 Å. The measured full-width at half-maximum (FWHM) 
values are from ω scans in Fig. 5.5b. 

Sample Tc (K) 
MS 

(µµµµB/Mn) MR (%) 
ρρρρ 

(mΩΩΩΩ∙cm)    
ρρρρ273K / 
ρρρρ10K    dfilm(Å) dbulk(Å) 

FWHM 
(o) 

(001) 325 2.49 -65 1.69  2.92  3.99 3.88  0.18 

(110) 334 3.48 -10 0.227  8.04  2.77  2.745 0.11 

(111) 347 3.53 -1 0.117   7.81  2.25 2.24 0.33 

 
 
 

 

Figure 5.6. Antisymmetric (ω ≠ 2θ/2) x-ray diffraction scans of the (a) 103 reflection of the (001) 
film, (b) the 312 reflection of the (111) film, (c) the 221, and (d) 310 reflections of the (110) film. 
Reciprocal space coordinates Q is defined as 2π divided by real space distance. 
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7-))1/ = 80.31 0.64 00.64 0.31 00 0 −2.32= % 
which can be decomposed into  

7-))1/ = −0.57 81 0 00 1 00 0 1= % + 80.88 0 00 0.88 00 0 −1.75= % + 8 0 0.64 00.64 0 00 0 0= % 
and the last component represents shear strain. The breadth of the 312 reflection of the 
(111) film, which may be caused by low-angle grain boundaries or inhomogenous lattice 
relaxation, makes it difficult to extract such information about that sample. All in all, 
both the out-of-plane 2θ scan and the reciprocal lattice map scans do suggest that the 
(111) film is almost fully relaxed. 
 It is well known that LaAlO3 crystals are not perfectly cubic; they are 
rhombohedral (α = β = γ ≠ 90o) with angles between lattice vectors of roughly 90.083 to 
90.096o, depending on reference source [47,48]. X-ray diffraction shows that 
La2/3Sr1/3MnO3 films on LaAlO3 can be coherently or partially strained depending on 
substrate orientation; therefore, on certain substrates, the films may also have the 
rhombohedral symmetry and twin boundaries that result from the lowered symmetry.  

Reduction of symmetry from cubic to rhombohedral, which occurs at about 800 
K in bulk crystals [49], takes the form of negative shear strain represented by the 
following strain tensor as defined with respect to the cubic reference [48]: 

8 0 −C −C−C 0 −C−C −C 0 = 
The rhombohedral distortion can be thought of as a shortening of the [111] axis as a 
result of shear strain. However, the shortened axis can be any one in the <111> family, 
shown in Fig. 5.7a. Two crystal domains can join to form twin boundaries, which is a 
common planar defect in rhombohedrally distorted crystals because there is a mirror 
plane symmetry element on the boundary—a symmetry element lost upon the cubic-to-
rhombohedral transformation. Shown in Figs. 5.7b and 5.7c are schematics of (110) and 
(010) twin boundaries respectively. Different combinations of twin domains and their 
corresponding boundaries planes are discussed by Bueble et al. [48]. Despite the 
noncubic distortions, the Miller index directions and planes are still in reference to the 
pseudocubic lattice. 
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Figure 5.7. Schematics showing the (a) different possible shortened <111> axes of a 
rhombohedrally distorted structure and (b) (110) and (c) (010) twin boundaries formed by 
different rhombohedral domains. The pseudocubic (pc) Miller indices for directions and planes 
are kept. 

 

Figure 5.8. ω scans at different φ angles of the 002 reflection for (a) a (001) LaAlO3 substrate and 
(b) an overlying 34 nm La2/3Sr1/3MnO3 thin film.  
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Further investigation on the effects of twin boundaries in the substrates on film 

growth can be attained with ω scans of the 002 reflection of the (001) La2/3Sr1/3MnO3 
film along different φ angles, which allow for scanning different line sections of the 
reciprocal lattice spot. Figure 5.8 contains ω scans of both the 002 substrate and film 
reflections. In the scan of the substrate, the double peak observed in the substrate for φ = 
0o and the eventual disappearance for φ = 90o are indicative the twin boundaries run 
mainly along one in-plane direction—[010] in the coordinate system used here—and 
there are two prominent reflection spots in the ω scan along the [100] direction (φ = 0o) 
as a result of twinning. Along intermediate φ values, the ω scans runs through the two 
reflection spots from different orientations, resulting in the gradual merging of the peaks 
as φ is increased. This observation should not be mistaken for twin boundaries of 
different misorientation angles along all in-plane directions. The same measurements of 
the 002 reflection of the film tell a similar story, revealing that the film is oriented with 
the substrate plane even across twin boundaries. From the scan of the substrate at φ = 0o, 
there are two distinct twin orientations separated by a (010) twin boundary. Calculations 
do show that {100} boundaries are lower in energy than {110} boundaries for LaAlO3 
[50].  

The angle between the reflection peaks of the two twin orientations of the 
LaAlO3 substrate is ∆ω = 0.182o = 3.2×10-3 radians, and the corresponding shear strain 
element of each twin with respect to the cubic reference is 0.16%, roughly as is expected 
for a LaAlO3 crystal. One can also consider ∆ω is the shear strain component across the 
twin boundary, from one twin to another. From the ω scan of the film at φ = 0o, it 
appears that ∆ω = 0.155o =2.7×10-3 radians, though the in-plane mosaic spread makes it 
difficult to ascertain an exact number. A comparison of the strain associated with the 
rhombohedral distortion to the heteroepitaxial strain observed in the films, quantified by 
magnitude of the elements in the aforementioned εεεε(001) and εεεε(110) tensors, suggests that 
indeed heteroepitaxial lattice distortions arising from the lattice mismatch between 
La2/3Sr1/3MnO3 and LaAlO3 should be much more important.   
    
 

§ 5.5  Thin-film magnetism and magnetotransport 

 

5.5.1 Electrical transport 

 
One expects the hybridization of the eg states to be extremely dependent on changes in 
bonding; therefore, the effects of heteroeptiaxial strain on electrical transport are 
investigated. The La2/3Sr1/3MnO3 films grown on (110) and (111) substrates show metal-
like temperature-dependent resistivity up to 385 K, the highest temperature measured 
(Fig. 5.10b); the bulk phase of this stoichiometry likewise shows a ferromagnetic metal-
to-paramagnetic metal transition. However, the (001) film exhibits insulator-like 
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behavior at high temperatures, and the resistivity maximum at 290 K resembles that of a 
metal-insulator-like transition.   

The transport properties at low temperatures are even more drastically different; 
the low-temperature resistivity of the (001) film is about an order of magnitude larger 
than those of the (110) and (111) films. The resistivity values at 10 K along with the 
resistivity ratio between the 273 and 10 K values (ρ273K/ρ10K) of the films are tabulated in 
Table 5.1. In correlation with the x-ray diffraction data, it is not surprising that the (110) 
film with the sharpest peak in the ω scan also has the highest resistivity ratio. However, 
the resistivity ratio of the (111) film, despite its broad diffraction spots, is much higher 
than that of the (001) film. Furthermore, the (111) is the most conductive, although 
atomic force microscopy images show that the (001) film is the smoothest, shown in Fig. 
5.4. Therefore, microstructural defects do not appear to be the primary cause of the 
reduced conductivity exhibited by the (001) film. In fact according to the ω scan full-
width at half-maximum values of the out-of-plane peaks, it can be concluded that the 
(111) film has the largest crystalline mosaic spread and hence highest degree of structural 
defects; yet it has the highest conductivity over the entire temperature regime measured. 
It appears that atomic lattice distortions in the coherently strained (001) film must reduce 
the electronic bandwidth of the eg states and therefore result in lower conductivity.  
 
 

5.5.2    Magnetism 

 
As charge delocalization of eg electrons is intimately connected to ferromagnetism in a 
double-exchange ferromagnet, the magnetic behavior of the films are investigated. The 
magnetic measurements presented here were performed along magnetically easy 
directions. The (001) film has an easy direction of [001], the (110) film has an easy 
direction of [1-10], and the (111) film has an easy plane of (111).  Magnetic hysteresis 
loops of the samples at 7 K were taken along their respective easy directions (plane), 
shown in Fig. 5.9, and they reveal a larger hysteresis for the (001) film as well as a 
suppressed saturation magnetization of 401 emu/cm3, or ~2.5 µB per Mn, at 7 K. 
Saturated moment values in units of µB per Mn of the different samples are tabulated in 
Table 5.1. The competition between magnetoelastic and shape anisotropy contributes to 
the larger coercivity in the (001) film compared to the (110) and (111) films. Although 
epitaxial strain yields an out-of-plane easy axis, the film still has to overcome the 
magnetostatic energy of µ0MS

2/2 before complete out-of-plane magnetization is 
attained—energy required for domain wall motion and moment rotation. MS is the 
saturated magnetization in units of emu/cm3, and µ0 is the permeability of free space. 
The anisotropy energy due to magnetostatics, or the shape effect, of the 34 nm (001) film 
as 7 K is 8.14 × 104 J/m3 or 8.14 × 105 erg/cm3. The corresponding anisotropy field is 
4.5 kOe. The partially strained (110) film and the nearly fully relaxed (111) film show a 
saturated magnetization of about 560 emu/cm3 (~3.5 μB per Mn), which is close to the 
expected saturated magnetization of 590 emu/cm3 (3.67 µB per Mn).  
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The temperature-dependent remnant magnetization (Mrem) values of the thin 
films normalized to their values at 7 K are plotted in Fig. 5.10a. After the samples were 
field cooled at 10 kOe, the moments were measured at zero field. The different 
La2/3Sr1/3MnO3 films show different Curie temperatures; compared to the bulk Curie 
temperature of 355 K, the Curie temperature is suppressed in the (001) film at 325 K, 
that of the (110) film is slightly suppressed at 334 K, and 347 K for the (111) film, which 
is closest to that of the bulk of ~355 K. A reduced Curie temperature is expected for a 
double exchange ferromagnetic with lower conductivity [4].  
 

 

Figure 5.9. Hysteresis loops measured at 7 K of the 34 nm (001), (110), and (111) films. The 
expected saturation magnetization value of the bulk material is 590 emu/cm3.   

 
5.5.3 Magnetotransport 

 
The substantial deviations in transport and magnetism of the coherently strained (001) 
film from the behavior of the bulk material motivate the study of magnetotransport. As 
mentioned in Section 5.2, the reduction in electronic bandwidth can lead to more 
pronounced metamagnetic transitions. Figure 5.10b shows the resistivity curves of the 
films measured in zero field and 50 kOe, applied normal to the sample plane; Fig. 5.10c 
shows the corresponding MR = [RS(50kOe)-RS(0kOe)]/RS(0kOe). Magnetization and 
resistivity scans of all of the samples do not exhibit temperature hysteresis. The fully 
relaxed La2/3Sr1/3MnO3 film on (111) LaAlO3 substrate shows a peak in MR at 351 K, 
near its Curie temperature of about 347 K (Figs. 5.10a and 5.10c), as observed in the 
bulk material of the same stoichiometry, while the (110) film exhibits a peak in MR that 
is 15 K below its Curie temperature. In addition, the breadth in temperature of the MR 
peak of the (110) film is noticeably greater than that of the (111) film.  
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Figure 5.10. Temperature-dependent (a) remnant magnetization normalized to the value at 7 K, 
(b) resistivity at 0 and 50 kOe, and  (c) MR measured at 50 kOe of the 34 nm (001), (110), and 
(111) films. 
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The greatest deviations in magnetotransport are seen the (001) film, which 
displays not only the highest MR but also over a wide temperature range; in particular, 
the MR is maximized at the lowest temperatures, whereas in the bulk of the same 
stoichiometry, the low-temperature MR is negligible. The local MR peak for the (001) 
film near 230 K seems to correlate with neither the Curie temperature nor the resistivity 
maximum; however, it does seem to coincide with the increase in magnetization 
observed below ~210 K (Figs. 5.10a and 5.10c). Despite being much lower in 
magnitude, the low-temperature MR of the (110) film is fairly substantial at about -10%, 
a phenomenon not observed in the bulk material of the same stoichiometry. The MR at 
10 K and 50 kOe are given in Table 5.1 for the three films. 

As opposed to the bulk material of the same stoichiometry, in the more distorted 
thin films, the magnetic transition no longer corresponds to kinks in their resistivity 
curves or peaks in their MR curves. Certainly the effects are most visible when 
comparing the magnetization, temperature-dependent resistivity, and MR curves of the 
coherently strained (001) film (Fig. 5.10). This observation is in contrast to the near 
coincidence of the MR peak and magnetic transition in the case of the almost fully 
relaxed (111) film.    
 For a single-phase double-exchange ferromagnet, a peak in MR near its Curie 
temperature and negligible MR at low temperatures are expected. The transfer integral of 
eg electrons from site i to a neighboring site j is given as tij = t|cos(θij/2)|, where θij is the 
angle between the moments on sites i and j, and t is the transfer integral for θij = 0

o. Near 
the magnetic transition, though there is coupling among moments, the thermal energy is 
high enough to cause substantial randomization and therefore the adjacent moments 
cannot be aligned parallel. However, a magnetic field induces improved alignment of 
moments along the direction of the field, decreasing the angle between adjacent 
moments. Therefore, there is a large electrical response upon the application of a 
magnetic field, and the conductance increases. However, as the temperature becomes 
much higher than the Curie temperature and the thermal randomization of moments 
increases, a magnetic field of the same magnitude does not improve the alignment of 
moments as it would closer to the transition. Therefore, the MR decreases at higher 
temperatures. At very low temperatures, the thermal fluctuations are small, and the 
adjacent moments are already well aligned to one another; consequently, the gains in 
transfer integral by an applied field are slight, leading to negligibly low MR at low 
temperatures. Thermally excited magnons scatter carriers at this temperature range. It is 
possible that a magnetic field at low temperatures can suppress carrier-magnon 
scattering, but the resulting MR is small, as they are in conventional elemental magnets 
such as Fe, Ni, and Co below their magnetic transitions [51]. All in all, the MR features 
of the (111) film are fully consistent with those expected in a double-exchange 
ferromagnet, and the MR exhibited is not truly “colossal.”                                                                                                                             

The relationship between magnetization and transport can be further emphasized 
by studying the MR dependence on magnetic field, shown in Fig. 5.11 for the (001) film 
at 7 K with the field applied out of plane. The sample was first heated to 380 K, above its 
Curie temperature, to achieve a fully demagnetized state, and subsequently cooled to 7 
K at zero field before the scan was taken. All of the resistivity and MR versus magnetic 
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field plots were taken in this manner. Starting from zero, the field was first ramped up to 
positive fields, then lowered and switched to negative fields, before tracing a hysteresis 
back to positive fields, as indicated in Fig. 5.11. The local maxima in resistivity near ±3 
kOe are likely attributed to carrier scattering at magnetic domain walls, and they occur 
fairly near the coercive field of 1.4 kOe. However, suppressing carrier scattering at or 
reduced kinetic energy across domain walls likely do not account for all (or even much) 
of the MR observed in Fig. 5.11. Such high MR is unexpected at such low temperatures, 
and the resistivity versus field curve with a hysteresis that fails to close even in a field of 
70 kOe is likewise surprising.   
 

 

Figure 5.11. Magnetic field dependence of the out-of-plane MR of the 34 nm (001) film at 7 K. 
The arrows show the sequence of field sweeping.  

With the same procedure as for the (001) film, the field dependence of MR of the 
(110) film was taken at 7 K for fields applied both out of plane and along the in-plane 
magnetically easy in-plane [1-10] direction, shown in Fig. 5.12. Figure 5.12 also includes 
a difference in the two curves (MRIP – MROOP), which can be thought of as the 
anisotropic MR. The anisotropic MR saturates to roughly -1% with an applied field of 8 
to 10 kOe, expected to be approximately the total anisotropy field of out-of-plane 
magnetization of this film. Although the sign of the anisotropy in MR is different from 
normally observed elemental magnets such as Fe, Ni, and Co [51], it is consistent with 
previous studies on La2/3Sr1/3MnO3 films [52]. Here, the focus is not on the anisotropic 
component of MR since it represents a relatively small fraction of the total MR. 
Resistivity versus field curves at other temperatures were taken only with the field 
applied along the in-plane easy [1-10] direction.  

Shown in Fig. 5.13 are field-dependent MR scans taken at 7, 75, and 225 K, 
temperatures well below the Curie temperature of 334 K. There is remnant 
magnetization at each of the measured temperatures, but only the curve at 7 K shows an 
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initial zero-field resistivity higher than the zero-field value after a field of 70 kOe is 
applied. The lack of a field hysteresis of the resistivity curves at 75 and 225 K suggests 
that the hysteresis is not attributed to just suppressed carrier scattering of magnetic 
domain walls in the remnant state as compared to the initial demagnetized state. Note 
the phenomenological similarities between the low-temperature curves of the (001) and 
(110) films, despite their differences in magnitude of MR.     

 

 

Figure 5.12. The in-plane (IP) and out-of-plane (OOP) MR as well as the difference between the 
two for the (110) film at 7 K. For the in-plane measurement, the field was applied along the [1-
10] direction—the magnetically easy direction. 

 

Figure 5.13. The in-plane MR of the (110) film at various temperatures. For the in-plane 
measurement, the field was applied along the [1-10] direction. 
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§ 5.6 The significance of strain coherency in (001) films

 
 

The importance of epitaxial strain can be further exemplified by comparing a coherently 
strained (001) film with a partially relaxed one. A partially relaxed 45 nm (001) film, 
thicker than the coherently strained 34 nm (001) film, can be grown under the same 
deposition conditions. As shown in Fig. 5.14, the reciprocal lattice map of the 103 
reflection of the 45 nm La2/3Sr1/3MnO3 film shows that it is neither coherently strained 
nor fully relaxed. From the 103 film reflection, the in-plane and out-of-plane lattice 
parameters of the film can be determined to be 3.83 and 3.92 Å, respectively. 
Furthermore, the strain tensor can be calculated to be

 7 = −0.52 81 0 00 1 00 0 1= % + 8−0.77 0 00 −0.77 00 0 1.20= % 
Both the volume contraction and tetragonal distortion components are smaller than 
those of the 34 nm (001) and (110) films. Therefore, it is expected that this film behaves 
more similarly to the bulk and the nearly fully relaxed (111) film. 
 

 

Figure 5.14. An asymmetric 2θ-ω map of the 103 reflection of the partially relaxed 45 nm 
La2/3Sr1/3MnO3 film on a (001) LaAlO3 substrate. 

Figure 5.15 shows the temperature-dependent MR at 50 kOe of the partially 
relaxed 45 nm (001) film. As determined by a magnetization versus temperature scan 
(not shown), its Curie temperature is 343 K, close to its peak in MR at 341 K. It is 
similar to the 34 nm (111) film in that its MR peaks near the magnetic transition, but it 
also exhibits non-negligible MR at low temperature of roughly -3%. The low-
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temperature resistivity of the partially relaxed 45 nm (001) film, 75 µΩ-cm at 10 K, is 
lower than even the relaxed 34 nm (111) film (see Table 5.1). The ω scan of the 002 
reflection of the 45 nm (001) film shows that its full-width at half-maximum value is 
0.25o (data not shown), smaller than that of the (111) film of 33o. Therefore, one can 
deduce that in these epitaxial La2/3Sr1/3MnO3 films, both the atomic lattice structures 
and microstructures can affect electrical transport.  
 

 

Figure 5.15. Plots of resistivity at zero and 50 kOe applied field and the corresponding MR of the 
partially relaxed 45 nm La2/3Sr1/3MnO3 film on (001) LaAlO3.  

 
§ 5.7 On the possibility of strain-induced phase separation 

 
The 29% lower saturated magnetization and roughly ten-fold higher resistivity of the 
coherently strained 34 nm (001) film as compared to the (111) film at low temperatures 
(Table 5.1) can be attributed to one of two possibilities: (1) a single “ferromagnetic” 
phase with a canted moment structure, i.e. two sublattices of different canting 
orientations, thus giving rise to reduced conductance, or (2) two-phase coexistence of a 
ferromagnetic metallic phase and an insulating, possibly antiferromagnetic, phase. The 
observation of large low-temperature MR values in the (001) film in itself does not rule 
out either possibility since the applied magnetic field can reduce canting in the first 
scenario and induce an insulator-metal transition as well as a metamagnetic transition in 
the second scenario to account for increased conductivity. However, in a single-phase 
material, one would expect a stronger MR signature near the magnetic transition of the 
(001) film, a feature not observed in its MR curve (Fig. 5.10c). Furthermore, the 
discussion in Section 5.2 does suggest the propensity of the manganites toward two-
phase separation, whether or not it is associated with carrier phase separation. On the 
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other hand, there is a peak in MR at 351 K in the (111) film, very close to its Curie 
temperature, and it is hence believed that the (111) film is characteristic of a single-phase 
ferromagnetic material. There is reason to speculate that the lower magnetization, 
increased resistivity, and enhanced magnetoresistance—most markedly at low 
temperatures—together suggest that coexistence of insulating, likely antiferromagnetic, 
and ferromagnetic metallic phases in the coherently strained (001) film.   

In bulk manganites, insulating/metallic or antiferromagnetic/ferromagnetic 
phase competition has been heavily investigated. Several different variables can be 
modified to toggle between the different low-temperature states. A schematic of the 
canonical phase diagram of the manganites is shown in Fig. 5.16. The different variables 
that can be experimentally controlled on the horizontal axes are hole doping and average 
A-site radius. In a gedanken or a computational experiment, electronic bandwidth or 
antiferromagnetic exchange energy can also be adjusted. Taking disorder into account, 
the low-temperature transition along the horizontal axis goes through a two-phase region 
[8]. It is certainly reasonable that the lattice strain is likewise an appropriate 
thermodynamic variable for the horizontal axis. The effect of lattice deformation on the 
disorder parameter remains an untapped area of research, but lattice effects on magnetic 
ordering have been systematically studied in the computational study of Colizzi et al. 
[53].       
 

 

Figure 5.16. Canonical phase diagram of the manganites manifested by the competition between 
double exchange and superexchange. The disordered phase occurs at high temperatures (T), and 
the equilibrium ordered phase (antiferromagnetic or ferromagnetic) also depends on another 
thermodynamic variable (ξ), which can be average A-site cation radius, hole doping, electronic 
bandwidth, relative strengths of double exchange and superexchange, and so on.  

The (110) film has a lower degree of tetragonal distortion compared to the (001) 
film as well as some shear strain. The pronounced MR peak of the (110) film occurs at a 
temperature more removed from its Curie temperature and is much broader as compared 
to the (111) film. Furthermore, the sizeable low-temperature MR of about -10% observed 
in the (110) film suggests that it may also be near a single phase/two phase coexistence 
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boundary. It may already contain some regions of an insulating low-temperature phase 
that can account for the MR observed at the lowest temperatures measured. The 
resistivity versus field hysteresis loops of the (001) and (110) films at 7 K (Figs. 5.11 and 
Fig. 5.12) which do not appear close up to a field of 7 K may be linked to a gradual 
metamagnetic transition. The (110) film exhibits similar behavior as the (001) film at the 
lowest temperatures measured despite their opposite signs in their respective tetragonal 
strain tensors. Therefore, in general, it can be concluded that any lattice distortion that 
acts to reduce the overlap integral of the eg states in the manganites effectively makes the 
ferromagnetic state less stable with respect to a low-temperature insulating state; this 
low-temperature insulating phase undergoes phase instability upon application of a 
magnetic field. The observations presented here are also consistent with previous studies 
that have shown that insulating (001) La2/3Sr1/3MnO3 thin films can be achieved through 
both in-plane biaxial compression [42] and tension [36].   

Unfortunately, the effects of the shear strain components of the magnetic, 
electrical, and magnetotransport properties of La2/3Sr1/3MnO3 cannot be fully examined 
in this study. Appendix A.2 shows that in coherently strained (111) films, there is only 
volume dilation and shear strain but no tetragonal distortions. The main roadblock is the 
inability of stabilizing sufficient shear strain in (111) films of reasonable thicknesses for 
reliable magnetization measurements.  
 Higher resistivity signifies the system is shifted toward a more insulating state. 
The relevant competing mechanisms are superexchange antiferromagnetism between 
electrons of adjacent hall-filled t2g

3 states that favors localization of the eg electrons and 
double exchange ferromagnetism that favors charge itinerancy of the eg electrons. 
Possible temperature-activated Jahn-Teller distortions may also important, but would 
not account for the low-temperature MR. Regardless, the tetragonal strain components 
imposed by the substrate can dually decrease hybridization and lift the degeneracy of eg 
states—both of which help stabilize a more insulating state.  

The work presented here on enhancing the magnetoresistive properties of 
La2/3Sr1/3MnO3 films by reducing sample conductivity is limited to effects arising from 
atomic lattice distortions. For example, though the relaxed (111) film exhibits higher 
resistivity than the partially strained 45 nm (001) film, the low-temperature MR of the 
(111) is smaller. Presumably, its higher resistivity is attributable mainly to 
microstructural defects, exemplified by a relatively large full-width at half-maximum 
value in its ω scan (Fig. 5.5b and Table 5.1). A comparison of the relaxed (111) and the 
partially strained (001) films reveals that in these epitaxially films, attempts to increase 
the resistivity by microstructural means do not necessarily bring about enhanced MR. 
This is in contrast to enhanced MR over a wide range of temperatures in polycrystalline 
bulk samples [54] and films deposited on polycrystalline substrates [55]. Low-angle grain 
boundaries that likely exist in the (111) film do not lead to much improvement in 
magnetoresistive properties; it appears transport across high-angle grain boundaries is 
very sensitive to an applied magnetic field, but that topic is not within the scope of this 
work.     
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§ 5.9 Can phase separation be tuned? 

 
In this work, the electronic properties of La2/3Sr1/3MnO3 films are modified through 
atomic lattice distortions. In order to exploit the microscopic phenomenon of phase 
separation in tuning the macroscopic property of MR, the characteristic length scale, 
volume fraction, and morphology of the different phases must be controllable. This work 
focuses exclusively on the macroscopic magnetotransport properties of thin films. A 
recent report made possible by the development of microwave impedance microscopy 
presents an interesting opportunity to directly study the morphology of electronic phase-
separated materials [14]. Microwave impedance microscopy appears to be a means to 
yield optical (frequency-dependent) conductivity with spatial resolution on the order of 
50 nm by employing an atomic force microscope tip. For the imaging of phase-separated 
samples, it may be more versatile and the data may be more direct than scanning 
tunneling microscopy. Lai et al. observed field-dependent changes in volume fraction and 
morphological texturing in their Nd1/2Sr1/2MnO3 films, a compound known to exhibit 
mesoscopic phase separation even in the bulk [14].   
 If the morphology of the phases of a manganite sample is known, patterning and 
nanostructuring of the sample can allow one to take advantage of the inhomogeneous, 
possibly mesoscale regions [13,56]. It would be ideal if the samples can be structured in a 
way such that it is very close to a percolation threshold, which can be traversed upon the 
application of a preferably small magnetic field or carrier injection.  
 
 

§ 5.10 Conclusions and outlook 
 
Though there has been much work on strain effects on Ca-based manganite thin films 
and the possible connection to phase separation [13,43,57,58], bulk Ca-based manganites 
are already very susceptible to phase separation. Furthermore, the MR behavior of 
compounds near the 50:50 rare-earth/Ca composition is dramatic, likely owing to the 
stability of a commensurate charge-ordered phase. However, this is not the case for the 
larger-electronic-bandwidth La1-xSrxMnO3. In addition, at the La2/3Sr1/3MnO3 
composition the strength of double exchange is optimized in the bulk material. 
Therefore, this material is an ideal reference system to study the possibility of inducing a 
more insulating low-temperature state for enhancing the thin-film magnetoresistive 
properties over a broad temperature range.     
 The data presented on the coherently strained (001) and partially strained (110) 
La2/3Sr1/3MnO3 films on LaAlO3 substrates suggest thin-film electronic transitions are 
indeed possible in mixed-valent systems. Lattice strain is another variable that can be 
exploited along with stoichiometry to change the properties and the low-temperature 
ordered states of manganites. For these films, it appears the vital component is the 
competition between superexchange charge localization and double exchange charge 
itinerancy—as they can be modified through lattice deformation. 
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 Mathieu et al. suggested that CMR may emerge for manganites even without 
phase separation [59]. They studied Eu1/2Ba1/2MnO3 and Sm1/2Ba1/2MnO3, small 
bandwidth systems with large Attfield parameters—which they claimed to be the two 
essential ingredients for CMR with or without phase separation. The Attfield parameter 
of Sm1/2Ba1/2MnO3 is 3.42×10

-2 Å2 based on the 12-coordinated Shannon radii of Sm3+ 
and Ba2+. The Shannon radii are used, because the Pauling radius for Sm3+ is 
unavailable. For a fair comparison, based on the Shannon radii, the Attfield parameter 
for La2/3Sr1/3MnO3 is 1.42×10

-3 Å2. An interesting, unanswered issue is the effect of 
epitaxial lattice distortions on the site-to-site bond and magnetic fluctuations. 
Undoubtedly the different microscopic ingredients for the phenomenology of CMR will 
be further explored. Strain in thin films should provide for a unique platform to 
investigate lattice-induced electronic bandwidth changes as well as atomic site disorder.   
 The work in this and in the previous chapter demonstrates the possibilities of 
strain-controlled electronic transitions in perovskite oxide thin films. The next chapter 
focuses on an interface-induced electronic transition in LaAlO3/SrTiO3 heterojunctions. 
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Chapter 6 

Disorder, Magnetotransport, and Spin-Orbit Interaction  

at LaAlO3/SrTiO3 Heterointerfaces 
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The previous chapters have considered systems in which thin-film heteroepitaxial lattice 
distortions induce electronic transitions. Through the formation of a heterojunction, 
electrons must move from one material to the other in order to equilibrate the electron 
chemical potential. The transfer of electrons at the interface can likewise induce an 
electronic transition. Such effects can be very large in polar and ionic materials such as 
transition-metal oxides. A model system that has received much interest is the metallic 
(001) LaAlO3/SrTiO3 heteroinference. Recent experiments have suggested that under a 
range of thin-film deposition conditions, metallicity is caused by the intrinsic interfacial 
polarity, rather than crystal defects, and that it is spatially confined. Reported here, 
magnetotransport studies reveal that at low temperatures the thickness of the metallic 
electron channel on the SrTiO3 side of the interface should be limited to at most one 
carrier mean free path.  Low-temperature transport studies also uncover that localization 
effects are important to consider in this system wherein interfacial polarity induces an 
insulator-metal transition of a quasi-two-dimensional electron channel. The quasi-two-
dimensional nature of the conductive channel results in anisotropy in out-of-plane versus 
in-plane magnetoresistance (MR). These observations will be discussed as they may 
relate to localization and low-temperature electron interference. In addition, the 
observation of strong spin-orbit interaction may prove to be a potentially functional 
property of this oxide heterointerface.   
 

 

§ 6.1 Discovery of and work on metallic (001) LaAlO3/SrTiO3 interfaces 

 

Since the discovery of the metallic LaAlO3/SrTiO3 heterointerface [1,2], there have been 
a remarkable number of subsequent experimental [2-9] as well as theoretical [10-13] 
studies in effort to understand the origins of metallicity. Typical samples are composed 
of single LaAlO3 films deposited on TiO2-terminated (001) SrTiO3 substrates. The 
original explanation proposed is that polarity arising at the (001) heterojunction formed 
by charge neutral (002) planes of SrTiO3 and alternately charged (002) planes of LaAlO3 
results in an unstable build-up of electric potential with increasing LaAlO3 film 
thickness, shown in Fig. 6.1 [1,2]. Whereas the so-called n-type (LaO)+/TiO2 interface is 
metallic, the (AlO2)

-/SrO remains insulating.* The discussion here will be mainly kept to 
n-type (LaO)+/TiO2 interfaces, in which an insulator-metal transition is induced. Owing 
to polar electronic instability, an interfacial metallic channel forms spontaneously once a 
critical thickness of LaAlO3 thin film is reached in order to relieve the electric 
potential—i.e. electronic reconstruction. In the original report by Ohtomo and Hwang, 
they surmised that exactly half an electron per interface unit cell should be transferred to 
the SrTiO3 side, forming a one-unit-cell thick metallic channel [1]. It can be seen that 
adding such a density of electrons to the TiO2 layer at the interface in Fig. 6.1 would 
“solve” the divergence problem. But the origin of these electrons was not explicitly 

                                                           
* The ionic limit is taken to label the formal charges of the (002) planes. 
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whose electrical transport properties are not dominated by oxygen vacancies in the 
SrTiO3 substrates. 

In LaAlO3/SrTiO3 heterointerfaces, interface polar instability leads to “on” 
channels in as-grown samples. If they cannot be turned off, they would be of little 
engineering value. Advancements in semiconductor devices and heterostructures can be 
invariably attributed to the high level of engineering control. On the one hand, a metallic 
channel created by a polar interface between two nominally undoped constituent 
insulators has served as a great model system in generating new materials properties 
through changing the charge degree of freedom. On the other hand, Kroemer in his 2000 
Nobel lecture specifically addressed the problem of interface polarity [19], which was first 
considered by Harrison in (001) Ge/GaAs heterojunctions [20].  The warning is that 
interface polarity results in drastic charge redistribution of potentially both carriers and 
ions that would ultimately lead to difficulties in achieving precise control; fluctuating 
potentials due to “residual charges, with deleterious consequences for any device 
application” would likely occur [19].  

Despite the challenges to engineer precise carrier densities at polar interfaces, 
interfacial electronic instability creates a wealth of unexpected and rich electrical 
transport phenomena that may be exploited if understood properly. Moreover, although 
there have not been successful reports of turning off as-grown metallic interfaces, it has 
been shown that carrier concentration and the superconducting transition temperature of 
the heterointerfaces can be modulated by gate voltages [21-24], despite differing 
interpretations between Schneider et al. [21] and Bell et al. [22] on the principle 
mechanism that causes the modification of superconducting transition temperatures. In 
some cases, data suggest the existence of a quantum superconductor-metal-insulator 
transition that can be traversed by the application of a gate voltage [21], but room-
temperature gate-control remains challenging.  

However, it has been demonstrated that nanostructures can be written on 
LaAlO3 films on SrTiO3 substrates using an atomic force microscopy (AFM) tip with a 
positive voltage when the deposited film is slightly thinner than a LaAlO3 critical 
thickness of 4 unit cells, i.e. between 3 and 4 unit cells [25,26]. As grown, the sample is 
in an “off,” high-resistance state. With patterned sources and drains, Cen et al. used an 
AFM tip to write channels, hence turning “on” the device, and showed that the 
switching is nonvolatile; however, the application of sufficient negative voltage can turn 
turn “off” the metallic state [25]. The switching mechanism is not fully agreed upon yet. 
It has been speculated that a positive voltage on the AFM tip can ionize water molecules 
and upon desorption of OH- ions, the remaining H+ on the surface of the LaAlO3 result 
in band bending in SrTiO3 and therefore the creation of an electron channel in SrTiO3 
near the heterointerface [25]. Turning off the device requires the application of a 
negative voltage on the AFM tip to remove H+. It has been shown that this technique 
can be used to draw structures with nanometer spatial resolution.     

  Besides striving to achieve engineering control of the heterointerface, many 
research groups have conducted studies to investigate the properties of the metallic state 
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induced by polar instability, with particular emphasis on functionalities unique from 
bulk electron-doped SrTiO3.

† As in n-type SrTiO3 bulk crystals, a superconducting state 
can be attained over a range of carrier densities [7,21-24,27,28,29]. However, there are 
some groups who have claimed the indirect observation of long-range magnetism [8,28] 
and magnetic inhomogeneities [30] based on MR and Hall effect measurements. The 
origins of any possible magnetic ordering remain unclear to this day. 
 The primary purpose of this study is to investigate the properties of the metallic 
state of the interfacial electron channel; careful documentation of the characteristics of 
the metallic as-grown samples is necessary for pursuing better control. Many of the 
experiments here were initially motivated by studying the effects of disorder at low 
temperatures in a quasi-two-dimensional electron system, and in the process, strong spin-
orbit interaction was found. Emphasis will be put on features that may not be readily 
attainable in conventional semiconductor heterojunctions.  

  
 

§ 6.2 Interfacial carrier gases in semiconductor heterostructures 

 

As much of the work on oxide heterojunctions is motivated by and can be related to 
semiconductor counterparts, a brief survey of semiconductor heterojunctions is 
presented. 

The successful design and engineering of semiconductor heterojunctions have 
enabled many electronic and optoelectronic advances. In 2000, H. Kroemer and  Z. I. 
Alferov shared half of a Nobel Prize‡ for their contributions in band offset engineering 
that allows for the steering of electrons and holes with “quasi-electric fields” [19]. For 
example, heterointerfacial band offset-induced quasi-electric fields are exploited in 
quantum well structures that localize both electrons and holes in the wells, a feature 
useful for the design of lasers.  

While quantum well light emitters were perhaps one of the earliest successful 
realizations of band offset engineering, Kroemer’s original intention was to find new 
approaches for enhancing carrier mobility. In 1978 the seminal achievement of 
modulation-doped n-Al1-xGaxAs/i-GaAs heterostructures was the attainment of metallic 
conduction and high carrier mobility in the intrinsic GaAs side of the interface. Figure 
6.2a is a schematic of n-doped Al1-xGaxAs

§ and intrinsic GaAs showing the band offsets. 
Upon creation of the junction, the Fermi levels must be equilibrated, and the band 
offsets must still be maintained (Fig. 6.2b). Band bending manifested in the transfer of 
electrons, in this case from n-Al1-xGaxAs to intrinsic GaAs, is required to satisfy the 
criteria above. Though GaAs is not chemically doped, metallic conduction ultimately 

                                                           
† Successful electron doping of SrTiO3 can be achieved by oxygen vacancies, La substitution of 
the Sr site, and Nb substitution of the Ti site. 
‡ The other half of the Nobel Prize in physics that year was given to J. S. Kilby for the invention 
of integrated circuits. 
§ For a schematic illustration, the exact composition of the (Al,Ga)As alloy need not be specified. 
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and hole gases can be formed depending on the termination plane of the underlying 
GaN film [34]. Likewise, the polarization along that [0001] direction** is thought be the 
dominant mechanism for the generation of carriers, as there are no intentional dopants 
incorporated [34]. Although both Al and Ga have nominal valence states of 3+, bond 
covalency and their difference in electronegativity can be sufficient for interfacial 
polarity. Furthermore, the piezoelectric response of strained layers can add a electric 
field near the interface to induce more carrier accumulation [35,36]. The possible effects 
of piezoelectric response in strained LaAlO3 films deposited onto SrTiO3 have yet to be 
considered, and will only be briefly mentioned in this work.  

Similarly, a two-dimensional electron gas can be formed at (0001) ZnO/MgxZn1-

xO heterointerfaces, in which both orientational polarization and piezoelectricity of ZnO 
are believed to contribute to metallicity [37]. Zn2+ has a completely filled 3d shell, so the 
conduction band of ZnO is expected to be s-like. The reported carrier electron effective 
mass is 0.32m0, where m0 is the bare electron mass; this value is roughly an order of 
magnitude lower than that of SrTiO3. Moreover, relatively clean ZnO/MgxZn1-xO 
heterointerfaces can be made using molecular beam epitaxy. Together a fairly low 
electron effective mass and long carrier scattering times makes it possible to realize the 
quantum Hall state [37].†† Although the observation of the quantum Hall effect remains 
a benchmark of the quality of quasi-two-dimensional conductive systems, the work 
reported in this study will show that perhaps pursuing other phenomena in 
LaAlO3/SrTiO3 heterointerfaces not easily attainable in conventional semiconductor 
heterojunctions is even more promising. Any effect reliant on Landau quantization will 
be inherently limited by the rather large conduction band effective mass of SrTiO3. On 
the other hand, the possible ground states and dynamics of interfacially confined quasi-
two-dimensional electron gases of d-like carriers have been a largely unexplored area, 
and completely new properties may emerge.        

       
 

§ 6.3 Growth and structure of LaAlO3 films on SrTiO3 substrates 

 
LaAlO3 films were grown at 700 oC, 2 Hz pulse frequency, ~180 J/cm2 laser fluence, 
and in an oxygen pressure of 2.5×10-5 Torr on TiO2-terminated (001) SrTiO3 substrates. 
To achieve the correct surface termination, the substrates were first sonicated in 
deionized water for ten minutes and then submerged into 50:1 buffered hydrofluoric acid 
solution. They were then annealed in ambient at 1000 oC for 2 hours to achieve 
smoother step edges on the surfaces. An atomic force microscopy image of a 

                                                           
** (0004) planes of a wurtzite structure such as GaN alternate between Ga and N planes.   
†† The criteria for a quantum Hall state is ћωc = ћeB/m > kBT and ωcτ > 1, where ωc is cyclotron 
frequency, B is magnetic field, m is electron effective mass, T is temperature, and τ is mean free 
scattering time. The first criterion ensures the discrete Landau levels are not smeared out by 
temperature, and the second criterion ensures that the electrons can undergo full cyclotron orbits 
before they scatter.  
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representative 10 nm LaAlO3 film on a TiO2-terminated and annealed substrate is shown 
on Fig. 6.3a. Although most of the samples reported here were not grown with in-situ 
monitoring of a grazing incidence reflective high energy electron diffraction pattern, Fig. 
6.3b shows the oscillations of a diffracted beam; the oscillations reveal that despite the 
lattice mismatch (a = 3.79 Å for LaAlO3 and 3.905 Å for SrTiO3), smooth layer-by-layer 
thin-film growth can be achieved. Each oscillation peak represents the point in which a 
full unit-cell layer is deposited across the substrate. Figure 6.3c is an out-of-plane 2θ scan 
of the 00l reflections, and Fig. 6.3d is an ω scan of the 002 reflection of the film, whose 
peak has a full-width at half-maximum value of 0.09o. X-ray diffraction shows single-
phase and single-orientation growth of the perovskite film on the perovskite substrate. 
The relatively narrow peak in the ω scan reveals the high in-plane crystalline quality of 
the film. The 2θ scan shows that by 10 nm of LaAlO3 film, its out-of-plane lattice 
parameter relaxes to that of the bulk. It is also seen that heterointerface samples with 
strained, thinner LaAlO3 films can also be metallic; therefore, any possible piezoelectric 
response of LaAlO3 is not the sole or primary cause of metallic conduction in the 
samples shown here. Films of thicknesses from 2 to 14 nm were grown. The film 
thicknesses and stoichiometry were checked by Rutherford backscattering spectrometry 
and x-ray reflectivity.       
 

 

§ 6.4 Temperature- and LaAlO3 thickness-dependent electrical transport 

 
Although Thiel et al. suggest that beyond the critical thickness of four unit cells of 
LaAlO3 the interfacial metallicity does not change appreciably with increasing film 
thickness [3], it is found here that there is a thickness-dependent evolution of electrical 
transport. Temperature-dependent carrier concentration and mobility values for samples 
with a 5 nm and an 11 nm film can be extracted from Hall measurements and are shown 
in Fig. 6.4. The carrier concentration of the sample with a 11 nm film is larger than that 
of the sample with a 5 nm film for the entire temperature range measured, but the 
mobility values of the lower carrier concentration sample are higher, particular at low 
temperatures—in which the dominant mechanism limiting carrier mean free path is 
elastic scattering with defects. In this chapter, any elastic scattering center will be 
referred to as disorder. In addition, at the highest temperatures measured (up to 300 K), 
while the carrier concentration of the heterointerface with the thicker film continues to 
increase gradually with temperature, that of the thinner film appears to saturate.  

The expected sheet carrier concentration according to the arguments presented in 
Refs. [1,2] is about 3.3×1014 cm-2, and no temperature dependence is expected. However, 
in addition to being temperature dependent, the sheet carrier concentration values 
measured generally are considerably lower over the temperature range between 2 and 
300 K than their “expected” value.  
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Figure 6.3. (a) Atomic force microscopy image of a typical LaAlO3 film grown on a TiO2-
terminated (001) SrTiO3 substrate. (b) Oscillations of a reflective high energy electron diffraction 
spot during the growth a representative 8 nm LaAlO3 film on a TiO2-terminated SrTiO3 substrate. 
(c) Out-of-plane 2θ scan and (d) ω scan of the 002 reflection of a 10 nm LaAlO3 film.  

 
Both the samples show higher carrier concentration at higher temperatures (Fig. 

6.4a), and the most dramatic increase occurs between 20 and 120 K; this temperature 
range corresponds to that in which the dielectric permittivity of SrTiO3 changes 
drastically [38]. To create a conductive channel confined to an interface, it is not 
surprising that band bending at the heterointerface—strongly affected by the dielectric 
constant—should be important. So the correspondence of carrier concentration and 
dielectric constant further suggests that metallicity is an intrinsic interfacial 
phenomenon, rather than conduction in bulk SrTiO3 as had been previously suggested 
[4,5]. In degenerately doped bulk SrTiO3,

‡‡ the carrier density does not show this 
temperature correspondence [16]. Lightly doped SrTiO3 can exhibit a temperature-
dependent carrier freeze-out behavior [17], but it is noticeably different from the 
behavior observed in the transport features reported here, in which the carrier 
                                                           
‡‡ Tufte et al. showed degenerately doping of SrTiO3 by both Nb substitution in the Ti site and 
oxygen vacancies [16]. Nb doping resulted in higher carrier mobility.  
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concentration from 2 to 300 K changes by a factor less than 5. Therefore, the metallicity 
should be understood as a LaAlO3/SrTiO3 heterointerfacial conductive channel and not 
as just a doped bulk material.   

 

 

Figure 6.4. Temperature dependence of the (a) sheet carrier concentration and (b) mobility of 
heterointerfaces formed by a 5 nm and an 11 nm LaAlO3 film on SrTiO3 substrates. 

Neglecting the possibility of electron correlations, the two most important 
parameters of a metallic state are carrier concentration and disorder. Different LaAlO3 
film thicknesses can be used to achieve samples with varying sheet carrier concentration 
values. Figure 6.5 shows the sheet carrier concentration at 275 K of different samples as 
a function of film thickness. The thinner films generally have lower sheet carrier 



95 

 

(electron-like) concentration for LaAlO3 film thickness values up to 5-6 nm, above which 
the sheet carrier concentration does not seem to have an obvious trend with film 
thickness.    
 

 

Figure 6.5. Sheet carrier concentration values at 275 K for heterointerfaces of different LaAlO3 
film thickness.   

There is special emphasis on low-temperature transport behavior, because of its 
sensitivity to disorder. Electrical transport data at 3 K show a general trend of decreasing 
electron mobility with increasing interfacial sheet carrier concentration (Fig. 6.6). At low 
temperatures where inelastic scattering is minimized, the mobility is a measure of the 
degree of disorder associated with static elastic scattering sites. The mobility values 
reported here are comparable to those observed by other groups [7,8,21-24,27,28,29]. 
These values are considerably less than those of electron-doped SrTiO3 crystals, ranging 
from ~1,000 to 5,000 cm2/Vs for oxygen vacancy doping and ~3,000 to 20,000 cm2/Vs 
for Nb doping [16]. Due to the high permittivity of SrTiO3 at low temperatures, carriers 
can exhibit respectable mobility values, despite not being “clean” by electronic materials 
standards. Nevertheless, the implication of Ohtomo and Hwang’s proposal was to mimic 
modulation doping in semiconductor heterostructures through polar instability [1]. 
Therefore, it should not be overlooked that heterointerface mobility values are in fact 
lower than those routinely attained in bulk crystals forty years ago. Presumably, the 
crystal quality of today’s commercial substrates is better. The lower interfacial mobility 
values obtained in the LaAlO3/SrTiO3 heterointerfacial metallic channels suggest that 
the origins and effects of disorder must be investigated. 

The increase in sheet carrier concentration that is coincident with a decrease in 
mobility, and hence an increase in disorder, suggests that the generation of carriers is 
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associated with a greater density of scattering centers or enhanced scattering. Because 
the combination of carrier concentration and mobility, not the film thickness, governs 
the features of low-temperature electrical transport, the samples herein are labeled by 
their carrier concentration and mobility values and not their film thicknesses. The focus 
is specifically on four samples (A to D), whose transport parameters are listed in Table 
6.1.  

 
 

 

Figure 6.6. Mobility versus sheet carrier concentration at 3 K for the different samples.  

Table 6.1. Transport properties of samples A to D at 3 K: sheet carrier concentration nS, Hall 
mobility µH, electron diffusivity D, carrier mean free path l, and LaAlO3 film thickness t.  

Sample nS (cm
-2

) µH (cm
2
/Vs) D (cm

2
/s) l (nm) t (nm) 

A 3.65×10
13

 203 5.92 20.3 11 

B 2.92×10
13

 273 6.37 24.4 13.5 

C 2.63×10
13

 393 8.27 33.3 5 

D 1.63×10
13

 1052 13.7 70.2 4 

 
 

 

§ 6.5 Low-temperature quantum correction to conductance 

 

Low-temperature transport data of samples A to D reveal upturns in sheet resistance that 
are more pronounced and occur at higher temperatures in samples with higher carrier 
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concentration (Fig. 6.7a). In this temperature regime, the higher carrier concentration, 
lower mobility samples are more resistive. Both weak localization [21] and Kondo 
scattering [8] have been invoked to explain the existence of such sheet resistance 
minima. The anisotropy in the MR data presented in the next section suggests that 
Kondo scattering is not the operative mechanism in the samples presented here. On the 
other hand, the upturn in resistance may be related to enhanced coherent backscattering, 
which can be treated as a quantum correction to the Drude conductance. See Appendix 
A.2 for details. Localization effects are typically more pronounced for lower dimensional 
systems, such as heterointerfacial conducting channels. The resistance upturn can be 
converted to conductance correction values, using the minimum sheet resistance RS

min as 
a reference: ∆σ = [RS

min-RS(T)]/RS
minRS(T) (Fig. 6.7b). In a sheet resistance versus 

temperature plot, the best estimate of the Drude component is the minimum resistance 
value. Whereas the sheet resistance values and the magnitude of the sheet resistance 
upturn appear to vary substantially from sample to sample, the values for the correction 
to conductance of all of the samples are on the order of pe2ln10/πh = 5.7 × 10-5 Ω-1 per 
decade for p = 2. The inelastic scattering time τin scales with an inverse power law with 
respect to temperature T, τin ∝ T -p, and p = 2 corresponds to a Fermi liquid. This is not 
an unexpected state for electron-doped SrTiO3 at low temperatures. Although the curves 
of the quantum correction to conductance do not have a strict logarithmic dependence 
with temperature, as would be expected for weak localization, localization phenomena 
cannot be completely dismissed in describing the low-temperature electrical transport 
data. In fact, electron-electron correlation, spin-orbit interaction, and possible long-range 
ordering may account for the deviation from a purely logarithmic temperature 
dependence.  
 
 

§ 6.6 Magnetotransport and its anisotropy 

 

Magnetotransport measurements provide additional insight into the role of disorder and 
localization effects. Unlike in Chapter 5, in which MR is a desired functionality, here 
magnetotransport is utilized solely as a means to study the effects of coherent 
backscattering and disorder in the metallic regime of a quasi-two-dimensional system at 
low temperatures. Figure 6.8a shows the MR curves of samples A to D at 3 K with the 
magnetic field applied normal to the sample plane. A closer examination of the out-of-
plane MR of sample A, with the highest carrier concentration, reveals that at lower 
temperatures, e.g. 2 K as shown in Fig. 6.8b, a cusp at lower fields emerges, and it 
disappears at 12 K.     
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Figure 6.7. (a) Sheet resistance and (b) corresponding conductance correction of samples A to D 
in a range of low temperatures.  

 
In contrast, sample D does not show any similar low-field cusplike behavior. The 

positive MR as seen in sample D is attributed to orbital motion of carriers, often called 
“ordinary MR.” Ordinary MR arises from the semiclassical effect of electrons being 
deflected away from their paths due to the Lorentz force of the applied magnetic field on 
moving charged particles. Ordinary MR follows Kohler’s rule: MR = F(H/ρ) ≈ F’(µH), 
where H is the magnetic field, ρ is the resistivity, and F and F’ are monotonic functions 
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that increase with µH. Electrons travel along their cyclotron orbits until they scatter and 
then restart their paths along the direction of the electric field. Therefore, scattering 
events limit the magnitude of ordinary MR. A higher magnetic field induces tighter 
orbits.§§ Indeed the positive MR is higher with increasing fields and in higher mobility 
samples.  

 

 

Figure 6.8. (a) Out-of-plane MR of samples A to D at 3 K and (b) of sample A at 2 and 12 K.  

The functional dependence of MR on µH is examined. Because the asymmetry of 
the MR in positive and negative fields (can be seen in Fig. 6.8) is due to geometric and 

                                                           
§§

 In the limiting case of extremely clean samples and at very low temperatures, carrier scattering 
rates are very low; the application of a magnetic field can generate a quantum Hall state of no 
dissipation yet no electrical conduction through the bulk. 
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not intrinsic effects, averaged MR values for corresponding positive and negative fields 
(MRave = ½ [MR(H) + MR(-H)]) were used to construct a Kohler plot for sample D at 3 
K and 60 K (Fig. 6.9a). Despite the seemingly high fields applied, ωcτ = µHµ0H < 1, 
corresponding to the low-field limit. If only ordinary MR is present, one expects the 
Kohler plot data of the two temperatures to lie on the same line, as ordinary MR should 
be only a function of µH; the function behaves the same if the field were increased or if 
the mobility were increased by the same amount due to the lowering of temperature. 
Therefore, the data in Fig. 6.9a suggest that there must be other temperature-dependent 
contributions to MR. Experimentally, MR is commonly found to be of the form 
κ(µHµ0H)

β. In the high-field limit, the determination of the sample orientation 
dependence of β is often used to map out the topology of the Fermi surfaces of metals, 
but there is no universal low-field value for β [39]. Likewise, there is no universal 
prefactor κ, particularly in the low-field limit [39]. To be as general as possible, we allow 
both κ and β to be fitting parameters for field-dependent resistivity curves measured at 
different temperatures. Fits were performed on the MR data from 20 to 70 kOe. At 3 K, 
κ = 0.49 and β = 1.98, whereas at 60 K, κ = 1.00 and β = 1.89. At higher temperatures, 
the MR values are so low that fits are not as reliable. A low-field-limit exponent β close 
to 2 can be theoretically calculated assuming a two-carrier model [39]. However, in the 
LaAlO3/SrTiO3 metallic heterointerface, it is unclear whether there are two relevant 
carriers that contribute to electrical conduction. Therefore, in this case, the fitted 
exponents are taken just as phenomenological parameters.   

The temperature dependences of the phenomenological κ and β values (Fig. 6.9b) 
have to be rationalized, as they suggest that the out-of-plane MR in this system is not 
governed by just changing mobility values. In contrast to metallic thin films, the carrier 
concentration and therefore the Fermi level of the interfacial LaAlO3/SrTiO3 metallic 
channel is dependent on temperature, as shown in Fig. 6.4a. As the carrier concentration 
increases with increasing temperature, though the electron scattering rate increases, so 
does the Fermi velocity. This effect may explain higher κ values at higher temperatures. 
Another reason for temperature dependences of the fitting parameters is the contribution 
to MR from localization effects at lower temperatures, as will be discussed in the next 
section. The temperature dependence of the β values, which typically are slightly less 
than 2, is relatively weak. Nonetheless, the scaling of out-of-plane MR with sample 
mobility and applied field suggests that while ordinary orbital effects are not the only 
contribution, they are the most dominant one.   
 It is shown that the out-of-plane MR of even the highest mobility sample (sample 
D) may be affected by disorder-induced weak localization. Lower mobility samples 
exhibit more pronounced effects. The cusplike MR feature of sample A in Fig. 6.8b is 
believed to be a signature of disorder. However, the ordinary MR component 
overwhelms other contributions.  
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Figure 6.9. (a) Kohler plots of the out-of-plane MR of sample D at 3 and 60 K and their 
corresponding fitting parameters. (b) Temperature dependence of the fitting parameters of the 
out-of-plane MR = κ(µHµ0H)

β. 

Magnetotransport with applied fields parallel to the interface allows for 
separating out orbital effects from the MR. In-plane MR measurements were performed 
in the van der Pauw geometry, with the field applied 45o with respect to both the in-
plane [100] and [010] directions. In this geometry, there appears to be no ordinary MR 
contribution (Fig. 6.10a) for all of the samples, because the Lorentz force for a field 
applied in plane cannot send electrons into cyclotron orbits as a field applied out of plane 
does. The ability to suppress the ordinary MR contribution in in-plane measurements 
suggests that the thickness of the interfacial metallic layer is within one carrier mean free 
path. This finding is consistent with the work of Basletic et al. [15]. Using an isotropic, 
parabolic band approximation, the mean free path of sample A, for example, is 
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estimated to be 20.3 nm (Table 6.1). The electron mean free path l can be calculated 
from the measured mobility µ and sheet carrier concentration nS values, 

� =
�ℏ
�
�2	
� 

for a quasi-two-dimensional system. The mean free paths of the other samples can be 
likewise computed, and they are given in Table 6.1. All in all, the MR anisotropy 
illustrates the quasi-two-dimensional nature of metallicity at the LaAlO3/SrTiO3 
interface. The MR curves of Fig. 6.10a reveal two distinct regimes, a positively sloped 
MR portion in lower fields and negatively sloped in higher fields, resulting in a local MR 
maximum. Note that the low-field positive component is barely visible in sample D, with 
the lowest carrier concentration. Fig. 6.10b shows that the positive MR contribution 
increases with decreasing temperature and is most likely linked to the cusp observed in 
sample A at 2 K (Fig. 6.8b). Similar to the cusplike feature of the out-of-plane MR as 
shown in Fig. 6.8b, Fig. 6.10b shows that the positively sloped portion of the in-plane 
MR is a low-temperature phenomenon that gradually disappears at higher temperature. 
The field corresponding to the positive local maximum in MR is referred to as H*, and a 
temperature dependence plot of H* explicitly shows the disappearance of a contribution 
to the MR at higher temperatures (Fig. 6.10c). 
  
 

§ 6.7 Possible origin of disorder and spin-orbit interaction 

 

Both the resistivity upturn and the negative MR components are reminiscent of 
localization effects arising from disorder. Disregarding electron-electron interaction for 
the moment, the two key parameters to keep track of are electron concentration and 
disorder. A higher-density sea of electrons results in greater kinetic energy and electronic 
bandwidth. Physically, one can imagine that the electrons in a higher carrier density 
sample have larger velocities because of better screening. In terms of disorder, 
fluctuations of potential as compared to that of a perfect lattice perturb the Bloch 
electron waves and can give rise to carrier localization. A metal-insulator transition that 
comes about through reduced carrier concentration is called a Mott transition, and one 
that comes about through increased disorder is called an Anderson transition. In the case 
of doped semiconductors, impurities and carriers are introduced concurrently; therefore, 
carrier concentration and mobility tend to have an inverse relationship. It will be shown 
that in the case of metallic LaAlO3/SrTiO3 electron channels induced by interfacial 
polarity, carrier concentration and disorder likewise cannot be decoupled. It will be 
argued that carriers and charged scattering centers are introduced concomitantly through 
interfacial polar instability.      
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Figure 6.10. (a) In-plane MR of samples A to D at 2 K.  (b) In-plane MR of sample A at various 
temperatures. (c) Temperature-dependent crossover field, as defined in the text, in the in-plane 
MR of sample A. 
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First off in the perfect two-dimensional materials, Abrahams et al. have shown 
that there can be no true metallic low-temperature state [40].*** However, Abrahams et al. 
consider a system of spinless, noninteracting electrons at 0 K. Moreover, in the 
temperature regime of interest, strong localization is not yet in effect, and weak 
localization can be treated as a perturbation to metallic conductance—hence the 
quantum correction to the Drude conductance in Fig. 6.7b.  

The quasi-two-dimensional nature of n-type metallic conduction as suggested by 
the anisotropy in magnetotransport requires interfacial band bending that provides for 
electron confinement, i.e. downward bending of the conduction band of SrTiO3 near the 
interface. The lowering of the conduction band of SrTiO3 may be related to interfacial 
bonding [41] or strain/interfacial-induced polar distortions [42]. These possibilities are 
similar to the proposed mechanisms for metallicity in nitride heterojunctions [34-36]. 
However, the possibility of trapped point-like positive interface charges on the LaAlO3 
side of the heterojunction and their origin are considered. Beyond the critical LaAlO3 
film thickness of four unit cells for an insulator-metal transition [3], the LaAlO3 valence 
band edge becomes higher in energy than the conduction band edge of SrTiO3, and 
electrons tunnel to the SrTiO3 side, where they can become mobile. The energy band 
configuration is shown schematically in Fig. 6.11, and the band offsets reported by Lee 
and Demkov were used [13]. The dielectric constant of LaAlO3 is ~25ε0. If the charge 
density on the LaAlO3 side as shown in Fig. 6.1 is assumed to alternate between ±e/2a2 
were a is the lattice constant of SrTiO3, an insulator-metal transition at 4 unit cells can be 
calculated. Since the conjecture is that the valence band of LaAlO3 supplies electrons to 
SrTiO3, there should be holes in LaAlO3. In this work, a second conjecture is made: the 
holes in LaAlO3 are immobile, and rather than being carriers themselves, they act as 
scattering centers for electrons in SrTiO3. The speculation of immobile holes is plausible. 
First, the formation of hole polarons has been considered and thought to be likely in 
related oxides [12]. Second, the author is not aware of any successful incorporation of 
electrically active dopants (neither n- nor p-type) in LaAlO3. Localized holes in LaAlO3 
near the interface, starting from 4 unit cells away, can enhance band bending at the 
heterojunction, thus confining the electron channel to be quasi-two-dimensional. A 
possible band alignment situation is shown in Fig. 6.12. At the same time, these holes 
can also act as scattering centers that limit the magnitude of low-temperature carrier 
mobility and may be the relevant form of disorder here.  

Despite the simplicity of the band alignment arguments presented, they are fully 
consistent with the experimental results in this study as well as other published data. 
Before discussing the results here, brief mention of other works will be made. The band 
alignment description holds for a p-type (AlO2)

-/(SrO)0-terminated LaAlO3/SrTiO3 
heterointerface except for that the electrons will be in LaAlO3 and holes in SrTiO3. To 
date, there has been no successful electrically active p-type doping of SrTiO3 at room 
temperature or lower temperatures; therefore, despite the similar electronic instability-

                                                           
***

 A true metallic state is defined as having finite conductance at a temperature of absolute zero, 
whereas an insulator state has zero conductance. 
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induced interfacial charge redistribution, the p-type interface remains insulating. 
Furthermore, there has been a very recent report of electron-like metallicity in 
LaGaO3/SrTiO3 heterointerfaces [43]. The dielectric constant of LaGaO3 is ~26ε0 [44] 
and its band gap is ~5 eV, though there is no widely accepted value. Under the same 
deposition conditions, Perna et al. found that LaGaO3/SrTiO3 interfaces have even 
higher conductivity than LaAlO3/SrTiO3 interfaces. It is possible that higher 
conductivity is a result of lower lattice mismatch; the pseudocubic lattice parameter of 
LaGaO3 is 3.89 Å [45], that of SrTiO3 is 3.905 Å, and that of LaAlO3 is 3.79 Å.  They 
also showed that despite the nominally identical valence state, LaMnO3/SrTiO3 
interfaces are not metallic. As mentioned in Section 5.2, LaMnO3 is a Mott insulator 
with a considerably smaller gap. From the schematic of polar interface electronic 
instability shown in Fig. 6.11, it can be deduced that the band offsets and band gaps are 
crucial to forming a metallic channel in SrTiO3 through interfacial polarity. The criterion 
should be that the conduction band edge of the other insulator must be higher in energy 
than that of SrTiO3.         
 
 

 

Figure 6.11. Schematic of the increase in electronic energy as the LaAlO3 layer becomes thicker. 
Eventually, the valence band electrons in LaAlO3 can tunnel to the conduction band of SrTiO3. 

The assumption of localized holes in LaAlO3 being the source of carriers at the 
interface as well as elastic scattering centers accounts for the observed trend of higher 
carrier concentration accompanied by reduced low-temperature mobility in thicker films 
(Figs. 6.5 and 6.6). Localized holes constitute the dominant source of disorder. When 
the film thickness becomes larger than the physical extent of band bending on the 
LaAlO3 side, the carrier concentration levels off with further increase in film thickness; 
this explains the saturation of carrier concentration for film thicknesses greater than 
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about 5-6 nm (Fig. 6.5).  It is emphasized that other forms of interfacial charges and any 
interfacial bonding effects [41,42] can also directly influence interfacial band bending 
and can readily be incorporated into this description.   

 
 

 

Figure 6.12. Schematic of a possible band bending situation after the generation of metallicity on 
the SrTiO3 side of the heterointerface.  

In the localization problem of interest, both of the relevant parameters—carrier 
density and degree of disorder—are higher in samples of thicker LaAlO3 films. It is not 
obvious, a priori, whether this quasi-two-dimensional system is approaching or moving 
away from the localized regime with increased carrier concentration. The lower 
conductance values exhibited in the samples with the thicker films suggest that the 
stronger scattering has a greater effect than the higher carrier concentration.  

The upturn in sheet resistance and the in-plane MR features may be explained by 
weak localization effects. We speculate the negative MR observed in sample D, for 
example, to be attributed to weak localization, to which all two-dimensional materials 
with any degree of disorder are susceptible. This negative component to MR may be 
related to the smaller κ in the fit to the ordinary MR component of the out-of-plane MR 
at 3 K compared to that at 60 K. The positive ordinary component to MR conceals but is 
reduced by the negative contribution due to localization effects, thus leading to smaller κ 
values at lower temperatures (Fig. 6.9b). However, the temperature variation of β is still 
unaccounted for. The visibility of localization features indicates the in-plane magnetic 
fields can still dephase carriers, signifying there is definitely some finite thickness to the 
metallic channels. While out-of-plane positive MR is easily measureable at 60 K, in-
plane MR disappears above roughly 20 K for sample D, suggesting that the in-plane MR 
features are indeed dominated by electron coherence effects that are suppressed in the 
presence of temperature-activated inelastic scattering, and the out-of-plane MR curves 
are not. 
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As the carrier concentration increases from sample D to sample A, a positive MR 
component gradually emerges (Fig. 6.10a). A crossover from positively to negatively 
sloped MR similar to that exhibited by sample A below 12 K has been observed in a 
number of two-dimensional disordered metals with crossover fields as high as 8 kOe in 
Bi films [46] and above 25 kOe in Au films [47]. This feature is attributed to 
antilocalization effects owing to increasing spin-orbit interaction [48,49] from sample D 
to A. A discussion of the contribution of spin-orbit interaction in low-temperature 
magnetoresistance in disordered materials can be found in Appendix A.2. Whereas 
SrTiO3 does not contain particularly heavy elements, spin-orbit interaction can be 
strengthened by heterointerfacial and surface electric fields [50,51]. For the polar 
LaAlO3/SrTiO3 heteroinference, the interfacial electric field is enhanced by the 
accumulation of mobile electrons on the SrTiO3 side and trapped holes on the LaAlO3 
side. Cavigilia et al. reported similar H* values over a range of gate voltages at 1.5 K [23]; 
since the mobility value, as deduced from the reported electron diffusivity, of their 
sample at zero bias is comparable to that of sample A and they performed measurements 
at a similar temperature, the spin-orbit scattering times τso should likewise be 
comparable. For two-dimensional conduction and with an isotropic, parabolic band 
approximation, electron diffusivity D and mobility µ are related by: 

� =
ℏ	
��
��

 

where m is the conduction band effective mass of SrTiO3. The diffusion coefficients of 
sample A to D are listed in Table 6.1. Treating electron transport as a diffusion problem 
and using diffusivity as the key transport parameter, one can see that indeed the 
localization effects are more pronounced in the higher carrier concentration interfaces. 
For conduction band electrons in SrTiO3, m is estimated to be 3m0, three times the bare 
electron mass; the same estimation is made by Caviglia et al. [23]. Weak 
(anti)localization is treated in terms of an electron diffusion problem in Appendix A.2.  

Quantitative extraction of τso and the electron dephasing time τφ of our samples is 
complicated by the lack of a precise measurement of the exact metallic channel thickness 
[46]. Regardless, the temperature dependence of MR allows for comparison of the 
relative rates of spin-orbit and inelastic scattering. We expect the dominant carrier 
dephasing mechanism to be inelastic scattering. As mentioned before, τin ∝ T -p, where p 
= 2 for a Fermi liquid and p = 5 for a nearly free electron gas scattered by acoustic 
phonons. Antilocalization effects in sample A are visible when τso is less than τin, and 
therefore disappear at higher temperatures, as in Fig. 6.10b. Physically, when τin < τso an 
electron loses phase coherence before it undergoes a spin-flip scattering event; therefore, 
antilocalization effects are lost. In sample A, this crossover occurs at about 12 ± 2 K, 
below which the spin-orbit scattering rate 1/τso is higher.    

The interdependent generation of carriers on the SrTiO3 side and disorder near 
the interface appears to be a defining feature for intrinsic polarity-induced interfacial 
metallicity. The results present here show an inverse relationship between carrier 
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concentration and mobility, thus suggesting that among these samples the higher sheet 
carrier concentration metallic channels either are thinner spatially or contain more 
scattering centers. The hypothesis of localized interfacial holes can be reconciled with 
both possibilities. The trend reported here is in sharp contrast to gate-voltage modulated 
carrier concentration studies reported by Bell et al. [22] and Caviglia et al. [23]; in those 
samples, the disorder is held constant and carriers become more mobile as the density 
increases. However, the dependence of the dielectric constant of SrTiO3 on carrier 
concentration and interface electric field [38] cannot be ignored and needs to be 
examined for a more complete description. 

In summary, the comparative study of different samples whose interfacial 
conductivity is induced purely by interfacial polar instability suggests the concomitant 
generation of carriers and disorder in LaAlO3/SrTiO3 heterointerfaces. In fact, Caviglia 
et al. reported very recently high mobility channels (µ ~ 5000 cm2/Vs) can be achieved 
only in considerably lower carrier density samples (nS ~ 5×1012 cm-2) [29]. While the 
materials control of these samples has not reached the point of precise engineering of 
carrier concentration from sample to sample, the clear relationship of carriers and 
disorder sheds light on the origins and potential tunability of interfacial metallicity.        

    
 

§ 6.8 Exploiting spin-orbit interaction 

 
In 1990, Datta and Das proposed a field-effect spin modulator tunable with gate-
controlled spin-orbit interaction, now commonly referred to as a spin transistor, and it 
still remains a heavily pursued device structure [52]. Phenomenologically, spin-orbit 
interaction of carriers is best exemplified by the spin Hall effect: as a result of a current 
flowing along a particular direction, a spin imbalance along a transverse direction is 
induced, because the probability of a scattering event with a certain change of 
momentum vector of the carrier depends on its spin. The spin Hall effect can have both 
intrinsic and extrinsic components [53]. It is believed that the dramatic spin-orbit 
interaction features shown in the data reported in this study and in other works [23,24] 
are intrinsic in that they are attributed into the band structure of SrTiO3 coupled with the 
large electric fields at the interface. Detailed studies of the band structure effects on spin-
orbit interaction in SrTiO3 and related oxide materials have yet to be performed, but the 
triple degeneracy at its conduction band edge (at the Γ point)††† is a characteristic 
ingredient for strong spin-orbit coupling.   
 Spin-orbit interaction is both a blessing and curse for spintronic applications. 
There has been much investigation on low atomic number nanomaterials such as carbon 
nanotubes specifically to avoid spin-orbit coupling for spin-preserving electron transport 
over long distances [57]. Strong spin-orbit interaction renders spin a poor quantum 

                                                           
††† SrTiO3 has an indirect band gap. The conduction band edge is at the Γ point, and the valence 
band edge is at the R point [54,55]. The indirect band gap can be measured optically [56]. 



 

number, and makes the total angular momentum with both spin and orbital 
contributions the more relevant quantum number. More physically, as carrier electrons 
evolve in time, their spin states can be preserved over only extremely short times
to τso. On the flip side, if one wants to direct the flow of electrons depending on their spin 
states, spin-orbit interaction is absolutely necessary.
 
 

Figure 6.13. Schematic of a juncture structure that may exploit the effects of tunable spin
interaction at the juncture.  
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Schematic of a juncture structure that may exploit the effects of tunable spin
interaction at the juncture.   
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impurity atoms would take advantage of the extrinsic spin Hall effect [53]. This type of 
structure would be optimal if carrier spins flip primarily due to the Elliot-Yafet 
mechanism. The relevant spin-flip mechanisms in LaAlO3/SrTiO3 heterointerfaces need 
to be further investigated.          

 

 

§ 6.9 Conclusions and outlook 

 
A comparative study of samples of different mobility values has allowed for a reasonable 
speculation of the origin of carrier electrons at LaAlO3/SrTiO3 heterointerfaces, which 
had not been appropriately addressed. The concurrent introduction of carriers and 
disorder suggests that there may be localized holes in LaAlO3 that both spatially confine 
the electron channel in SrTiO3 as well as act as scattering centers. The realization of 
enhanced mobility may be contingent upon increasing the separation between these 
scattering centers and the carriers.  
 Based on polar interfacial instability, a metallic channel of carriers experiencing 
strong spin-orbit interaction is created. The level of materials control in oxide 
heterostructures definitely cannot yet compete with that of semiconductor 
heterostructures; hence, carrier mobility in itself is not what makes LaAlO3/SrTiO3 
heterointerfaces attractive. However, there has been much evidence of strong spin-orbit 
interaction effects, which may related to a combination of the heterointerfacial electric 
field and the structure of the conduction band of SrTiO3. Such strong spin-orbit coupling 
cannot be easily attained in conventional semiconductor heterojunctions. In addition to 
the prospects of engineering spin transport of carriers as speculated in the previous 
section, recent theoretical proposals have suggested the possibility of a superconducting 
triplet pairing state that can be achieved in LaAlO3/SrTiO3 interfaces with high enough 
spin-orbit interaction [58,59]. Likely there are still many properties in interfacially 
confined d-valent quasi-two-dimensional systems yet to be fully explored.   

It is shown that the formation of a polar heterointerface between two nominally 
undoped wide band gap oxide insulators, LaAlO3 and SrTiO3, can create a quasi-two-
dimensional metallic channel. This approach represents a form of band offset 
engineering and can be further pursued in ionic oxides. If the desired state is a metallic 
channel, SrTiO3 is a natural material of choice because doping studies of bulk SrTiO3 
have demonstrated that it can host free electrons. This cannot be said for many 
correlated Mott insulators. Band offset engineering of Mott insulators will more difficult 
to categorize in general terms because band lineups of the upper and lower Hubbard 
bands of two Mott insulators are not a sufficiently studied topic. Furthermore, the 
structures of the Hubbard bands depend heavily on the number of d electrons, which 
changes upon interfacial charge transfer. Therefore, many of the implicit assumptions of 
independent quasiparticle band theory will not hold. Despite the complexity, there is 
certainly great potential in pursuing interfacial phenomena in correlated systems, 
wherein new ordered states can arise. For example, there have been interesting results 
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for generating interfacial ferromagnetism at the interface between two nonferromagnetic 
oxides [60]. Regardless, to date band offset engineering remains a much more mature 
approach for materials that are less correlated. In addition to SrTiO3, KTaO3 may be a 
material of choice because when doped, its carriers (electrons) can also be highly mobile 
[61]. Incorporating a compound whose conduction band has 5d transition-metal 
character may yet produce many more novel, unexpected phenomena.    
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Afterword 

 

 

This dissertation surveyed the work on heterostructures of a single-valent 3d1 system 

(LaTiO3), a mixed valent 3d3.67 oxide (La2/3Sr1/3MnO3), and a system that does not have 

3d band electrons its undoped state (LaAlO3/SrTiO3). Though upon the creation of any 

heterointerface there surely will be electronic reconstruction, in heteroepitaxial thin films 

of Mott insulators that contain 3d electrons, strain effects may play an even more 

dominant role. This is the case for strained LaTiO3 and La2/3Sr1/3MnO3 thin films. On 

the other hand, in transition-metal oxides that start out without 3d electrons, interfacial 

charge transfer can indeed play the most prominent role. This is the case for SrTiO3. 

Many of the ideas explored in this dissertation can be generally applied to other 

correlated oxides. Although many such oxides are rather old materials, advances in 

heterostructure growth have opened new avenues for investigation.  

The pursuit of Mott transistors has motivated much research on electronic phase 

transitions in oxides. The “off” state of the transistor would be Mott insulating, and the 

“on” state would be metallic. The temperature-activated insulator-metal transition in 

VO2 has been heavily studied [1]. Like LaTiO3, VO2 is a 3d
1 material and should be 

considered as a Mott insulator at low temperatures. However, just above room 

temperature, it undergoes an insulator-metal transition, and the metallic state is orders of 

magnitude more conductive. Furthermore, Cao et al. demonstrated that as a function of 

applied stress on VO2 nanobeams, the transition temperature can be tuned and two-

phase metal/insulator coexistence can be stabilized [2]. Strain-induced electronic 

transitions are expected to be widely applicable to many correlated materials. What was 

learned from Chapter 4 on strained LaTiO3 thin films is that systems that are not exactly 

half-filled are susceptible to orbital disorder and metal-insulator transitions. Although 

this dissertation is an investigation on just perovskite oxides, the possibilities of tuning 

electronic transitions in orbital disordered Mott insulators should be more general. In 

addition, Chapter 5 on strained La2/3Sr1/3MnO3 thin films explores how magnetic 

interactions and the spin state of a material can be linked to metal-insulator transitions. 

Heteroepitaxial strain can be used as a platform to investigate electronic transitions in 
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many other oxides. The ability to tune such a transition within a single sample at or near 

room temperature can be technologically important.   

On the interfacial phenomena front, I believe that the progress in complex oxide 

heterostructure research will be instrumental in extending our understanding of 

heterointerfaces of correlated electron systems, which is still crude today. SrTiO3 is often 

categorized as a band insulator, which in its name implies that correlation effects are 

weak or nonexistent. The rationale behind such a categorization is that we do not need 

to invoke correlations to explain the insulating state of undoped SrTiO3, because it has 

no electrons in the 3d-like bands. However, such an argument is hardly convincing 

enough to claim that correlations do not play a role in the conduction band states of 

SrTiO3—or more precisely, the excited states of SrTiO3. The ability to incorporate 

electrically active dopants in SrTiO3 and the fact that free electrons in doped SrTiO3 are 

rather mobile are other “pieces of evidence” suggesting the minor role of correlation 

effects. Nevertheless, recent scanning tunneling microscopy experiments on metallic 

LaAlO3/SrTiO3 interfaces point to the importance of including correlation effects* in 

explaining the spectroscopic features observed [3]. Moreover, Ariando et al. have 

reported room-temperature magnetism characteristics and claimed electronic phase 

separation in their LaAlO3/SrTiO3 samples—suggesting that electron correlations may 

be very important [4].        

The experimental techniques and the fabrication and synthesis tools available 

today enable more detailed exploration of complex oxides, particularly in thin-film 

heterostructures. The goals of controlling complexity and wielding electron correlations 

to tune functionalities in condensed matter systems certainly pose great challenges, but 

at the same time hold great promise.  

 

 

                                                           
* Correlation effects are accounted for by Breitschaft et al. using a local density approximation + 

U calculation [4]. 
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§ A.1  Heteroepitaxial strain in thin films 

 

The properties of many complex oxides are sensitive to the materials’ lattice degree of 

freedom. Through heteroepitaxy, it is possible to impose the in-plane structure of the 

substrate onto the thin film, and consequently, the film’s lattice state is different from 

that of the bulk. We are interested in how heteroepitaxial strain can not only modify 

materials properties, but also alter the ground state of the thin-film material as compared 

to the bulk.    

 

 

A.1.1 Strain and stress as thermodynamic conjugate pairs 

 

The ground state of the system is determined by a minimization of energy. The internal 

energy (E) governs the thermodynamics of a closed system—a system that does not 

interact with its surroundings. A change in energy (dE) can arise from incremental heat 

flowing into (δq) or work done on (δw) a system. Heat is given by δq = TdS, where T is 

temperature and S is entropy. For the purposes of this section, we will consider only 

mechanical work δw = V0σdε - PdV, where σ is stress, ε is strain, P is pressure, V is 

volume, and V0 is the reference volume at atmospheric pressure (1 atm = 101.3 kPa).* 

Hence, the change in energy of the system is given by
 �� = �� + �� = ��	 + 
��� − ��
 

 The natural variables of E are S, ε, and V; T, σ, P are their conjugate forces, 

respectively. However, a materials system of interest is rarely ever closed; most systems 

interact with their environments. For example, the temperature of a room sets the 

temperature of objects inside the room. Systems of interest in materials science often 

have diathermal and deformable walls; they allow T, σ, and P to be imposed onto the 

system. Such a system is governed by its free energy function G’ that has T, σ, and P as 

its natural variables. An incremental change in free energy (dG’) can be determined by 

the appropriate Legendre transformation and is given by† ��� = −	�� − 
��� + 
��� 
   (Eqn. A.1) 

The conditions for stability are dG’ = 0 and d2G’ > 0.‡ We all are familiar with the ice-

water transition, which can be traversed by changing the temperature. In Eqn. A.1, σ has 

                                                 
* P will be set to the atmospheric pressure, 1 atm = 101.3 kPa.  We can account for added 

pressure in σ.  This treatment is useful for the consideration of elastic solids. 
† G’ resembles the Gibbs free energy (G), but in standard texts, G typically does not include σ.  
Eqn A.1 also explicitly restricts P to atmospheric pressure. 
‡ Stability here refers to local stability.  True equilibrium refers to global stability. 
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an analogous role to T, and hence σ should also be treated as a tuning parameter that 

can potentially induce the transition from one material phase to another. Fig. A.1 shows 

that as a function of T, the equilibrium phase is the one with lower G’; this is likewise the 

case when one replaces T with σ.  In thin films, stress can be imposed by the substrate 

and induce a phase transition on the film.  

 

 

Figure A.1.  Schematic of the change in free energy as a function of temperature or stress. 

 

A.1.2 Physical interpretation of the strain and stress tensors 

  

Whereas S and T are scalar quantities, εεεε and σσσσ are second-order tensors.  The physical 

interpretation of strain can be achieved by first considering the definition of a 

displacement tensor element eij:

 ��� = ����  
for i, j = 1, 2, 3, where ui is the displacement along the i direction, and lj is the reference 

length along the j direction. Typically, crystal lattice parameters will be taken as 

reference lengths. The physical deformation associated with e22 and e33 is illustrated in 

Fig. A.2a, and that of e23 and e32 in Fig. A.2b. We observe in Fig. A.2b that for small 

displacements, e23 and e32 can be interpreted as rotation angles θ23 and θ32 about the x1 

axis. See Ref. [1] for detailed discussions. Since rigid-body rotations, which do not 

change the shape of the material, cannot possibly change the energy of the system, the 

strain tensor εεεε does not include the portion of e that corresponds to shape-preserving 

rotations, as illustrated in Fig. A.3. The strain tensor εεεε is therefore defined as the 

symmetric part of e: 
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Figure A.2.  Physical interpretations of (a) e22, e33, (b) e23, and e32.  The dotted lines show the 

initial shapes and the solid lines show the final distorted shapes. 

 
 

Figure A.3.  Initial shape is shown with dashed lines. The final configurations (solid lines) of the 
left and right schematics have the same shape, and thus the same energy. 

 

�� ≡ 12 ���� + ����  ∶   ��� � �!�    !�!  ! !!" ≡
#$
$% ��� � &�� + � �' � &��! + �!�'� &�� + � �' �  � &� ! + �! '� &��! + �!�' � &� ! + �! ' �!! ()

)* 
Note that the indices of the elements εij = εji explicitly show that εεεε is a symmetric tensor. 

To show the physical meaning of each matrix component, the strain tensor is often 

decomposed into tensors representing the volume dilation, orthorhombic distortion, and 

pure shear strain [2]:   
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+ = ��� � �!�    !�!  ! !!"
= 13 ��� +   +!! 0 00 �� +   +!! 00 0 �� +   +!!

"
+ 13 �2�� −   − !! 0 00 2  − �� −   00 0 2!! − �� −   

"
+ � 0 � �!� 0  !�!  ! 0 " 

(Eqn. A.2) 

 Let us now turn to the stress tensor. Stress is a force per unit area; because both 

the force and the unit area element§ can be in any direction in three-dimensional space, 

stress is likewise a second-order tensor. For crystals, the area element is taken on a 

relevant atomic plane. We will define the stress element σij as the force in the i direction 

applied on a plane in the j direction, as illustrated in Fig. A.4a. As a translation of a 

material does not change its energy, there is an equal and opposite forces on opposite 

planes, as drawn along the x1 axis projection in Fig. A.4b. Forces that cause translation 

are not included in the stress tensor. Also, because the strain tensor does not include 

shape-preserving rotations, the stress tensor for static equilibrium is likewise symmetric 

(σij = σji). 

 

 
 

Figure A.4.  Schematics (a) defining each σij element and (b) showing the projection along the x1 

axis.  

                                                 
§ The direction of a unit area vector is defined to be that of its normal vector. 
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 For a particular stress field applied to a material, we need to know how much it 

will strain. The property of concern is elasticity, particularly the compliance s, which is 

defined as the differential strain per differential stress. Since both strain and stress are 

second-order tensors, s is a property tensor with a rank of 4 and is given by 

.��/0 = 1��1�/0 = − 1
�
1 �′1�/01��� 

 

 

A.1.3 Matrix representation 

 

When the strain is small, we can take the linear approximation   �� = .��/0�/0 
(Eqn. A.3) 

Although Eqn. A.3 accurately expresses the tensor aspects of elasticity, the index dyad 

notation is often cumbersome for calculations. Using the following recipe, calculations 

of elastic deformation can be performed by matrix multiplication. The strain and stress 

tensors are rewritten as vectors:  

 ��� � �!�    !�!  ! !!" =
#$
$% � � 3 � 4� 3  � 5� 4 � 5 ! ()

)* →
#$
$$
$%
� !543()

))
)*

 

���� �� ��!�� �  � !��! � ! �!!" = ��� �3 �4�3 � �5�4 �5 �!" →
#$
$$
$%
��� �!�5�4�3()

))
)*
 

The compliance tensor is transformed using the following rules (m, n = 1, 2,…, 6 are as 

defined above): 

sijkl = smn when m and n are 1, 2, or 3 

2sijkl = smn when either m or n (not both) is 4, 5, or 6 

4sijkl = smn when both m and n are 4, 5, or 6 

The reader is referred to Ref. [1] for a detailed discussion on the reindexing of subscripts 

of the compliance tensor. Using the matrix notation, Eqn. A.3 can be rewritten as � = .���� 

(Eqn. A.4) 
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Taking into account all of the symmetry elements, we can write Eqn. A.4 for a cubic 

crystal as 

#$
$$
$%
� !543()

))
)* =

#$
$$
$%
.�� .� .� 0 0 0.� .�� .� 0 0 0.� .� .�� 0 0 00 0 0 .55 0 00 0 0 0 .55 00 0 0 0 0 .55()

))
)*

#$
$$
$%
��� �!�5�4�3()

))
)*
 

(Eqn. A.5) 

Though Eqn. A.4 hides some of the tensor aspects associated with elasticity, it is useful 

for calculations. In fact, elastic constants are generally measured and tabulated as sij 

rather than sijkl. 

 It is often convenient to express the stress field tensor in different coordinate 

systems. A change-of-coordinates transformation allows for the mapping of one 

coordinate system to another. The transformation is given by  ��� = 7�87�9�89�  

(Eqn. A.6) 

which transforms the stress tensor from the primed to unprimed coordinate system and 

αij = cosβij (direction cosines), where βij is the angle between the xi and xj’ axes. The 

strain tensor can be transformed similarly. Though we could have applied coordinate 

transformation to the compliance tensor, it is not common. Because compliance is a 

property tensor of the material, we often stick with a specific set of crystalline axes as the 

basis rather than an arbitrary one. 

 

 

A.1.4 Heteroepitaxial lattice distortions 

 

 We will now consider the case of (001) heteroepitaxial strain on cubic crystals.  

x1, x2, and x3 are [100], [010], and [001], respectively. Through heteroepitaxy, biaxial in-

plane stress is applied onto the thin film and is given by:

 : = ��� 0 00 �� 00 0 0" 
Using Eqn. A.5, we can see that the resulting strain tensor is  

+&���' = ��� 0 00 �� 00 0 !!
" 

(Eqn. A.7) 

where 
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�� = &.�� + .� '��, !! = 2.� �� 
A priori we would not know the magnitude of the stress applied, and to an extent, we do 

not care about that value in itself. We are primarily interested in the structure and 

symmetry of the resulting strain tensor. The most important aspect is we see that upon 

application of only σ11 and σ22, a distortion along an orthogonal direction ε33 results as 

well—referred to as the Poisson effect. However, elasticity for a cubic crystal is 

anisotropic, and the “Poisson ratio” is direction-dependent. Furthermore, in comparison 

with Eqn. A.2, we see that (001) heteroepitaxy brings about volume dilation and a 

tetragonal distortion. 

 We now move to the case of (110) heteroepitaxy. The stress applied in the (110) 

plane can be decomposed to principal stresses long the [1-10] and [001] directions. Let us 

define a primed coordinate system, where x1’ = [1-10], x2’ = [110], and x3’ = [001] and an 

unprimed coordination system, where x1 = [100], x2 = [010], and x3’ = [001]. Here, the 

unprimed coordinate system is reserved to have basis lattice vectors as the basis vectors. 

Then the direction cosine values are as follow: 

7�� = 1√2 , 7� = 1√2 , 7�! = 0, 7 � = −1√2 , 7  = 1√2 , 7 ! = 0, 7!� = 0, 7! = 0, 7!! = 1  
The stress tensor in the primed coordinate system is  

:� = ��= 0 00 0 00 0 �>
" 

According to the second-order tensor transformation formula of Eqn. A.6, the stress 

components in the unprimed coordinate system are 

��� = 7��7������ = 12 �= 
�  = 7 �7 ����� = 12 �= �!! = 7!!7!!�!!� = �> �� = 7��7 ����� = − 12 �= 

The other stress components are zero. With Eqn. A.5, it can be shown that the strain 

tensor in this case has the form: 

+&���' = ��� � 0� �� 00 0 !!
" 

(Eqn. A.8) 

where 

�� = 12 .���= + .� ?12 �= + �>@ , !! = 12 .���> + .� �=, � =  − 14 .55�=   
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Therefore, it can be seen that coherent (110) heteroepitaxy brings about volume dilation, 

tetragonal distortion, and a shear component. This situation represents a monoclinic 

distortion to a cubic reference. 

 Lastly, we can consider the case of (111) heteroepitaxy. The stress applied in the 

(111) plane can be decomposed to principal stresses long the [-1-12] and [1-10] 

directions. Let us define a primed coordinate system, where x1’ = [-1-12], x2’ = [1-10], 

and x3’ = [111] and an unprimed coordination system, where x1 = [100], x2 = [010], and 

x3’ = [001]. We can define the stress tensor in the primed coordinate system as 

:� = ��= 0 00 �> 00 0 0" 
Because elasticity is isotropic on the (111) plane of a cubic crystal, σa = σb. As according 

to the aforementioned procedure, we find that the stress tensor in the unprimed 

coordinate system is 

: =
#$
$%

 !�= −�!�= −�!�=−�!�=  !�= −�!�=−�!�= −�!�=  !�= ()
)* 

and the strain tensor has the form: 

+&���' = ��� � � � �� � � � ��" 
(Eqn. A.9) 

where 

�� = 13 &2.�� + 4.� '�= , � = − 16 .55�= 
Therefore, it can be seen that (111) heteroepitaxy brings about volume dilation and 

shear, but no tetragonal distortion. This situation represents a rhombohedral distortion.  

 The structure and symmetry of the strain tensors of Eqns. A.7-A.9 tell us 

coherent thin-film heteroepitaxy on substrates of the same material but of different 

orientations can result in different strain components. 

 
 

§ A.2 Disorder and localization in two-dimensional systems 

 

Much of the experimental work in this dissertation is on electrical transport. At low 

temperatures, coherence of electron waves has physically measurable significance. In 

particular for low-dimensional disordered systems, electron coherence can easily lead to 

localization effects, the topic of this section. 
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A.2.1 Coherent backscattering in electronic systems 

 

Wave coherence, as manifested in electromagnetic radiation and sound, is ubiquitous in 

nature. The superposition of waves implies the addition of their amplitudes. Because of 

wave-particle duality, electrons in solids can also exhibit wave interference. The 

observation of electron coherence relies on preservation of phase information: dephasing 

mechanisms destroy coherence. The phase of a traveling electron wave is 2πEt/h, where 

E is its energy and t is the time traveled. Changes in an electron’s energy therefore lead 

to incoherence. Any temperature-activated excitations, such as phonons, can scatter and 

hence alter the energy of moving electrons; thus, electron wave coherence in solids can 

be realized only at cryogenic temperatures.  

Let us consider an arbitrary trajectory of an electron traveling from point P to P’, 

as shown in Fig. A.5a. As illustrated in Fig. A.5b, the trajectory is composed of 

connecting paths separated by elastic scattering events, which change the wave’s 

momentum but not its energy. The average length of each segment of the trajectory is 

one carrier mean free path. Elastic scattering is dominant at low temperatures and allows 

for the preservation of electron phase.    

We now will explore the consequences of wave coherence of an electron 

traveling from point P to P’. The electron can take many possible trajectories, each of 

which is associated with an amplitude, labeled A1, …, Ai, …, Aj, … (Fig. A.6a). The 

probability density of a coherent superposition is given by               

C D� 
�

+ C D�D�∗
�,�

 

The first term represents the semiclassical result, i.e. addition of the intensity of each 

trajectory, and the second term arises from coherence. When points P and P’ are 

spatially separated, the lengths of the various trajectories differ, leading to phase 

differences. Consequently, in this scenario the second term averages to zero. On the 

other hand, in the special case in which points P and P’ coincide, for every trajectory 

there is a corresponding time-reversed one, shown in Fig. A.6b, which has the same path 

length and phase. The amplitudes of the forward and time-reversed waves are equal, 

|A1| = |A2| = A. Here, the intensity doubles from the semiclassical result of 2A2 to 

what is often called the quantum mechanical result of 4A2 by taking into account the 

second term representing coherence. By this argument, we can deduce that coherent 

electron interference ultimately results in the two-fold enhancement of backscattering 

events, in which the electron returns to the same location—known as coherent 

backscattering. Compared to the semiclassical result in which the electrons are treated as 

particles, they have an increased probability of being localized at a position.    
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Figure A.5. (a) Schematic of an electron trajectory from point P to P’, (b) showing the elastic 

scattering processes that occur along such a trajectory. On average, the electron travels one mean 
free path before it scatters and goes in a different direction. 

 

  

 

Figure A.6. (a) Schematic of different trajectories from point P to P’, and each trajectory 

corresponds to an amplitude Ai. (b) In the case when P and P’ coincide, the amplitude of one 

trajectory can be labeled as A1 and that of the reversed trajectory as A2. |A1| = |A2| = A. 

 

A.2.2 The competition of disorder and carrier density in localization 

 

Coherent backscattering is enabled by successive elastic scattering events. We categorize 

any elastic scattering center as disorder, which can also be thought of as a degree of 

randomness in electronic potentials embedded in a lattice. Static variations in the 

potential landscape, or disorder, compared to a completely periodic one in a perfect 

crystal perturb the Bloch-like behavior of carriers, thereby increasing the likelihood of 

localization.  In addition to disorder, carrier density is another important parameter that 

affects carrier itineracy or localization. When an electronic system condenses to form a 

Fermi gas, carrier electrons attain kinetic energy and delocalize. Systems with higher 

carrier concentrations have more kinetic energy because of a greater amount of 

electronic overlap. The competition between disorder and carrier concentration governs 

metal-insulator transitions. If localization is brought about strictly by increased disorder, 

it is known as an Anderson transition [3], whereas if it is brought about by reduced 

carrier density, it is known as a Mott transition [4].  



125 

 

The problem of localization for non-interacting, spinless electron systems was 

explored using scaling analysis [5]. The readers are referred to Abrahams et al.’s original 

paper, but details of the scaling approach will be not discussed here. The most surprising 

result found is that a two-dimensional electronic system can never be truly metallic, i.e. 

it can never possess finite conductance at 0 K, as long as some degree of disorder is 

present. Abrahams et al.’s analysis highlights both the importance of and susceptibility to 

localization in low-dimensional materials. In this work, strong localization will not be 

considered; rather, weak localization is relevant within the temperature regime of the 

performed electrical transport measurements, and it is treated as a perturbation to 

metallic conductance (Chapter 6). 

 

 

A.2.3 Quantum correction to conductance 

 

In systems that follow Mattheissen’s rule, at low temperatures in which thermally 

activated scattering mechanisms are suppressed, the resistivity is expected to remain 

constant due to scattering with defects and boundaries of the samples. However, such an 

approximation ignores the effects of the interference of electron waves. The approach is 

to add a correction term to the Drude conductivity to account for coherent 

backscattering. 

As shown in Section A.2.1, electron coherence causes a two-fold increase in 

backscattering probability, resulting in reduced conductance and weak localization. 

Though coherent backscattering is a manifestation of the wave-like nature of electrons, 

we can model the effect as a classical particle diffusion problem by utilizing the 

previously established quantum mechanical contribution. The condition for weak 

localization is that the carrier dephasing time τϕ is much greater than the elastic 

scattering time τe, which is roughly equal to the net scattering time τ; an electron can 

undergo many elastic scattering events to allow for returning to the original location 

before the lost of phase information. 

After time t for random-walk diffusion, a classical particle can be found at a 

distance r from the origin with a probability of            

Π&G, H' = �IJK 5LM⁄&4OPH'Q/  
(A.10) 

where D is the electron diffusivity and d is the dimensionality of the system. We are 

particularly interested in the return probability. We know from the discussion on 

coherent backscattering that the return probability at a given time, i.e. Π(r=0,t), is 

increased two-fold because of electron interference; therefore, as shown in Fig. A.7, we 

can envisage that there is a two-fold enhanced peak in electron probability at the origin 

that has to be compensated by reduced electron probability density farther away. This 
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scenario exemplifies the decrease in effective electron diffusivity, or increase in 

resistivity, as compared to the Drude value. At exceedingly low temperatures, it takes a 

long time for a temperature-induced inelastic scattering event that dephases carriers to 

occur; enhanced coherent backscattering therefore can affect electrons that travel even 

longer return paths. Therefore, conductance is reduced at lower temperatures. It can be 

shown that the two-dimensional conductivity (sheet conductance) has the following 

temperature dependence owing to enhanced backscattering [6] 

� = �LJSQT + Δ� = �LJSQT − V� Oℎ �X ?��� @ 
where T is the temperature, p is defined as τin ∝T –p

, and T0 (>T) is a constant 

temperature. At T = T0, the conductance is just the Drude expression. At the 

temperature range of consideration for weak localization, the Drude conductance is 

approximately constant. 

 

Figure A.7. Schematic of electron density profile at time t of an electron that started at r = 0 at 

time t = 0. The profile corresponding to just Drude transport is compared to that of after taking 

coherent backscattering into account.    

 

A.2.4 Effect of applied magnetic fields on weak (anti)localization 

  

When an electron wave travels from position r0 to r1 in the presence of a magnetic field, 

its wavefunction changes from ψ(r0) to  

Z&G�' = Z&G�'�[V ?\2Oℎ ] �Α__̀ ∙ dr̀@ 
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where A is the vector potential. A magnetic field B alters the phase of electron waves, 

and reduces the τϕ (inversely proportional to B) for a given temperature. As electron 

wave coherence becomes more prominent at lower temperatures, the negative 

magnetoresistance should also become greater in magnitude, as shown by Bergmann in 

Mg thin films [7].     

In the previous discussion, we consider the self-interference of only a single 

electron without taking into account its spin. We now will incorporate the case of a pair 

of electrons with spins into the discussion. The two electrons can form either a spin 

antisymmetric, spatially symmetric singlet or a spin symmetric, spatially antisymmetric 

triplet. The spin-orbit scattering time τso is defined to be the average time interval 

between successive carrier spin-flip processes. When spin-orbit coupling is weak, the 

electrons act as individual, independent particles. In the presence of stronger spin-orbit 

coupling, there is an increased probability that a singlet scatters into a triplet state and 

vice versa. Because of the singlet and triplet states are spatially antisymmetric to each 

other, spin flipping causes the destruction of backscattering events [4,8]. Interference in 

this case results in reduced electron return probability compared to the semiclassical 

Drude result; hence, strong spin-orbit interaction (τϕ ≫ τso > τ) leads to what is known as 

antilocalization. If the return paths, as shown in Fig. A.6b, are long enough such that 

there is a high probability of spin-orbit scattering, the return probability is negated due to 

destructive electron interference, i.e. antilocalization. Only the shorter return paths 

survive to interfere constructively without a spin-orbit scattering event, and continue to 

contribute to weak localization. Therefore, if spin-orbit scattering is strong enough, there 

can be positive magnetoresistance.     

In low fields (magnetic time τB = ћ/eDB > τso), the magnetic field, as does 

inelastic scattering, limits the length of phase-preserving return paths in Fig. A.6b that 

can contribute to weak antilocalization; hence, the effects of weak antilocalization are 

suppressed, and positive magnetoresistance results. In higher fields, when τ < τB < τso, 

spin-flip events become irrelevant, because electrons dephase before they can undergo a 

spin-orbit scattering event. Further increases in magnetic field result in the disruption of 

the constructive interference of the shorter return paths; hence the effects of weak 

localization are suppressed, and negative magnetoresistance results. All in all, the 

magnetoresistance of systems with strong spin-orbit interaction has positively and 

negatively sloped segments; this situation is schematically shown in Fig. A.8. The 

boundaries as shown are not sharp.   

Bergmann conducted an elegant experiment in which he varied the fractional 

monolayer coverage of Au atoms, which are a source of strong spin-orbit interaction, 

deposited onto Mg thin films [9]. Indeed, more pronounced antilocalization effects were 

observed in Mg films with greater amount of Au coverage. 

 



 

Figure A.8. Schematic of a magnetoresistance

scattering; τso is the spin-orbit scattering time, and 

 

 

§ A.3.  Ferromagnetic coupling through superexchange interaction

The following model calculation follows the same approach as

superexchange between two half

Hamiltonian can be generalized for the case of a multiorbital system:

e^ = − C H�g�g�,g,�,g′,h
�

where i and j are indices of the sites; 

site; n, c+, and c are the electron number, creation, and annihilation operators; 

site-to-site transfer integral; 

occupy the same orbital; 

site; and υ is the energy penalty associated with disobeying charge ordering that acts to 

localize electrons within each site for a multiorbital system. 

. Schematic of a magnetoresistance (MR) curve of a sample with strong spin

orbit scattering time, and τB is the magnetic time. 

Ferromagnetic coupling through superexchange interaction

 

The following model calculation follows the same approach as found in Ref. [

superexchange between two half-filled, single-orbital sites. The Hubbard interaction 

Hamiltonian can be generalized for the case of a multiorbital system: 

�g�g′�i�ghj i�g′h � i�g′hj i�gh� �Ck�gX�g↑X�g↓
�,g

� C n�o�X�g↑X�g′↓ � X�g↓X�g′↑�
�,g,g′pg

� C q�
�,g,grpg,h,h�

X

are indices of the sites; p and p’ are indices of orbitals within a particular 

, and c are the electron number, creation, and annihilation operators; 

site transfer integral; U is the on-site potential energy penalty for two electrons to 

occupy the same orbital; JH is the energy penalty for not maximizing the total sp

is the energy penalty associated with disobeying charge ordering that acts to 

localize electrons within each site for a multiorbital system. Here, we consider 
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(MR) curve of a sample with strong spin-orbit 

Ferromagnetic coupling through superexchange interaction 

found in Ref. [10] for 

The Hubbard interaction 

X�ghX�g�h� 
are indices of orbitals within a particular 

, and c are the electron number, creation, and annihilation operators; t is the 

site potential energy penalty for two electrons to 

the total spin of a 

is the energy penalty associated with disobeying charge ordering that acts to 

Here, we consider a two-site 
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(1 and 2) system, and each site has two orbitals (a and b). Furthermore, the system has 

(on average) one electron per site. Suppose that t1a2a = t and all of the other transfer 

integrals are 0. Furthermore, we will impose that orbital b of site 2 is always occupied. 

As discussed in Section 5.2, such conditions are not atypical for transition-metal 

perovskite oxides. 

For this example, let us assume that the double occupancy of the same orbital is 

forbidden and not included in the basis set of multielectron states. We can write down a 

multielectron state such as |↑ 0,0 ↑>, which refers to the state with a spin-up electron in 

orbital a of site 1 and a spin-down electron in orbital b of site 2; orbital b of site 1 and 

orbital a of site 2 are empty. |00, ↑↓> refers to the state with a spin-up electron in orbital 

a of site 2 and a spin-down electron in orbital b of site 2; the orbitals of site 1 are empty. 

Using this convention of multielectron states, we can consider a basis set of electronic 

states as follow:  | ↑ 0,0 ↑>    | ↓ 0,0 ↓>   | ↑ 0,0 ↓>   | ↓ 0,0 ↑>   |00, ↑↑>   |00, ↓↓>   |00, ↑↓>   |00, ↓↑>   
The choice of the basis set is consistent with there always being one electron in orbital b 

of site 2. We have three relevant energy terms: the kinetic energy of hopping t of one 

electron from orbital a of site 1 to that of site 2, Hund energy JH for maximizing spin, 

and a charge ordering term υ that disfavors electron occupation of both orbitals a and b 

of the same site.  The on-site (on-orbital) energy term U does enter into the interaction 

Hamiltonian matrix in this particular case because of the exclusion of any multielectron 

state with double occupancy of a single orbital from our basis set. The interaction 

Hamiltonian H^ matrix can be written as: 

  
#$
$$
$$
$%

0 0 0 0 −H 0 0 00 0 0 0 0 −H 0 00 0 0 0 0 0 −H 00 0 0 0 0 0 0 −H−H 0 0 0 q 0 0 00 −H 0 0 0 q 0 00 0 −H 0 0 0 q + no 00 0 0 −H 0 0 0 q + no()
))
))
)*
 

The eigenvalues are 

��, = 12 uq ± qw1 + 4H q x 
�!,5 = 12 u&q + no' ± &q + no'w1 + 4H &q + no' x 

Each eigenenergy state has a degeneracy of 2. We will consider E2 and E4. In the case of 

t ≪ υ and JH, those eigenenergies can be approximated as  
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� ≈ − H q  

�5 ≈ − H no + q 
The eigenfunctions associated with E2 can then be approximated as  

Ψ | ∝ |↑}0,0 ↑> + tυ |0}0, ↑↑> 

Ψ � ∝ |↓}0,0 ↓> + tυ |0}0, ↓↓> 

representing states with ferromagnetic coupling. Because t ≪ υ, this wavefunction is 

consistent with the stated preference for orbital a of site 1 to be filled and orbital b of site 

1 to be empty.  

 Likewise the eigenfunctions associated with E4 can be approximated as 

Ψ5| ∝ |↓}0,0 ↑> + tυ + n� |0}0, ↓↑> 

Ψ5� ∝ |↑}0,0 ↓> + tυ + n� |0}0, ↑↓> 

representing states with antiferromagnetic coupling. If we want to rewrite H^ to 

explicitly show the magnetic interaction such that it has the form of  

eT� = n	̀� ∙ 	̀  
where S1 and S2 are the total spin in sites 1 and 2, respectively, then we get  

2n ≈ � − �5 = − H noq&no + q' 
Here, a negative J value corresponds to a ferromagnetic ground state. Therefore, we can 

indeed see that ferromagnetic coupling in a Mott insulator can directly result from the 

Hubbard Hamiltonian of the form of H^, which includes sites of more than one orbital. 

Conditions of charge and orbital ordering have been imposed to achieve the 

ferromagnetic exchange. In Section 5.2, it is further shown how such charge and orbital 

states can be linked to lattice distortions.   

 Lastly, as written Ψ2A, Ψ2B, Ψ4A, and Ψ4B are approximated for t ≪ υ and JH; if 

conversely, t ≫ υ, JH, it can be shown that a ferromagnetic metallic or a diamagnetic 

metallic state becomes the ground state, depending on whether there is orbital ordering 

in site 2. 
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