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Abstract 
 

Correlation Effects and Emergent Phases in Oxide 

Heterostructures 

Patrick Brian Marshall 

 

 Strong electron correlations in transition metal oxides give rise to the emergence of 

a diverse array of transport phenomena and emergent phases such as quantum criticality, 

nematic order, and magnetism.  The synthesis of thin films of these materials using 

molecular beam epitaxy (MBE) has enabled the discovery of additional phases that are not 

observed in bulk crystals.  Furthermore, the precision offered by MBE over layer thickness 

in the growth of heterostructures and subtle modifications of the lattice imposed by 

epitaxial strain open the possibility of tuning these phases.  The central aim of the work in 

this thesis is to explore the relationships between the strongly correlated transport 

phenomena and emergent phases and the structure of the MBE-grown crystal.  This 

includes tilting and connectivity of the oxygen octahedra in the perovskite structure, 

quantum well thickness, epitaxial strain, and proximity effects. 

 The thesis begins with an introduction to the physics of metallic transport in 

correlated materials with an emphasis on highlighting the phenomena that have been 

observed in the MBE-grown materials discussed in this work.  This includes pseudogap 

behavior in the density of states, quantum criticality, non-Fermi liquid transport, and Van 

Hove singularities in the electronic structure.  This is followed by an overview of the 

specific perovskite materials and the hybrid MBE growth technique used to synthesize 

them.  



 ix 

 The body of the experimental work in this thesis is comprised of two main parts.  

First, investigations of the electron correlations in RTiO3/SrTiO3/RTiO3 (R = Gd, Sm) 

quantum wells will be discussed.  This includes tunneling spectroscopy experiments in 

which tunnel junction devices were fabricated to the pseudogap phase that emerges in the 

two-dimensional electron gas residing in the well.  A robust quadratic dependence of the 

Hall angles in these quantum wells is discussed.  The second part focuses on the transport 

properties of the layered strontium ruthenate Ruddlesden-Popper series.  A novel method 

of growing these materials incorporating the use of the volatile precursor RuO4 is 

introduced.  Finally, a study of the electronic and magnetic properties of an epitaxially 

strained Sr3Ru2O7 film is discussed, where it was found that slight perturbations of the 

lattice greatly enhance the emergent ordered phases.  The thesis concludes with a brief 

summary and proposals for future research in correlated oxides. 
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the temperature dependence is isotropic.  Enhanced scattering in the transverse is configuration 

in the critical magnetic field of 5 T.  Finally, isotropy is recovered at 9 T in the ferromagnetic 

state.  Reprinted with permission from P. B. Marshall, K. Ahadi, H. Kim, and S. Stemmer, 

Physical Review B 97, 155160 (2018), Copyright 2018 by the American Physical Society (Ref. 

[39]). 120 
Figure 6.7 (a)-(c) The quantity log(dR dT⁄ ) plotted on a scale of log(T) for both current configurations 

at magnetic fields of 0, 5, and 9 T.  The dotted black line in (a) is a fit with n set to 2 to demonstrate 

Fermi liquid behavior.  Reprinted with permission from P. B. Marshall, K. Ahadi, H. Kim, and 

S. Stemmer, Physical Review B 97, 155160 (2018), Copyright 2018 by the American Physical 

Society (Ref. [39]). 121 
Figure 6.8 Phase diagram showing the region in B-T space where nematic behavior is observed in the 

magnetoresistance of the Sr3Ru2O7 film.  The black points are the positions of the maxima in the 

magnetoresistance at various temperatures.  The range of magnetic fields and temperatures in 

which nematic behavior is seen is much larger compared to previous studies of bulk samples.  

Reprinted with permission from P. B. Marshall, K. Ahadi, H. Kim, and S. Stemmer, Physical 

Review B 97, 155160 (2018), Copyright 2018 by the American Physical Society (Ref. [39]). 122 
Figure 7.1 Schematic representation of the (001) and (110) surfaces of orthorhombic NdGaO3.  The Nd 

atoms have been omitted for clarity.  The epitaxial surface net formed by the Ga ions (blue) on 

the (001) surface have identical pseudocubic lattice constants of a1 = 3.864 Å on all sides, forcing 

tetragonal symmetry in an epitaxial film.  Along the (110) surface the pseudocubic lattice 

constants are inequivalent at a1 = 3.864 Å and a2 = 3.853 Å, breaking C4 rotational symmetry 

and imposing an orthorhombic structure. 135 
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1.1 Transport in d and f-bands in Transition Metal Oxides 
 

In the conventional semiconductors commonly used in modern electronic devices, 

prototypical examples being Si and the III-V semiconductors, electronic bands arising from 

s and p-orbitals dominate transport.  These large orbitals are delocalized within the crystal 

lattice, which has the effect of increasing the bandwidth and kinetic energy of the charge 

carriers.  As a consequence, the interactions between the charge carriers in these materials, 

such as those arising from spin or charge, are relatively weak.  This allows for a rather 

facile understanding and prediction of the transport properties with models that 

approximate the charge carriers as non-interacting particles.  This is compounded by the 

fact that the sheet carrier densities in the commonly studied two-dimensional electron gases 

(2DEGs) are low (typically not exceeding 10-13 cm-2).  The comprehensive understanding 

and modeling of this transport regime and the vast array of heterostructures and processing 

techniques that have been engineered over many decades have allowed for the development 

of the semiconductor devices that are ubiquitously used in modern technology.  

Nevertheless, the weak interactions between the charge carriers and the resultant simple 

electronic and magnetic phase diagrams represent an inherent limitation of these materials 

as the demand for new types of functionality increases. 

In contrast, electronic bands arising from d and f-orbitals largely govern the 

transport in complex transition metal oxides.  These orbitals are more localized within the 

lattice with less overlap.  For example, the spatial extent of transition metal d orbitals is 
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typically on the order of 0.5 Å compared to the roughly 4 Å spacing of the transition metal 

ions themselves [1].  As a result, the electrons contributing to transport experience a 

narrower bandwidth and are more localized near individual atomic sites, a situation 

illustrated in Figure 1.1.  Carriers traversing the lattice experience a strong Coulombic 

repulsion at occupied atomic sites due to the like charges of the electrons.  This effect is 

enhanced at high carrier densities, as is the case in the strongly correlated 2DEGs to be 

discussed in Chapters 3 and 4, where the electrostatic doping can induce sheet carrier 

densities up to 7×1014 cm-2.  A simple physical argument to explain this is that the electron-

electron Coulomb forces are enhanced when there is a high probability for two electrons 

to occupy the same atomic site.  This double occupation is more likely at high carrier 

densities, and in particular when the band is half filled.  The strength of this on-site 

interaction is often parameterized by the variable 𝑈 in the literature.  

A related but converse parameter is 𝑡, which is a measure of the tendency for the 

charge carriers to delocalize in the lattice by hopping to neighboring atomic sites.  It is 

sometimes referred to as the hopping integral.  The ratio 𝑈/𝑡 is therefore a measure of the 

charge carriers’ tendency to localize versus their tendency towards itinerancy, and it is the 

delicate balance and competing interactions between these states that gives rise to the rich 

variety of unconventional metallic behavior found in correlated metals and semiconductors 

[2].  A related quantity is 𝑈/𝑊, where 𝑊 is the bandwidth of the conduction band.  In 

normal metals 𝑈 𝑊⁄ < 1, while the case of 𝑈 𝑊⁄ > 1 promotes Mott insulating behavior 

[2].   In correlated metals 𝑈 𝑊⁄  is near unity. Thus, when the strength of the onsite 
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Coulomb interactions is on the order of the bandwidth one may expect electron correlation 

effects to play an important role in transport, giving rise to unconventional metallic 

behavior.  This quantity is one of the fundamental distinctions between conventional 

transport in weakly correlated semiconductors and metals and transport in strongly 

correlated transition metal oxides.   

The strong tendency towards localization in correlated materials gives rise to the 

emergence of degrees of freedom whose effects are usually suppressed in materials in 

which the electrons interact weakly.  These include effects related to the charge, orbital, 

lattice, and spin degrees of freedom [3].  The interplay of these additional degrees of 

freedom influence the charge carriers via effects related to crystal field splitting, bandwidth 

modification, Coulomb interactions, and Hund’s coupling.  These competing interactions, 

in turn, lead to the emergence of unusual correlated electronic and magnetic phases as 

illustrated in Figure 1.2. An example is the hallmark discovery of unconventional high-

temperature superconductivity in layered cuprate compounds in 1986 [4].  This led to a 

surge of detailed studies of this class of materials in an effort to uncover how the delicate 

interplay of these interactions could lead to an electron pairing mechanism at high 

temperatures, an understanding of which would have wide ranging applicability in both the 

theory of condensed matter physics and technology.  Another major development was the 

discovery of colossal magnetoresistance in the manganite perovskites [5]. 

In the early 2000s research on oxide thin film heterostructures revealed the 

discovery of a conductive electron gas at the LaAlO3/SrTiO3 oxide interfaces [6].  This was 
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accompanied by the observation of superconductivity, magnetism, and even the 

coexistence of superconducting and magnetic order at these interfaces, hinting at the 

important role played by the narrow and strongly correlated Ti 3d bands in transport in 

SrTiO3 [7]–[10].  Similar electron gases are present at RTiO3/SrTiO3 (R = Gd, Sm) 

interfaces with sheet charge densities that are even higher than those at the LaAlO3/SrTiO3 

interface [11].  The growth of heterostructures of these materials by molecular beam 

epitaxy (MBE) provides the ability to carry out experiments to explore the underlying 

correlation physics of these low-dimensional electron systems, as well as opening up new 

routes toward atomic scale engineering not possible with bulk synthesis techniques.  

Experiments can be designed in which a number of degrees of freedom can be tuned 

systematically to offer new insight into how correlated phases emerge from the underlying 

correlation-driven degrees of freedom.  Such studies are the central subject of this thesis.  

In summary, the strong electron-electron interactions, rich phase diagrams, and the ability 

to systematically tune the emergent ordered phases contribute to the tremendous potential 

of transition metal oxides in the development of new functional oxide devices with 

capabilities that are beyond the reach of conventional weakly correlated elemental or III-

V semiconductor materials.  The following sections will highlight some of the unusual 

emergent phases and transport phenomena that have been observed experimentally in 

correlated transition metal oxides. 

 



Chapter 1.  Introduction to Transport in Correlated Materials 

 

 

 6 

1.2 Mott Metal-to-Insulator Transition 
 

Among the many phenomena that have been explored over decades of research in 

the field of strongly correlated materials, perhaps the most quintessential is the Mott metal-

to-insulator transition.  The Mott metal-to-insulator transition is an electronically driven 

phase transition from a metallic to an insulating state that is predicted to occur when the 

strength of the Coulomb repulsion between electrons on nearby atomic sites 𝑈 becomes 

sufficiently large relative to the hopping integral 𝑡.  When the ratio 𝑈/𝑡 reaches a critical 

value the electrons self-localize, and a material that would be predicted to exhibit metallic 

behavior with a partially filled conduction band according to classical band theory is driven 

into an insulating state.  The first example of this contradictory behavior was observed in 

nickel oxide [12]. Eugene Wigner subsequently proposed that electron-electron 

interactions may underlie the phenomenon [13], and a quantitative model was put forth by 

Neville Mott [14]. 

A simple physical picture is provided by a single band Hubbard model described 

by a Hubbard Hamiltonian of the form  

 ℋ𝐻 = −𝑡 ∑ (𝑐𝑖𝜎
† 𝑐𝑗𝜎 + 𝑐𝑗𝜎

† 𝑐𝑖𝜎) + 𝑈 ∑𝑛𝑖↑𝑛𝑖↓ + 𝜇 ∑𝑛𝑖,𝜎

𝑖,𝜎𝑖<𝑖,𝑗>,𝜎

 1.1 

where 𝑖 and 𝑗 are indices of the atomic sites, 𝜎 = (↑, ↓) are the electron spins, 𝑐𝑖𝜎
†

 and 𝑐𝑗𝜎 

are the particle creation and annihilation operators, and 𝑛𝑖↑ ≡ 𝑐𝑖𝜎
† 𝑐𝑖𝜎 is the number operator 

[15].  The first term can be thought of as the kinetic energy, which is proportional to the 



Chapter 1.  Introduction to Transport in Correlated Materials 

 

 

 7 

hopping integral 𝑡.  The summation over < 𝑖, 𝑗 > signifies that hopping can occur only 

between neighboring atomic sites.  The second term can be thought of as the potential 

energy cost arising from the repulsive Coulomb interaction when two electrons occupy the 

same atomic site 𝑖.  The value of 𝑈, as discussed in previous sections, describes the strength 

of the electron-electron interactions.  The final term, accounting for band filling, is 

characterized by the chemical potential 𝜇.  When 𝑡 ≫ 𝑈 the kinetic energy dominates and 

the system is can be described by classical band theory.  The limit of 𝑈 ≫ 𝑡 corresponds 

to the case of isolated atoms, where the interatomic distance is far too great for electron 

hopping and insulating behavior prevails.  The most interesting behavior is observed for 

intermediate cases where the relative values of 𝑈 and 𝑡 place the system in close proximity 

of a metal-to-insulator transition.  The interplay of the metallic and insulating states can 

lead to the emergence of magnetic ordering and unconventional metallic behavior [2].  

The strong on-site Coulomb repulsions in the case of sufficiently large 𝑈/𝑡 open 

up a Mott gap in the conduction band, illustrated in Figure 1.3.  The band structure in the 

Mott insulating state then consists of an occupied lower Hubbard band (LHB) and an 

unoccupied upper Hubbard band (UHB) separated by the Mott gap defined by 𝑈.   

Mott insulating behavior is commonly observed in oxides containing light 3𝑑 

transition metals.  Prototypical examples of transition metal oxides that host a Mott metal-

insulator transition are the vanadates and the rare earth titanates [2], [16], [17].  Two Mott 

insulators that play a central role in the work discussed in this thesis are the rare earth 

titanates GdTiO3, and SmTiO3.  These materials, which are orthorhombic perovskites with 
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d1 electron configurations, were used as the barrier materials for the quantum wells 

discussed in Chapters 3 and 4.  The insulating nature of these materials and their conduction 

band offset with the band insulator SrTiO3 provide an electrostatic potential barrier to 

confine the conduction electrons in the SrTiO3 well.  

1.3 Fermi Liquid Scattering Behavior 
 

Fermi liquid theory is a framework in which weak electron-electron interactions 

can be accounted for in predictions of the thermodynamic and transport properties of a 

correlated metal [18].  The central concept of the theory is that if the interactions in a many-

body electron system are treated adiabatically, the electron eigenstates transition smoothly 

from the case of a non-interacting electron gas to the interacting system.  That is to say, 

when the interactions are turned on sufficiently slowly, there is a one-to-one 

correspondence between the eigenstates in the non-interacting and the weakly interacting 

scenarios.  This preserves quantum numbers such as spin and charge.  Other properties, 

such as effective mass, specific heat, and spin susceptibility, are renormalized.  The end 

result is that these renormalized quantities show the same qualitative temperature 

dependence but take on values that differ from those in the non-interacting picture, with 

the extent of the change being governed by the strength of the electron-electron interactions 

in the metal.  The renormalized charge carriers are referred to as quasiparticles, which obey 

the Pauli exclusion principle and Fermi-Dirac statistics just as the “bare” electrons would. 
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The Fermi liquid framework is restricted to low temperatures (𝑘𝐵𝑇 < 𝐸𝐹)  where the 

quasiparticles are well-defined. 

 The presence of a Fermi liquid state is predicted to give rise to a 𝑇2 temperature 

dependence of the resistivity at temperatures that sufficiently low such that phonons are 

not the dominate scattering mechanism  [19].  In the Drude model of metallic transport the 

electrical resistivity is given by 

 𝜌 =
𝑚∗

𝑛𝑒2𝜏
 1.2 

where 𝑚∗ is the effective mass, 𝑛 is the three-dimensional carrier concentration, and 𝜏 is 

the average electron scattering time.  Of these quantities, the scattering time 𝜏  (or 

equivalently the scattering rate 𝜏−1) primarily influences the temperature dependence.  At 

a temperature of absolute zero, where the Fermi sphere is filled up to the Fermi level (𝐸𝐹), 

scattering events will occur between an excited electron above the Fermi level (𝐸1 ≥ 𝐸𝐹) 

and an electron below the Fermi level (𝐸2 ≤ 𝐸𝐹).  They will be scattered into unoccupied 

states with energies 𝐸3,4 > 𝐸𝐹.  Energy conservation imposes that 

 𝐸1 + 𝐸2 = 𝐸3 + 𝐸4. 1.3 

With the condition of 𝑇 = 0 K there is no thermal activation energy, so 𝐸1 = 𝐸𝐹.  Pauli’s 

exclusion principle dictates that no states within the Fermi sphere can be doubly occupied, 

so it follows that 𝐸2,3,4 = 𝐸𝐹.  This means that the phase space for scattering around the 

Fermi sphere at absolute zero is vanishingly small.  For 𝑇 > 0, a shell around the Fermi 
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sphere of width of approximately 𝑘𝐵𝑇 will be created in which scattering can take place.  

The scattering event probability for the excited electron with energy 𝐸1is calculated by 

double integration though the phase space.  Doing so reveals a scattering rate that scales as 

𝜏−1 ∝ 𝑇2, and therefore at sufficiently low temperatures the resistivity can be expected to 

follow a dependence of the form 

 𝜌(𝑇) = 𝜌0 + 𝐴𝑇2, 1.4 

where 𝜌0 is the residual resistivity arising from impurity scattering and 𝐴 is the scattering 

amplitude coefficient.  Because of this, a 𝑇2 dependence of the resistivity is oftentimes 

interpreted as strong experimental evidence of the existence of a Fermi liquid.  However, 

as will be discussed in Chapter 4, this straightforward interpretation is likely too simplistic 

in many cases.  Robust 𝑇2-dependences in the transport coefficients, and in particular in 

the Hall angle (to be introduced in Section 1.5), are often observed under conditions that 

should otherwise exclude Fermi liquid behavior.  For example, according to Fermi liquid 

theory the scattering rate should be dependent on the carrier density.  However, in many 

correlated materials, a carrier density independent scattering rate is observed over a range 

of densities that spans multiple decades.  A good example of this anomaly has been noted 

in SrTiO3 [20].  A 𝑇2  resistivity dependence is also observed in SrTiO3 at high 

temperatures where Fermi liquid theory should not apply.  This points to the need for a 

more complete theory of 𝑇2  dependences in the transport coefficients of strongly 

correlated metals that goes beyond the standard Fermi liquid framework. 
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1.4 Quantum Criticality and Non-Fermi Liquid Transport 
 

A quantum critical point is a phase transition between two quantum ground states 

that occurs at 0 K [21].  This is typically achieved through the suppression of a temperature-

driven phase transition to zero temperature.  In a classical phase transition the temperature 

of the system is one of the parameters determining the phase, with thermal fluctuations 

destroying ordered phases above a critical temperature.  In contrast, quantum phase 

transitions are driven by a non-thermal external tuning parameter, which can include 

chemical composition in an alloy system, applied pressure, or an applied magnetic field.  

When this external tuning parameter reaches a critical value at 0 K, the system undergoes 

a phase transition between two quantum ground states, common examples of which are 

different forms of magnetic ordering such as a transition from a paramagnetic to a 

ferromagnetic or antiferromagnetic state.  A generic phase diagram of a quantum critical 

system is illustrated in Figure 1.4.   

Although by definition the critical point occurs at 0 K, proximity to the critical point 

gives rise to critical fluctuations of a quantum (rather than thermal) nature, whose effects 

are felt throughout the phase space in the vicinity of the critical point.  These order 

parameter fluctuations alter the nature of the electronic quasiparticles and gives rise to 

anomalies in a number of observable properties at 𝑇 >  0, which is sometimes called 

strange metal or non-Fermi liquid behavior [22].   
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Perhaps the most striking anomaly occurs in the heat capacity, which displays a 

divergent logarithmic dependence with temperature in the vicinity of the quantum critical 

point: 

 
ΔC

𝑇
∝ − ln 𝑇 1.5 

This is in stark contrast to the heat capacity of a Fermi liquid, where the quantity ∆𝐶 𝑇⁄  is 

constant.  This behavior has been studied intensively in heavy-Fermion metals.  This 

characteristic divergent behavior makes heat capacity measurements a useful signature of 

non-Fermi liquid behavior in bulk crystals.  However, in thin film samples, the subject of 

this work, the extremely small volume of material in a thin film sample makes reliable heat 

capacity measurements exceedingly difficult. 

The critical fluctuations also cause anomalies in the in-plane resistivity.  This 

behavior is much more experimentally accessible in studies of thin films.  In many metals 

the resistivity can be fit to a power law of the form 

 𝜌𝑋𝑋 = 𝜌0 + 𝐴𝑇𝑛
 1.6 

where 𝜌0  is the residual resistivity arising from defect scattering, 𝐴  is the scattering 

amplitude, and 𝑛  is a power law exponent.  In a metal with weak electron-electron 

interactions that can be described within the framework of Fermi liquid theory, 𝑛  is 

predicted to take on a value of 2 at low temperatures.  When the system is close to a 



Chapter 1.  Introduction to Transport in Correlated Materials 

 

 

 13 

quantum critical point the enhanced scattering off quantum fluctuations can lead to 

anomalous non-Fermi liquid behavior in which 𝑛 < 2.  A classic example of this occurs in 

the cuprate superconductors, where resistivity that scales linearly with 𝑇  (𝑛  = 1) is 

observed over large regions of the temperature-composition phase space.  This behavior is 

not completely understood.  However, various theoretical models have been proposed 

which predict that the values of 𝑛 will depend on both the dimensionality and the nature of 

the magnetic ordering in the metal [22]. 

 Another manifestation of quantum criticality and breakdown of Fermi liquid theory 

that can be observed in the resistivity is enhancement of the effective mass as the system 

approaches the quantum critical point.  The framework of Fermi liquid theory is based on 

the concept of quasiparticles, which are excitations that carry the same charge and spin as 

the non-interacting particles.  The effective mass, 𝑚∗ , of such quasiparticles is 

renormalized according to the strength of the interactions.  However, near a quantum 

critical point the interactions become extremely large, and at some point the quasiparticle 

states are no longer adiabatically connected to the non-interacting system.  In this case the 

effective mass can diverge (𝑚∗ 𝑚⁄ → ∞), which marks the breakdown of the quasiparticle 

concept as the renormalization connecting the quasiparticles to the non-interacting particles 

vanishes completely.  The scattering amplitude 𝐴 in Equation 1.6 for the resistivity given 

above is directly related to the effective mass (𝐴 ∝ 𝑚∗).  Therefore, 𝐴 can serve as a useful 

probe of the mass enhancement phenomenon and in many correlated materials it has been 
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found to diverge as criticality is approached.  One example of this occurs in the vicinity of 

the metamagnetic transition in Sr3Ru2O7 [23], which will be the subject of Chapter 6. 

1.5 Scattering Rate Separation and Two-Lifetime Transport 

Behavior 
 

In standard models of transport only one scattering rate (𝜏) is typically considered 

in describing the transport properties of conventional metals.  That is, the transverse Hall 

and the longitudinal scattering rates are assumed to be identical (𝜏𝐻 = 𝜏𝑥𝑥 = 𝜏).  Under 

conditions of small applied electric field 𝐸, the current density 𝐽 depends linearly on field 

with the conductivity tensor as the prefactor, expressed as 𝐽𝑖 = 𝜎𝑖𝑗𝐸𝑗 .  The isotropic 

conductivity can be expressed as 

 𝜎 = (
𝜎𝑥𝑥 −𝜎𝑥𝑦

𝜎𝑥𝑦 𝜎𝑥𝑥
) =

𝑁𝑒2𝜏

𝑚∗

1

1+𝜔𝑐
2𝜏2 (

1 𝜔𝑐𝜏
−𝜔𝑐𝜏 1

), 1.7 

where 𝑁 is the carrier density and 𝜔𝑐 is the cyclotron frequency given by 𝑒𝐻 𝑚∗⁄ .  

Inverting the tensor gives us an expression for the resistivity: 

 𝜌 = (
𝜌𝑥𝑥 −𝜌𝑥𝑦

𝜌𝑥𝑦 𝜌𝑥𝑥
) =

𝑚∗

𝑁𝑒2𝜏
(

1 −𝜔𝑐𝜏
𝜔𝑐𝜏 1

). 1.8 

The Hall coefficient measured experimentally in an applied magnetic field 𝐻 is then 

given by 
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 𝑅𝐻 =
𝜌𝑥𝑦

𝐻
=

1

𝐻

𝜎𝑥𝑦

𝜎𝑥𝑥
2 +𝜎𝑥𝑦

2 ≅
1

𝐻

𝜎𝑥𝑦

𝜎𝑥𝑥
2 =

1

𝑒𝑁
. 1.9 

In the case of 𝜏𝑥𝑥 = 𝜏𝐻 the Hall coefficient gives us a direct measure of the carrier density 

𝑁 , which is what makes Hall measurements a useful technique in the electrical 

characterization of conventional semiconductors.  To reiterate, this is based on the 

assumption that the Hall and longitudinal scattering rates are equivalent, leading to 

scattering rate cancellation with 𝜎𝑥𝑥 ∝ 𝜏 and 𝜎𝑥𝑦 ∝ 𝜏2. 

 The situation in strongly correlated metals exhibiting non-Fermi liquid behavior is 

different.  In this case, there is evidence of a lifetime separation phenomenon in which the 

Hall and longitudinal scattering rates take on distinct values.  This scenario was originally 

explored in the context of high-TC cuprate superconductors [24], [25].  A classic feature of 

cuprate superconductors is a 𝑇-linear scaling of the in-plane resistivity of the form 𝜌𝑥𝑥 =

𝜌0 + 𝐴𝑇.  This carries the implication that the longitudinal scattering rate is also linear with 

𝑇: 𝜏𝑥𝑥
−1 ∝ 𝑇.  On the other hand, the Hall angle, given by the reciprocal of the Hall mobility 

𝜇𝐻, follows a robust 𝑇2 dependence over a wide range of temperatures, described by the 

expression 

 
1

𝜇𝐻
= cot(𝜃𝐻) = 𝐶 + 𝛼𝑇2

, 1.10 

where 𝐶 is the Hall angle residual arising from chemical impurities or defects and 𝛼 is the 

Hall scattering amplitude.  Because 𝜇𝐻
−1 ∝ 𝜏𝐻

−1, the distinct temperature dependences of 
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the resistivity and the Hall angle imply a carrier lifetime separation (𝜏𝑥𝑥 ≠ 𝜏𝐻).  Looking 

back the expression for the Hall coefficient, we see that  

 𝑅𝐻 ≅
1

𝐻

𝜎𝑥𝑦

𝜎𝑥𝑥
2 =

1

𝑒𝑁

𝜏𝐻

𝜏𝑥𝑥
 1.11 

when lifetime separation is present.  Now, instead of being dependent entirely on the carrier 

concentration, the Hall coefficient also depends on the ratio of the scattering rates.  Because 

this ratio changes with temperature, the Hall coefficient will also exhibit a non-trivial 

temperature dependence even if the carrier concentration remains unchanged.  In this case 

the Hall coefficient is no longer a reliable measure of the carrier concentration.  If non-

Fermi liquid behavior is present with 𝜌(𝑇) ∝ 𝑇𝑛 and cot(𝜃𝐻) ∝ 𝑇2 the Hall coefficient 

will be given by 

 
1

𝑒𝑅𝐻
= 𝑁

𝜇𝑥𝑥

𝜇𝐻
=

𝐻

𝑒

𝐶 + 𝛼𝑇2

𝑅0 + 𝐴𝑇𝑛
 1.12 

In the case of the cuprates where the resistivity depends linearly on 𝑇, we would expect the 

quantity 𝑅𝐻
−1 to increase linearly with 𝑇 at sufficiently high temperatures, a dependence 

that has been experimentally observed [26].  The phenomena of two-lifetime transport has 

also been observed in a number of other correlated metals in proximity to a quantum critical 

point, notably the V2-yO3 system [27] and heavy Fermion metals [28].  Theories of the 

origin of carrier lifetime separation in these systems have been proposed, including 

anisotropic scattering on the Fermi surface [29], decoupling of spin and charge degrees of 
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freedom [24], and proximity to a quantum critical point [30].  Despite this, there is still no 

universally accepted microscopic theory explaining the origin of this behavior.  Such an 

understanding could go a long way towards the development of a more comprehensive 

understanding of quantum criticality and related phenomena such as high-TC 

superconductivity, as the robust 𝑇2  dependence of the Hall angle and the associated 

lifetime separation seem to be a nearly universal features of this class of materials.  A study 

treating the lifetime separation phenomena in correlated 2DEGs in SrTiO3 quantum wells 

will be discussed in Chapter 4.  In particular, the effect of disorder on the temperature 

dependence of the Hall angle and the low-temperature Hall angle residual 𝐶  will be 

explored. 

1.6 Van Hove Singularity 
 

The density of states of a metal with a well-defined energy dispersion 𝐸(𝑘̅) is given 

by the expression 

 𝐷(𝐸) = ∫
𝑑𝑆

4𝜋3

1

|∇𝐸(𝑘⃗ )|𝑆(𝐸)

 1.13 

where 𝑆(𝐸) is a surface of constant energy.  Consequently, we see that when the gradient 

of the dispersion ∇𝐸(𝑘⃗ ) approaches zero on flat regions of the Fermi surface, sharp peaks 

or singularities in the density of states will arise.  This phenomenon is known as a Van 

Hove singularity, named after the Belgian physicist Léon Van Hove who first investigated 
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these singularities in the 1950s in the context of the phonon density of states [31].  In three 

dimensions Van Hove singularities can occur when the band structure contains a local 

maximum, a local minimum, or a saddle point, where the derivative of the DOS is predicted 

to be divergent.  In the two-dimensional case the DOS itself diverges logarithmically at a 

saddle point.  Experimental evidence of Van Hove singularities can be obtained by 

techniques that can provide direct measures of the DOS, such as tunneling spectroscopy or 

angle-resolved photoelectron emission spectroscopy [32], [33]. 

Van Hove singularities have been observed in a number of strongly correlated 

materials and are now believed to be one of the fundamental features underlying many of 

the exotic electronic and magnetic phases observed in these materials.  When the Fermi 

level lies close to the sharp DOS peak, the Fermi surface is especially susceptible to 

breakdown into ordered states.  For example, Van Hove singularities can lead to 

divergences of the spin susceptibility 𝜒(𝑞⃑, 𝜔) both in the intra-VHS case (𝑞 = 0) and the 

inter-VHS case (𝑞 = 𝑄⃗ 0) where the wave vector 𝑄⃗ 0 connects two saddle points on the 

Fermi surface.  This can lead to instability toward itinerant ferromagnetic or 

antiferromagnetic phases, which can take the form of spin density waves.   Van Hove 

singularities have even been proposed to play a role in the pairing mechanism of 

unconventional superconductivity [34]. 

The position of the van Hove singularity relative to the Fermi level can be tuned 

via external perturbations such as an applied magnetic field, chemical doping, or gating 

[35], [36].  This could be used to engineer the ordered phases arising from the DOS 



Chapter 1.  Introduction to Transport in Correlated Materials 

 

 

 19 

singularity-induced instabilities.  Another route to achieving this is through modification 

of the band structure induced by the applied pressure.  This could include chemical pressure 

induced by isovalent doping, uniaxial pressure, or biaxial pressure such the distortion that 

arises from epitaxial strain [37], [38].  In Chapter 6 an experiment in which an epitaxially 

strained film of the metamagnet Sr3Ru2O7 was found to have low-temperature properties 

that differed significantly from the bulk will be described, likely due to the modification of 

the band structure and closer proximity to the Van Hove singularity [39]. 

1.7 Pseudogap Behavior 
 

A pseudogap is a partial reduction of the density of states near the Fermi level.  This 

phenomenon has been observed in a multitude of strongly correlated systems, including 

high-temperature cuprate superconductors [40], heavy-fermion materials [41], rare-earth 

nickelates [42], and cold atom systems [43].  Experimental observation of the pseudogap 

state can be provided by techniques that provide access to a measure of the single-particle 

spectral weight around the Fermi level, the most common of which are scanning tunneling 

microscopy (STM) and angle-resolved photoelectron spectroscopy (ARPES).  The concept 

of a pseudogap stands in contrast to hard gaps (sometimes referred to as true gaps), in 

which the density of states falls to zero in a finite energy range around the Fermi level, as 

is the case in conventional insulators, Mott insulators, and BCS superconductors.  In 

contrast, the pseudogap is only a partial reduction of the density of states, implying that the 

material retains metallic character. 
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The precise nature and origin of pseudogap behavior in strongly correlated metals 

has been the subject of research for decades.  The pseudogap behavior in underdoped 

cuprate superconductors has been intensively studied, as some researchers believe that it 

may be intimately linked to the high-temperature superconducting state in the form of pre-

formed Cooper pairs [44].  Others believe it is a competing electronic state with a separate 

origin [45].  In any case, pseudogap state is generally believed to originate from the 

formation of a low-temperature ordered phase driven by strong correlations, examples of 

which could include charge and spin density waves.  The electrons contributing to the 

ordered phase can no longer contribute to conduction.   

A related concept is the zero-bias anomaly, which is a general term for suppression 

of the density of states near the Fermi level resulting from the combined effect of electron-

electron interactions and disorder.  The reduction in electron itinerancy caused by disorder 

has the effect of increasing their effective Coulomb interactions, thereby enhancing 

correlation effects.  The effect of the zero-bias anomaly is most pronounced in low 

dimensional systems.  Boris Altshuler and Arkady Aronov published a theory of the zero-

bias anomaly in 1979 [46].  They considered the problem under conditions of diffusive 

transport in which the scattering rate is large relative to the electron energy (1 𝜏⁄ ≫ 𝜀 ℏ⁄ ).  

Their results predict a dependence of the density of states of 𝐷𝑂𝑆 ∝ 𝑉1/2 in three 

dimensions and 𝐷𝑂𝑆 ∝ ln𝑉 in two dimensions [47], which has been experimentally 

verified in a number of materials systems [48], [49]. 
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The theory of the zero-bias anomaly was extended to insulators by Boris Shklovskii 

and Alexei Efros in 1975 [50].  The Efros-Shklovskii Coulomb gap is an example of a soft 

gap, which is gap-like behavior in which the density of states reaches zero precisely at the 

Fermi level but remains finite elsewhere.  Efros and Shklovskii predicted the dependence 

of the density of states on bias to be parabolic in three dimensions and linear in two 

dimensions.  These predictions have also been observed experimentally, and it has been 

shown that the zero-bias anomaly at the Fermi level predicted by the Altshuler-Aronov 

theory for metals continuously evolves into the Efros-Shklovskii Coulomb gap behavior as 

a metal-to-insulator transition is induced through reduction of the doping density [51].  

Because of the variety of conditions under which zero-bias anomaly and Coulomb gap 

behavior has been observed, it is important to consider them as possibilities during studies 

of the electronic structure of strongly correlated metals. 
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Figure 1.1 Illustration of origin of the on-site Coulomb interaction 𝑈 and the hopping 

integral 𝑡 in the lattice of a correlated material with strongly localized electrons. 
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Figure 1.2 Degrees of freedom and interactions resulting from the effects of transport 

within narrow d and f-bands in transition metal oxides.  The interplay of the degrees of 

freedom leads to the emergence of unusual correlated phases. 
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Figure 1.3. Illustration of energy levels in a Mott insulator.  The band structure on the left 

is that of a conventional metal with a partially filled d-band.  The addition of electron-

electron interactions, characterized by 𝑈, leads to a splitting of the d-band into an upper 

Hubbard band (UHB) and a lower Hubbard (LHB) separated by a Mott gap. 
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Figure 1.4 Illustration of a phase diagram of a quantum critical system.  The external tuning 

parameter drives the system between two quantum ground states, labeled Phase 1 and 

Phase 2, at 0 K.  Critical fluctuations in the vicinity of the phase transition give rise to 

observable transport anomalies at 𝑇 >  0. 
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2.1 ABO3 Perovskites and SrTiO3 
 

The family of perovskite oxides of the type ABO3 (where A and B are metal 

cations) are an incredibly diverse class of materials whose members exhibit a vast array of 

structural, electronic, and magnetic properties.  The unit cell of the simple perovskite 

crystal structure is illustrated in Figure 2.1, along with some examples of the ordered 

electronic and magnetic states that have been observed in this family of oxides.  Each 

combination of A and B cations leads to perovskite compound with unique structural and 

electronic properties.  The effect of the relative sizes of the A and B ions on the structure 

of the unit cell can be summarized with the Goldschmidt tolerance factor, defined as 

 

 𝑡 =
𝑟𝐴+𝑟0

√2(𝑟𝐵+𝑟0)
, 2.1 

where 𝑟𝐴 is the ionic radius of the A-site cation, 𝑟𝐵 is the ionic radius of the B-site cation, 

and 𝑟0  is the ionic radius of the anion, which would be oxygen in the case of perovskite 

oxides [52]. The case of 𝑡 > 1  typically promotes a hexagonal or tetragonal crystal 

structure, 𝑡 ≈ 1 promotes an ideal cubic structure (as is the case in SrTiO3), and 𝑡 < 0.9 

promotes orthorhombic or rhombohedral distortions, such as the GdFeO3-type structure.  

The orthorhombic distortions tend to rotate the BO6 octahedra relative to each other.  This 

changes the B-O-B bond angle from its ideal value of 180°, which in turn, influences the 

bandwidth and the electronic properties of the material.  Minute changes in the geometric 

distortion are correlated with a variety of physical states, such as magnetism and 
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ferroelectricity.  For example, in the series of titanates of the type RTiO3, the varying size 

of the R3+ ion when moving down the series of lanthanides La to Gd induces a change in 

the Ti-O-Ti bond angle from less distorted to more distorted, which is associated with a 

transition from antiferromagnetic to ferrimagnetic behavior [53]. 

 Among the vast number perovskite oxides, SrTiO3 perhaps remains the most well 

studied perovskite oxide semiconductor.  SrTiO3 has a nonpolar cubic structure with a 

lattice constant of 3.905 Å.   It has an indirect band gap of 3.2 eV, centered at the Γ point.  

Its valence band is dominated by oxygen 2p-orbitals while its conduction is primarily of Ti 

3d character [54].  Metallic behavior can be induced by doping with trivalent rare-earth 

ions on the Sr2+ site (La3+ is commonly used for this) or with pentavalent ions on the Ti4+ 

site (a common example being Nb5+).  Annealing SrTiO3 in a reducing environment forms 

oxygen vacancies, giving rise to n-type metallic behavior.  Another method of doping, to 

be addressed in detail in later chapters, is electrostatic doping at an interface with a polar 

perovskite material.  This phenomenon will be introduced in the following section. 

2.2 Two-dimensional Electron Gas at RTiO3/SrTiO3 Interfaces 
 

Conductive two-dimensional electron gases (2DEGs) arising from polarization 

discontinuities at semiconductor interfaces have been intensively studied for decades.  A 

technologically important example is the 2DEG arising at AlGaN/GaN interfaces, where 

the polarization discontinuity induces a highly mobile 2DEG (mobility of 1000-2000 

cm2/Vs at 300 K) with sheet carrier densities on the order of 1012 cm-2.  This is commonly 
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exploited in high-electron mobility transistors.  In 2004 a similar phenomenon was reported 

to occur at polar/nonpolar interfaces between the perovskite oxides LaAlO3 and SrTiO3 

[6].  This was followed by reports of numerous electronically and magnetically ordered 

phases that can emerge in the 2DEG such as superconductivity and induced 

ferromagnetism [7], [8], leading to a surge of interest in this system.  Based on the fixed 

immobile positive charge in the La3+O2- layer (formal charge of +1), one would naturally 

expect the transfer of ½ an electron per interfacial unit cell to the adjacent non-polar SrTiO3 

layer, inducing a sheet carrier density of 3.5×1014 cm-2 in the 2DEG.  However, at 

LaAlO3/SrTiO3 interfaces these high carrier densities have not been achieved.  In many 

cases the carrier densities are an order of magnitude less than expected based on intrinsic 

electronic reconstruction [55], leading to many suggestions about the relative role played 

by oxygen vacancies, cation disorder, and surface reconstructions [56]. 

In contrast, the expected sheet carrier density has been observed at all-titanate 

RTiO3/SrTiO3 interfaces, where R is either Gd or Sm [11].  The electrostatic doping 

mechanism for an all-titanate interface is illustrated in Figure 2.2.  The high sheet carrier 

density and high mobility of the 2DEG at low temperatures has enabled detailed studies of 

its transport properties and underlying physics, such as analysis of Shubnikov-de-Haas 

oscillations in strong magnetic fields and elucidation of its sub-band structure [57], [58].  
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2.3 Quantum Criticality in SrTiO3 Quantum Wells 
 

The electrostatic doping introduced in Section 2.2 was taken a step further through 

the growth of RTiO3/SrTiO3/RTiO3 (R = Gd, Sm) quantum well structures [59].  The two 

back-to-back RTiO3/SrTiO3 interfaces in such a structure, illustrated in Figure 2.3, induce 

extremely high carrier densities of 7×1014 cm-2, a situation that enhances the electron-

electron Coulomb repulsions.  Additionally, the electrostatic confinement provided by the 

band offsets of RTiO3 and SrTiO3 confine the carriers to the thin wells, whose thickness 

can be controlled down to monolayer dimensions during growth with MBE.  This further 

enhances the correlation effects, which has led to the observation of phenomena such as 

proximity-induced magnetism and metal-insulator transitions in thin wells [59]–[61].  

Detailed transport studies of SrTiO3 wells embedded in both SmTiO3 and GdTiO3 barrier 

layers have been carried out.  Both of these materials are d1 Mott insulators with 

orthorhombic GdFeO3-type structural distortions (space group Pbnm).  The differences 

between these two materials are found in both the degree of distortion of the oxygen 

octahedra (as quantified by the deviation of the angle between three successive A-site 

cations from 180°), and the nature of magnetic ordering.  Pure SmTiO3 possesses a 

deviation angle of 14.7°, while GdTiO3 is slightly more distorted with a deviation of 15.7° 

[53].  SmTiO3 orders antiferromagnetically at a Néel temperature of 50 K, while GdTiO3 

is a ferrimagnet with a Curie temperature of 30 K. 
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The behavior of the in-plane sheet resistance differs as a function of quantum well 

thickness in the two barrier materials.  It was found that quantum wells in SmTiO3 remain 

metallic all the way down to a quantum well consisting of only a single layer of SrO (the 

thicknesses of the quantum wells will be specified in terms of the number of SrO layers 

they contain).  In GdTiO3 barriers, metallic behavior is observed in thick wells but a metal-

to-insulator transition is observed in thin quantum wells at or below a critical thickness of 

2 SrO layers.  A study of the structure found evidence of a symmetry-lowering structural 

distortion in the GdTiO3-embedded wells at this thickness, suggesting that the greater 

distortion of the octahedral tilts in the GdTiO3 can couple into the structure of the SrTiO3 

[61].  In 2 SrO layer thick wells a deviation angle of roughly 6° was found in the GdTiO3-

embedded well, while it was only 3° in SmTiO3-embedded well.  The abrupt transition of 

the behavior of the resistance suggests that Mott-Hubbard-like physics is at play.  The 

decreased Ti-O-Ti bond angle in the more distorted wells likely reduces the Ti 3d 

bandwidth and plays a role in driving the critical transition. 

The most striking feature of this quantum well system is the observation of non-

Fermi liquid behavior in the in-plane transport [62].  This was evidenced by power law 

exponents 𝑛 in the sheet resistance 𝑅𝑆 = 𝑅0 + 𝐴𝑇𝑛 which differed from the Fermi liquid 

value of 2.  In particular, 𝑛 ≈ 5 3⁄  behavior was commonly observed.  When the transport 

coefficients 𝑅𝑆 and the Hall coefficient (𝑒𝑅𝐻)−1 are mapped out as a function of quantum 

well thickness 𝑡𝑄𝑊, the patterns point to the existence of a quantum critical point at a 

critical well thickness of 𝑡𝑄𝑊 = 5 SrO layers.  This includes both a discontinuity in the 
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temperature power-law exponent 𝑛  and a divergence in the low-temperature Hall 

coefficient, likely arising from critical fluctuations leading to a divergent Hall angle 

residual near this thickness [63].  Enhanced scattering off of the critical fluctuations of the 

order parameter can explain the deviation from 𝑇2 -behavior of the resistivity.  The 

microscopic origin of the quantum critical behavior is still an open question.  Considering 

the magnetic nature of the barriers, a magnetic origin seems likely.  This is supported by 

the observation of induced ferromagnetism in GdTiO3 wells and evidence of itinerant 

antiferromagnetism in SmTiO3 wells near 𝑡𝑄𝑊 = 5 SrO layers, evidence that the magnetic 

ordering in the barrier layers can readily couple into the conductive well [60], [64].  Phase 

diagrams demonstrating the critical behavior of these two systems based on the available 

experimental evidence are illustrated in Figure 2.4.  Studies of this quantum well system 

will be extended in Chapters 3 and 4 of this work.   

2.4 Srn+1RunO3n+1 Ruddlesden-Popper Series 
 

The perovskite oxide materials discussed to this point have been limited to the 

simple perovskite structure, in which the network of interconnected BO6 octahedra is 

effectively infinite throughout the lattice.  An additional layer of complexity is added in 

layered perovskite compounds, in which the thickness of adjacent layers of BO6 octahedra, 

separated by layers of A2+ cations, is finite.  Reducing the thickness of the BO6 layers 

effectively reduces the dimensionality of the transport behavior from three-dimensional 
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toward the two-dimensional limit, a situation which often leads to even stronger correlation 

effects and more complex electronic and magnetic phases. 

 A material system in which this effect is at play is the Ruddlesden-Popper series of 

layered strontium ruthenate materials, in which the variable 𝑛 is used to specify a member 

of the series with the chemical formula Srn+1RunO3n+1.  All members of this series are 

metallic, with conduction occurring within the adjacent RuO6 layers.  For example, 𝑛 = 1 

corresponds to the phase with the formula unit Sr2RuO4, where the conducting layers only 

contain a single RuO6 layer.  Increasing 𝑛 increases the thickness of the RuO6 layer and 

the itinerancy of the electrons.  This is illustrated in Figure 2.5 for several members of the 

series.  The limit of 𝑛 = ∞ corresponds to the simple perovskite SrRuO3, in which the 

RuO6 octahedra are interconnected throughout the entire crystal.  

This series of perovskite oxides hosts many fascinating low-temperature ordered 

phases. The formation of these phases is driven by both electron correlations that affect 

transport in the Ru 4d bands and the shape of the Fermi surface itself.  For example, 

Sr2RuO4 displays unusual p-wave superconductivity below a critical temperature of 𝑇𝐶 = 

1.5 K, in which the spin-triplet nature of the Cooper pairs and the ferromagnetic 

fluctuations hint that the spins play an important role in the unconventional pairing 

mechanism [65], [66].  The 𝑛 = 2 member Sr3Ru2O7, a double layer perovskite, exhibits a 

quantum critical metamagnetic transition, nematic order, and spin density wave phases 

arising at low temperatures [67]–[69]. The 𝑛 = ∞  member SrRuO3 is an itinerant 
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ferromagnet with a Curie temperature of 𝑇𝐶  = 160 K, making it useful as an electrical 

contact in certain types of magnetic devices [70]. 

 The band structure is believed to play a major role in many of these phenomena.  

One of the underlying features in the band structure, observed in both Sr2RuO4 and 

Sr3Ru2O7, is a saddle point of vanishing curvature on the quasi-two dimensional Fermi 

surface [71], [72].  This leads to a Van Hove scenario in which there is a divergence of the 

density of states near the Fermi level, making the Fermi surface susceptible to breakdown 

into ordered electronic or magnetic states.  As a result of this, small perturbations of the 

Fermi surface can lead to dramatic changes in the electronic and magnetic properties.  This 

has been explored via chemical substitution of the Sr2+ by La3+, which has been found to 

enhance magnetism by increasing the Fermi level [73].  Another route to perturbing the 

Fermi surface is via applied pressure, which can either be uniaxial, hydrostatic, or biaxial, 

such as the stress imposed by epitaxial strain during growth on a lattice mismatched 

substrate.  The growth of the Srn+1RunO3n+1 series by a hybrid molecular beam epitaxy will 

be introduced in Chapter 5, which has the potential to overcome some of the difficulties 

traditionally encountered during thin film growth of the ruthenates with conventional 

sources of ruthenium.  In Chapter 6 a study of the transport and magnetic properties of 

epitaxially strained thin films of Sr3Ru2O7 will be discussed, where it was found that the 

low temperature ordered phases were dramatically modified by epitaxial strain. 
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2.5 Hybrid Molecular Beam Epitaxy Growth of Perovskite 

Oxides 
 

Among the various thin film deposition techniques, molecular beam epitaxy (MBE) 

stands alone in its unmatched control of film purity, composition, and layer thickness 

during heterostructure growth.  Several features inherent to the MBE technique contribute 

to this.  The energies of the particles reaching the substrate from the thermally sublimated 

source are extremely low, typically on the order of 0.1 eV [74].  This stands in contrast to 

the energies involved in pulsed laser deposition and sputtering deposition, where the 

energies can range from 1-10 and 10-100 eV, respectively, which can contribute to the 

formation of extended defects.  Another advantage is that the technique takes place in a 

growth chamber pumped to ultra-high vacuum (UHV) conditions, with base pressures on 

the order of 10-10 Torr routinely being achieved with the use of a liquid nitrogen-cooled 

cryopanel.  This reduces film contamination arising from the incorporation of background 

impurities present in the chamber, which can be an issue during metal-organic chemical 

vapor deposition. 

The large mean free paths possible in the UHV environment during growth (1-10 

km) enables the delivery of very precise quantities of source material to the substrate in the 

form of a molecular beam.  The precise control over growth rate, which can be controlled 

at rates below 1 Å/s, enables control of layer thicknesses down to atomic dimensions.  

Additionally, atomically abrupt interfaces between two materials can be grown, allowing 

for precise engineering of transport properties for device applications.  A prominent 
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example of a technology that was made possible by this is the high electron mobility 

transistor.  The use of a lattice-mismatched substrate allows for the growth of epitaxially 

strained films with lattice constants that differ from the nominal bulk values.  This 

perturbation of the lattice, in turn, alters the band structure and therefore the transport 

properties of the film, opening even more avenues to engineer transport properties for 

device applications.  The highly precise and tunable nature of the growth process also make 

MBE ideal for the study of low-temperature transport phenomena and emergent phases 

driven by strong electron correlations, where subtle structural aspects of the lattice directly 

couple into the electronic properties.  All of the correlated oxide materials discussed in this 

thesis were grown with this powerful technique. 

Although epitaxial growth with MBE provides the inherent advantages of high 

purity, low intrinsic defect concentrations, and monolayer control over layer thickness 

described above, control of stoichiometry is a more complicated issue.  MBE was originally 

used for the growth of III-V semiconductors, a prototypical example of which is GaAs.  

The great success of III-V MBE growth can largely be attributed to the very wide 

thermodynamic growth window of this class of materials [75].   The thermodynamics of 

the reaction occurring at the substrate surface to form the solid film is a fundamental 

consideration in epitaxial growth.  For example, during the growth of GaAs, the vapor 

pressure of As is sufficiently high to allow excess As to simply desorb from the Ga-rich 

growth surface.  Only the As needed to react with the Ga in a 1:1 ratio will remain, with 

the end result being a pure stoichiometric GaAs film.  This self-regulating process allows 
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for the extremely low defect densities possible in MBE-grown III-V materials, which in 

turn enables the high electron mobilities necessary for device applications. 

In contrast, the thermodynamic growth window for perovskite oxides is extremely 

narrow relative to that of the III-V semiconductors.  The vapor pressures of the A and B 

site metals in the ABO3 perovskite structure tend to be very low, so the sticking coefficients 

are near unity.  It is instructive to consider the prototypical example of SrTiO3.  The 

temperatures necessary to reach a vapor pressure of 1 Torr of Sr and Ti are 750 and 2200 

°C, respectively.  In contrast, As would only be needed to be heated to near 400 °C. In the 

case of Sr and Ti, excess metal on the growth surface cannot readily desorb into the vacuum 

chamber.  Rather, it is likely to incorporate into the film as non-stoichiometry related 

defects such as inclusions of different phases or vacancies of the cation present in deficient 

quantities.  If we consider the fact that a typical MBE source only has flux control of about 

0.1 to 1% over the course of a typical growth, this could easily result in defect densities in 

the range of 1020 – 1021 cm-3, which would severely impact the transport properties and 

render the film useless in any electronic application. 

A route around this fundamental challenge imposed by thermodynamics is offered 

by the technique of hybrid molecular beam epitaxy.  In this method, a volatile precursor 

molecule is used in lieu of one or more of the conventional metallic sources.  An example 

is the use of the metal-organic compound titanium tetra-isopropoxide (TTIP) in place of 

metallic Ti.  TTIP has a vapor pressure around 1 Torr at 50 °C, which is many orders of 

magnitude higher than Ti.  The TTIP precursor (or similar volatile precursor) is delivered 
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to the chamber via a custom-built gas inlet system in which a linear leak valve and a 

capacitive pressure sensor are connected in a feedback loop to deliver precisely controlled 

quantities of precursor gas to the growth chamber.  The stainless steel tubing of the inlet 

system is typically heated to prevent condensation of the precursor on the tubing walls.  

The precursor is delivered to the growth chamber via a heated gas injector with a 

showerhead-type nozzle to ensure a uniform distribution of molecules. 

When the precursor reaches the substrate surface it decomposes into TiO2 and a 

variety of hydrocarbon byproducts.  The TiO2 reacts with SrO on the growth surface to 

form solid SrTiO3, while the volatile hydrocarbons desorb from the hot surface and are 

pumped out of the growth chamber.  It has been demonstrated that the use of the TTIP 

precursor opens up a “stoichiometric growth window” in which the stoichiometry of the 

film is self-regulating, similar to the case of GaAs discussed above [76], [77].  Because of 

the high vapor pressure of the TTIP molecule, excess TTIP can easily desorb from the 

growth surface rather than incorporating into the film in the form of defects.  Additionally, 

because the Ti4+ cation is already bonded to four oxygen atoms in the TTIP molecule and 

initially decomposes to form TiO2, the precursor acts as an additional source of oxygen 

during growth.  This assists in preventing oxygen deficiency in the film.  In fact, use of the 

TTIP precursor allows for the growth of perovskite oxides even without an external oxygen 

source.  The wide growth window opened up by the precursor minimizes the creation of 

non-stoichiometry-related defects in the film.  As a consequence, homoepitaxial SrTiO3 

films with record electron mobilities exceeding 50,000 cm2/Vs have been demonstrated 

using this approach [78], [79]. 
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Since the introduction of the use of TTIP as a source of Ti for the growth of 

perovskite titanates, additional precursor molecules have been explored to supply the B-

site cation flux during the growth of ABO3-type oxides.  Examples include the use of 

vanadium oxytriisopropoxide for the growth of vanadates [80], hexamethylditin for the 

growth of the stannates [81], and the use of the inorganic precursor ruthenium tetroxide for 

the growth of compounds in the strontium ruthenate Ruddlesden-Popper series [39], [82], 

a subject discussed in-depth in Chapter 5 of this work. 

A schematic illustrating the setup of a hybrid MBE chamber is shown in Figure 2.6. 

During the growth of SrTiO3, a conventional high-purity metallic Sr charge is evaporated 

from an effusion cell, a radio frequency oxygen plasma source provides an oxidizing 

background environment, and the volatile TTIP precursor supplies the source of Ti.  The 

three elements combine on the substrate (typically heated to around 900 °C as measured 

by a thermocouple mounted behind the sample) to form the solid SrTiO3 thin film.  Real 

time characterization of the film is made possible by an in-situ reflection high-energy 

electron diffraction (RHEED) system, which provides information about the smoothness 

of the film surface, the in-plane lattice constant, and surface reconstructions.  Chemical 

species present in the growth chamber can be identified with a residual gas analyzer.  This 

is especially relevant when using chemical precursors, which can decompose to multiple 

gaseous fragments at sufficiently high temperatures. 

MBE is a powerful growth technique with the ability to synthesize highly pure 

single crystal thin films with ultra-low defect densities.  The control it offers over 
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composition, thickness, and epitaxial strain makes it an ideal technique to explore 

fundamental questions in materials science.  In the following chapters, several studies in 

which this technique was used to carry out detailed and systematic studies to address 

outstanding issues in the field of strongly correlated electronic materials will be discussed. 
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Figure 2.1 ABO3 perovskite crystal structures with examples of electronic and magnetic 

ordering phenomena that can be found in this large family of materials. 
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Figure 2.2 Illustration of nonpolar/polar perovskite oxide interface.  The fixed positive 

charge in the initial R3+O2-
2 layer is compensated by a high-density mobile 2DEG in the 

nonpolar SrTiO3 layer. 
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Figure 2.3 Schematic of an RTiO3/SrTiO3/RTiO3 (R = Gd, Sm) quantum well structure.  

The doping induced by the polar discontinuity at each interface leads to extreme sheet 

carrier densities near 7×1014 cm-2, a situation enhancing strong electron correlations. 
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Figure 2.4 Phase diagrams of RTiO3/SrTiO3/RTiO3 quantum well systems with R = Gd, 

Sm. (a) In GdTiO3-embedded wells a metal-to-insulator transition is observed in thin wells.  

Fermi liquid-like scattering behavior is observed throughout the metallic phase with 𝑛 ≈
2.  Induced itinerant ferromagnetic order has been observed at low temperatures in wells 

under 5 SrO layers thick. (b) In SmTiO3-embedded wells metallic behavior is seen at all 

well thicknesses with non-Fermi liquid (𝑛 ≈ 5/3) observed below 5 SrO layers.  An 

itinerant antiferromagnetic phase leading to a pseudogap state is seen at low temperatures.  

In both systems divergences in the transport coefficients and the emergence of itinerant 

magnetic phases hint at the existence of a quantum critical point at a thickness of 5 SrO 

layers, marked by the red star. 
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Figure 2.5 Layered structure of the Srn+1RunO3n+1 Ruddlesden-Popper series.  Increasing 𝑛 

increases the thickness of adjacent layers of RuO6 octahedra (marked by the grey 

diamonds) in which metallic transport takes place. 
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Figure 2.6 Schematic illustration of a hybrid MBE growth chamber used for the growth of 

perovskite oxides.  One of the metal cations is delivered in the form of a volatile precursor. 
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3.1 Introduction 
 

The atomic-dimension smoothness and control of layer thickness offered by MBE 

make it an excellent technique for the study of electron correlation physics in low-

dimensional metallic systems.  An example of such a system is the correlated two-

dimensional electron gas that arises at interfaces between the band insulator SrTiO3 and 

the Mott insulating rare-earth titanates RTiO3 (R = Sm, Gd), where the interfacial charge 

is induced by a polar discontinuity as introduced in Section 2.2.  In RTiO3/SrTiO3/RTiO3 

quantum well structures with two back-to-back interfaces, sheet carrier densities of 7×1014 

cm-2 can be realized.  The result is a metallic, electrostatically confined, strongly correlated 

2DEG in the SrTiO3 well layer.  Previous studies of the transport properties of this quantum 

well system, detailed in Section 2.3, revealed evidence for a quantum critical point near a 

quantum well thickness of 5 SrO layers for wells embedded in both antiferromagnetic 

SmTiO3 and ferrimagnetic GdTiO3 barriers [62], [63].  In this system the non-thermal 

external tuning parameter that dictates proximity to the quantum critical point is the 

quantum well thickness.  The evidence for criticality at this thickness includes a 

discontinuity in the power law exponent of the temperature dependence of the resistivity, 

a divergence of the hall coefficient RH, and two-lifetime transport behavior [63].  Although 

strong evidence of quantum criticality in this system exists, its microscopic origin is not 

clear. 
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A commonly encountered phenomenon in systems in close proximity to a quantum 

critical point is a pseudogap in the density of states, introduced in Section 1.7.  The 

structure of the pseudogap provides unique information about the underlying electronic 

correlation effects that give rise to it.  In particular, the width of the pseudogap provides 

information about the effective binding energy of the ordered phase giving rise to the 

pseudogap.  Additionally, the presence or absence of coherence peaks at energies just 

above the gap provides information about whether or not well-defined coherent 

quasiparticle states emerge from the ordering.  An accurate picture of pseudogap behavior 

is critical in obtaining a comprehensive understanding of the physics of quantum criticality 

and emergent correlated phases.   

The most common technique for probing the density of states of such a system is 

scanning tunneling microscopy.  In such an experiment the tunneling current between a 

sharp metallic probe and the metallic surface of the sample is measured as the driving bias 

of the tip is swept at a particular location on the sample.  The differential conductance of 

the tunneling current, 𝑑𝐼 𝑑𝑉⁄ , then gives a direct measure of the single-particle density of 

states at that location [83].  This technique has long been used in studies of the pseudogap 

state in the cuprates.  Major limitations of this technique are that it only probes information 

about the electronic structure right at the surface of a sample and its high sensitivity to 

contamination, necessitating a method of obtaining an ultra-clean metallic surface.  This is 

often achieved by in-situ cleaving of a bulk crystal, but this is not possible in some cases.   
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Due to the insulating barrier layer on the surface of the RTiO3/SrTiO3/RTiO3 

quantum well structure, STM-based tunneling spectroscopy is impossible.  Another route 

to investigating the density of states that circumvents this issue is the fabrication of tunnel 

junction devices.  The fabrication of such a device involves the use of a series of 

photolithography, deposition, and etch steps to form Ohmic contacts to the underlying 

correlated metal.  A tunnel barrier grown on top of the correlated metal and the deposition 

of a top gate contact then allow a tunneling current to be driven into the underlying metal.  

In this manner one can measure the differential conductance (𝑑𝐼 𝑑𝑉⁄ ) and obtain a direct 

measure of the electronic density of states.  A classic example of this is the use of thin 

Al2O3 tunnel barriers to measure the superconducting gap of a lead electrode by Ivar 

Giaever in 1960 [84]. 

In this study we will detail the use of this tunnel junction technique to explore the 

electronic structure and pseudogap behavior of a series of correlated 2DEGs in SrTiO3 

quantum wells of various thicknesses embedded in both SmTiO3 and GdTiO3 barriers.  A 

precise and systematic study was carried out to provide insight into how emergent ordered 

phases in such strongly correlated systems evolve as a function of dimensionality, the 

magnetism of the barrier layers, and the degree structural distortion.  This is made possible 

by the precision of the MBE growth technique and the simplicity and tunability of this 

quantum well system. 
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3.2 Fabrication of Tunnel Junction Devices 
 

A series of quantum wells with the structures SmTiO3/SrTiO3/SmTiO3 and 

GdTiO3/SrTiO3/GdTiO3 with SrTiO3 well thicknesses of 0.8, 2.0, and 4.0 nm were grown 

on single crystal (LaAlO3)0.3(Sr2AlTaO6)0.7 substrates.  The quantum well thicknesses will 

be specified in terms of the number of adjacent SrO planes contained in the well, which 

would be 2, 5, and 10 SrO layers for the thicknesses listed above.  Following the growth 

of each quantum well structure an epitaxial 3 nm thick layer of SrZrO3 was grown on top 

in-situ.  The high resistivity and relatively wide bandgap of 5.6 eV of SrZrO3 make it an 

excellent tunneling barrier.  Tunnel junction devices were fabricated following growth.  An 

initial photolithography step was used to pattern and deposit Pt top contacts of dimensions 

100 ✕ 350 μm2 using an electron beam evaporator.  The high work function of Pt helps to 

prevent the direct injection of current into the device, improving the signal from the 

tunneling current.  This was followed by a second photolithography step to pattern the 

ohmic contacts.  A short etch in a buffered HF solution was used to remove the SrZrO3 

barrier, followed by the deposition of 40 nm thick Ti contacts.  This was followed by the 

deposition of 400 nm thick gold pads on top of the Ti to facilitate wire bonding.  A 

schematic of the final tunnel junction device is shown in Figure 3.1.  Following fabrication 

of the tunnel devices a Keithley 2400 Source Meter was used to obtain the current-voltage 

( 𝐼 − 𝑉)  curves.  Various bias ranges and sweep rates were collected to ensure 

reproducibility of the results.  The differential conductance, 𝑑𝐼 𝑑𝑉⁄ , was calculated by 

numerical differentiation. 



Chapter 3.  Pseudogaps and Emergent Phases in SrTiO3 Quantum Wells 

 

 

 52 

The contacts between the Ti pads and the underlying 2DEGs in the SrTiO3 wells 

were found to remain ohmic down to 2 K.  This is facilitated by both by the low work 

function of Ti and the extremely high sheet carrier density in the underlying quantum well.  

Current-voltage sweeps collected between ohmic contacts deposited on a 2 SrO layer thick 

quantum well embedded in SmTiO3 are shown in Figure 3.2 (a), with the corresponding 

conductance shown in Figure 3.2 (b).  The 𝐼 − 𝑉 curves, which remain linear down to 2 K, 

demonstrate that the contacts remain ohmic.  Furthermore, the flat conductance 

characteristics demonstrate that the features observed in the tunneling measurements 

described in the following sections cannot be ascribed to non-linearities stemming from 

the contacts. 

3.3 Tunneling Results 
 

The raw differential conductance spectra are plotted for the quantum wells 

embedded in SmTiO3 in Figure 3.3 (a)-(c).  Symmetric reductions in the density of states 

centered on the Fermi level (zero bias) are present for all three thicknesses at low 

temperatures.  The non-zero density of states at the Fermi level is consistent with prior 

measurements revealing that SrTiO3 quantum wells embedded in SmTiO3 remain metallic 

at all thicknesses, even down to a quantum well consisting of only a single layer of SrO 

[61].  The depth of the gap is most pronounced in thinner quantum wells and at low 

temperatures.  The raw conductances of the quantum wells embedded in GdTiO3 are shown 

in Figure 3.3 (d)-(f).  The behavior at thicknesses of 5 and 10 SrO layers is rather similar 
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to the SmTiO3-embedded wells, with a symmetric reduction of the density of states around 

the Fermi level with similar dependences on well thickness and temperature.  At 2 SrO 

layers, however, a marked difference is seen, with the conductance of the GdTiO3-

embedded well reaching zero at the Fermi level.  This reflects prior transport measurements 

revealing a metal-to-insulator transition in GdTiO3 at well thicknesses of 2 SrO layers and 

fewer.  This is likely the result of a symmetry-lowering structural distortion in the SrTiO3 

well arising from coupling to the distorted TiO6 octahedral structure in the GdTiO3 layers, 

which has been studied quantitatively using TEM [61].  No such distortion was seen in 

SmTiO3-embedded wells, reflecting the less-distorted structure of SmTiO3. 

Improved resolution of features in the conductance spectra can be realized through 

the use of the normalized conductance, defined as the quantity (𝐼 𝑉⁄ )−1(𝑑𝐼 𝑑𝑉⁄ ) 

(equivalent to 𝑑 ln(𝐼) 𝑑 ln(𝑉)⁄ ).  This technique is commonly used in the interpretation of 

tunneling spectroscopy data [86]–[88].  This quantity minimizes background features that 

vary slowly with the applied bias.  The normalized conductances for the SmTiO3-

embedded wells are plotted Figure 3.4 (a)-(c).  The normalized signal in the 10 SrO layer 

thick well is featureless with no obvious pseudogap at any temperature (the small 

discontinuity at 0 V originates from the differentiation), which is the expected behavior for 

conventional metallic behavior.  A clear pseudogap state emerges in the 5 SrO layer thick 

well as the temperature is reduced below 20 K.  In the thinnest well of 2 SrO layers the 

pseudogap behavior is most pronounced, becoming apparent below 200 K.  Additionally, 

we begin to see an increase in the signal just outside of the pseudogap at both negative and 
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positive biases, with defined peak structures becoming apparent near 10 K.  This can be 

described as the onset of coherence peaks with an energy gap 2Δ of approximately 65 meV. 

3.4 Discussion 
 

 

 

The differences in the evolution of the pseudogap behavior in the quantum wells 

embedded in the two different barrier materials provide insight into how the barrier 

influences the physics of the electron correlations, and in particular the important role of 

the nature of the magnetic ordering.  In the thinnest SmTiO3-embedded quantum well, the 

pseudogap is accompanied by the onset of coherence peaks just outside of the pseudogap 

at temperatures below 10 K.  This behavior usually marks emergence of a coherent long-

range phase with a well-defined energy.  It is important to note that coherence peaks have 

been observed to accompany some, but not all, of the pseudogap phases observed in other 

strongly correlated systems [89], [90].  Considering the antiferromagnetic nature of the 

SmTiO3 barrier (𝑇𝑁 = 50 𝐾), it seems likely that the pseudogap behavior and coherence 

peaks originate from an incipient itinerant antiferromagnetic phase, which is often 

associated with spin density wave order.  It is well established that spin fluctuations can 

give rise to pseudogap behavior [91].  This is supported by recent muon spin relaxation 

and polarized neutron reflectometry measurements of this quantum well system which 

found evidence of the onset of quasistatic magnetic correlations under the same conditions 

in which the pseudogap is observed in the present study [64].  Magnetic correlations, as 

evidenced by an enhanced depolarization rate, were observed in a 5 SrO layer thick 
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quantum well below 20 K but were absent in a 10 SrO layer thick well.  Polarized neutron 

reflectometry measurements of a 2 SrO layer thick well confirmed the absence of net 

magnetization in the well, leaving itinerant antiferromagnetic order as the likely origin.  

Adding to this, dynamical mean field theory calculations of the electronic structure of 

SrTiO3 wells in SmTiO3 predicted a loss of spectral weight in the 2DEG due to coupling 

between the antiferromagnetic fluctuations in the SmTiO3 barrier and the conduction 

electrons [92].  The presence of coherence peaks are consistent with the fact that 

fluctuations of antiferromagnetic order, in contrast to ferromagnetic order, usually only 

affect certain regions of the Fermi surface [91].  The conditions of low temperature and 

reduced but finite phase space for scattering may promote the emergence of the coherent 

phase. 

In contrast, the quantum wells embedded in the ferrimagnetic GdTiO3 barrier show 

no evidence of coherence peaks, as seen in the comparison in Figure 3.5.  Instead, continual 

reduction of the quantum well thickness induces a symmetry-lowering structural transition 

and the onset of a true gap in the density of states.  This is accompanied by insulating in-

plane behavior of the resistivity as observed in prior studies.  The absence of coherence 

peaks suggests that no well-defined long-range coherent phases emerge during the 

transition to the insulating state.  The ferrimagnetic character and more distorted structure 

of the GdTiO3 barrier layers likely play a role.  Previously, GdTiO3 barriers have been 

found to induce itinerant ferromagnetism in the confined 2DEG via exchange coupling 

[60].  Ferromagnetic order in a metal is known to affect the entire Fermi surface, thereby 

completely affecting the phase space in which well-defined quasiparticle excitations could 
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exist and suppressing the emergence of coherence peaks.  Taking into account the 

symmetry-lowering distortion that occurs in wells in GdTiO3, the results also support the 

idea that the strengths of the electron-phonon coupling and Coulomb interactions influence 

the evolution of the pseudogap behavior, perhaps by promoting short-range order. 

Finally, we note that the pseudogap state observed in this system is not related 

superconductivity, as no evidence of superconductivity has been observed at any 

temperature.  This supports the idea that pseudogap behavior is a general feature of 

unconventional metallic systems in the vicinity of a quantum critical point rather than being 

directly related to a superconducting pairing mechanism.  Instead, it is more likely that the 

origin of pseudogap behavior lies in the formation of low-temperature ordered phases 

driven by strong correlations. 

In conclusion, we have demonstrated the utility of the fabrication of planar tunnel 

junction devices in performing tunneling spectroscopy measurements of correlated 

quantum well systems.  This is especially relevant in cases where the use of STM is made 

impossible by the presence of an insulating barrier on the surface.  Tunneling spectroscopy 

measurements of both SmTiO3 and GdTiO3-embedded wells of various thicknesses 

revealed the onset of pseudogap behavior.  Coherence peaks emerged in the wells in 

antiferromagnetic SmTiO3, while the wells in ferrimagnetic GdTiO3 showed pseudogap 

behavior with no coherence before evolving into an insulating state.  The results highlight 

the importance of incipient magnetic order and the strength of electron-lattice coupling in 

the evolution of ordered phases in correlated materials.  
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Figure 3.1 Schematic of the tunnel junction devices used to perform tunneling spectroscopy 

measurements.  Reprinted with permission from P. B. Marshall, E. Mikheev, S. Raghavan, 

and S. Stemmer, Physical Review Letters 117, 046402 (2016), Copyright 2016 by the 

American Physical Society (Ref. [85]). 

 

  



Chapter 3.  Pseudogaps and Emergent Phases in SrTiO3 Quantum Wells 

 

 

 58 

 

 

 

 

Figure 3.2 (a) 𝐼 − 𝑉 sweeps collected between Ti contacts deposited on a 10 nm SmTiO3/2 

SrO/ 10 nm SmTiO3 quantum well structure. (b) Differential conductance ( 𝑑𝐼 𝑑𝑉⁄ ) 

obtained via numerical differentiation of the 𝐼 − 𝑉  data.  The flat conductance 

demonstrates the ohmic nature of the contacts down to 2 K.  Reprinted with permission 

from P. B. Marshall, E. Mikheev, S. Raghavan, and S. Stemmer, Physical Review Letters 

117, 046402 (2016), Copyright 2016 by the American Physical Society (Ref. [85]). 
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Figure 3.3 Raw conductance spectra (𝑑𝐼 𝑑𝑉⁄ ) of 2, 5, and 10 SrO layer thick quantum wells 

embedded in both SmTiO3 (a)-(c) and GdTiO3 (d)-(f).  Reprinted with permission from P. 

B. Marshall, E. Mikheev, S. Raghavan, and S. Stemmer, Physical Review Letters 117, 

046402 (2016), Copyright 2016 by the American Physical Society (Ref. [85]). 
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Figure 3.4 Normalized differential conductance (𝑑 ln(𝐼) 𝑑 ln(𝑉)⁄ ) for quantum wells 

embedded in SmTiO3.  The pseudogap feature centered on the Fermi level becomes more 

pronounced as the well thickness is reduced.  Coherence peaks emerge at low temperatures 

in the 2 SrO layer thick well with an energy spacing 2Δ  of approximately 65 meV.  

Reprinted with permission from P. B. Marshall, E. Mikheev, S. Raghavan, and S. Stemmer, 

Physical Review Letters 117, 046402 (2016), Copyright 2016 by the American Physical 

Society (Ref. [85]). 
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Figure 3.5 Comparison of normalized conductance of the 2 and 5 SrO layer thick quantum 

wells embedded in SmTiO3 and the 5 SrO layer thick well embedded in GdTiO3.  

Pronounced coherence peaks emerge in SmTiO3-embedded wells but not in GdTiO3-

embedded wells.  Reprinted with permission from P. B. Marshall, E. Mikheev, S. 

Raghavan, and S. Stemmer, Physical Review Letters 117, 046402 (2016), Copyright 2016 

by the American Physical Society (Ref. [85]). 
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4.1 Introduction 
 

Transport in strongly correlated metals differs from conventional metallic behavior 

in numerous striking ways.  This includes non-Fermi liquid scattering behavior observed 

in the temperature dependence of the longitudinal resistivity, in which the exponent 𝑛 takes 

on values lower than the typical Fermi liquid value of 2 in the power law expression 𝑅𝑥𝑥 =

𝑅𝑜 + 𝐴𝑇𝑛.  The classic example of this is the 𝑇-linear (𝑛 = 1) behavior observed in the 

cuprate superconductors.  It is believed by some that uncovering the microscopic origin of 

this behavior may be the key in unraveling the mystery of high-TC superconductivity.  A 

related but more subtle transport anomaly is the phenomenon of scattering rate separation, 

introduced in Section 1.5.  Scattering rate separation refers to a divergence of the Hall and 

longitudinal scattering rates (𝜏𝑥𝑥 ≠ 𝜏𝐻) , in contrast to conventional metallic behavior 

where they are assumed to be equivalent.  Evidence of lifetime separation has been 

observed in many of the same systems in which non-Fermi liquid behavior has been 

reported.  This includes the cuprates [26], the V2-yO3 system [27], and heavy Fermion 

materials [93].  Theories that have been proposed to explain this behavior include 

anisotropic scattering on the Fermi surface (commonly seen near an antiferromagnetic 

transition) [29], separation of spin and charge degrees of freedom (Luttinger liquid 

behavior) [24], and proximity to a quantum critical point [30].  Despite this, no microscopic 

theory is universally accepted.  Developing a comprehensive understanding of two-lifetime 

behavior and the associated robust 𝑇2 dependence of the Hall scattering rate, which seems 
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to be nearly universal among these systems, may go a long way in advancing the 

understanding of strong electron correlations and quantum criticality. 

The quantum criticality and non-Fermi liquid scattering behavior observed in 

RTiO3/SrTiO3/RTiO3 (R = Gd, Sm) quantum wells is also accompanied by scattering rate 

separation.  The thickness of the quantum wells, which acts as the non-thermal external 

tuning parameter determining proximity to the quantum critical point, also controls the 

extent of carrier lifetime separation [63].  As mentioned previously, the precise control of 

dimensionality in these quantum well systems offered by MBE makes this system ripe for 

detailed investigation of the scattering rate separation phenomenon.  Additionally, when 

grown epitaxially on the (001) surface of DyScO3 substrates, uniformly spaced and highly 

anisotropic planar defects were found to form in the film.  This offers an excellent route by 

which the effect of disorder on lifetime separation behavior can be investigated via angle-

dependent measurements.  In this chapter we report on a study in which these questions 

were addressed through electrical characterization of a series of SmTiO3/SrTiO3/SmTiO3 

quantum wells grown on DyScO3 (001) substrates. 

4.2 Growth, Fabrication, and Measurement Technique 
 

Hybrid MBE, introduced in Section 2.5, was used to grow a series of quantum wells 

with the structure SmTiO3/SrTiO3/SmTiO3 on (001) DyScO3 substrates.  SrTiO3 quantum 

wells with thicknesses of 2, 3, 4, 5, 6, and 10 SrO layers were grown, where the thickness 

of the quantum well layer is specified in terms of the number of SrO planes that it contains.  
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The structure of the DyScO3 substrate belongs to the orthorhombic Pbnm space group, 

similar to the SmTiO3 barrier layers.  This is in contrast to many previous studies of this 

quantum well system in which the wells were grown on cubic (LaAlO3)0.3(Sr2AlTaO6)0.7 

(LSAT) substrates.  This distinct substrate symmetry, which was found to modify the 

growth orientation of the SmTiO3 barrier layers, has important effects on the transport 

properties.  This will be discussed later.   

Angle-dependent measurements of the 3 and 6 SrO layer thick quantum wells were 

made possible through the fabrication of “centipede” devices with a series of 

photolithography, dry etching, and contact deposition steps.  The devices allowed transport 

measurements to be performed along four crystallographic directions which were equally 

spaced in intervals of 45°.  Electrical contact was made using electron beam evaporated Ti 

contacts, which have previously been demonstrated to remain Ohmic down to 2 K.  A layer 

of Au was deposited on top of the Ti to facilitate wire bonding.  The transport 

measurements were performed at temperatures ranging from 300 K down to 2 K in a 

Quantum Design Physical Property Measurement System, with the Hall resistance being 

measured using sweeps of the magnetic field from -0.6 T to 0.6 T.  High-angle annular 

dark-field (HAADF) scanning transmission electron microscopy (STEM) images were 

taken of the quantum well structure using cross-sectional specimens prepared in an FEI 

Helios dual beam focused ion beam microscope.  Imaging was performed with an FEI Titan 

S/TEM operating at 300 kV. 
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4.3 Planar Defects and Barrier Orientation 
 

To characterize the microstructure, HAADF-STEM images were taken of the 6 SrO 

layer thick quantum well along two orthogonal directions.  The images are shown in Figure 

4.1 (a) and (b) looking along the [010]𝑂  and the [100]𝑂  crystallographic directions, 

respectively, where the subscript indicates that the directions are referenced to the 

orthorhombic unit cell.  We note that the bottom SmTiO3 barrier layer has grown with its 

(001)𝑂 planes parallel to the substrate surface, which is apparent when comparing the 

schematics of the crystal structure in Figure 4.1 (c) and (d) to the corresponding STEM 

images of Figure 4.1 (a) and (b).  This orientation is different than previous studies of this 

system, including the study of the pseudogap behavior in Chapter 3, in which the quantum 

wells were grown on cubic LSAT substrates.  When grown epitaxially on LSAT the 

SmTiO3 barrier grows its the (110)𝑂 planes parallel to the substrate.  The difference in the 

growth orientation can be explained by the different strain states of the SmTiO3 when 

grown on the two substrates.  The lattice constant of LSAT is 3.87 Å, while the pseudocubic 

in-plane lattice constant of the DyScO3 (001) surface is 3.95 Å.  The pseudocubic in-plane 

lattice constants of SmTiO3 are 3.90 Å and 3.94 Å for the (110)𝑂 and the (001)𝑂 crystal 

planes, respectively.  Therefore it is energetically favorable for the (001)𝑂 SmTiO3 plane 

to be parallel to the substrate surface when grown on DyScO3 (001), as this minimizes the 

energy built up by elastic strain.  This demonstrates how judicious choice of a substrate 

surface can be used to engineer the crystallographic orientation during epitaxial growth, a 

concept that is applicable to other materials systems.  This is especially relevant to the 
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study of the transport properties of strongly correlated materials, as minute structural 

changes have been shown to lead to substantial modifications of the transport behavior. 

Looking along the [010]𝑂  direction in Figure 4.1 (a), no extended defects are 

visible.  When looking along the [100]𝑂 direction, however, planar defects are present 

(marked by red arrows in Figure 4.1 (b)).  The fact that they are not visible along one 

direction but clearly visible along an orthogonal direction indicates that the planar defects 

are highly anisotropic.  They are fairly uniformly spaced, with an average spacing of about 

20 nm.  Due to the highly anisotropic nature of the defects one may expect a high degree 

of anisotropy in the in-plane electrical resistivity, particular in the low-temperature residual 

resistivity.  It is this anisotropy, to be discussed in detail in the following sections, which 

allowed for the systematic study of the effect of disorder on scattering rate separation 

detailed in this chapter. 

Finally, we observe a zigzag pattern in the A-site cation displacements in the 

DyScO3 substrate and SmTiO3 barrier in the STEM image along [100]O.  No such pattern 

is visible in the SrTiO3 quantum well, a sign that distortion to an orthorhombic structure 

has not yet occurred in the 6 SrO layer thick quantum well.  Instead, the structure of the 

SrTiO3 in the well retains a slightly tetragonal structure (due to the epitaxial strain) with 

no significant tilting of the oxygen octahedra.  Previous structural studies of SrTiO3 

quantum wells grown on LSAT have found that orthorhombic distortions in the SrTiO3 can 

be induced below a critical quantum well thickness [61], but this has not yet occurred in 

the 6 SrO layer thick well in the present study.  
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Confirmation of the epitaxial relationship between the SmTiO3 barrier and the 

DyScO3 substrate was obtained via a reciprocal space map of one of the quantum well 

structures, shown in Figure 4.2.  This was achieved by aligning a high-resolution x-ray 

diffractometer to the (116) orthorhombic peak of the substrate.  The alignment of the in-

plane lattice parameters along 𝑞𝑥  (horizontal axis) confirms that the SmTiO3 is fully 

strained.   

4.4 Results of Electrical Transport Measurements 
 

The results for the in-plane sheet resistance 𝑅𝑥𝑥 as a function of temperature made 

using the centipede Hall bar devices are shown in Figure 4.3 (a) and (b) for the 3 and 6 SrO 

layer thick wells, respectively.  Measurements were made along the [100], [110], [11̅0], 

and [010]  crystallographic directions.  Clear anisotropies in the value of the sheet 

resistance are observed in both quantum wells, with similar dependences on angle.  The 

angle-dependence of the resistance is not surprising when the preferred orientation of the 

planar defects is considered.  The [100] direction runs parallel to the defects, allowing the 

electrons to travel relatively unimpeded when driven by an electric field and therefore 

resulting in the lowest resistance.  The [010] direction runs perpendicular to the defects, 

subjecting the electrons to the greatest scattering and therefore resulting in the maximum 

resistance.  Both the [110] and [11̅0] directions run at 45° angles to the defects, therefore 

resulting in similar resistances roughly half way between the two extremes.  The quantity 

𝑑𝑅𝑋𝑋 𝑑𝑇⁄  for the 6 SrO layer thick well is plotted versus temperature on a logarithmic 
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scale in Figure 4.3 (c).  The slope of the curve in such a plot provides a measure of the 

power law exponent 𝑛  in the expression 𝑅𝑋𝑋(𝑇) = 𝑅0 + 𝐴𝑇𝑛 .  The dotted black line 

shows the expected slope for conventional Fermi liquid behavior with 𝑛 = 2.  Clearly none 

of the curves follow this behavior.  In fact, because the slopes of the lines are not constant 

at any temperature, one can conclude that 𝑅𝑋𝑋(𝑇) in this disordered system does not follow 

a well-defined power law at all.   

The Hall angle, 𝐻 cot 𝜃𝐻 , can be calculated in a straightforward manner using 

knowledge of 𝑅𝑋𝑋 and the Hall coefficient 𝑅𝐻 according to the formula 

 𝐻 cot 𝜃𝐻 = 𝐻
𝑅𝑋𝑋

𝑅𝑋𝑌
=

𝑅𝑋𝑋

𝑅𝐻
= 𝐻(𝐶 + 𝛼𝑇2), 4.1 

where 𝐻  is the applied magnetic field, 𝑅𝑋𝑌  is the Hall resistance, 𝐶  is the Hall angle 

residual (which is effectively the inverse Hall mobility 𝜇𝐻
−1 extrapolated to 0 K), and 𝛼 is 

the Hall scattering amplitude, which is related to the electron effective mass via the 

relationship  

 𝛼𝑇2 =
𝑚∗

𝑒
Γ(𝑇2), 4.2 

where Γ is scattering rate and 𝑒 is the elementary charge.  The Hall angle of the 6 SrO layer 

thick quantum well is plotted as a function of temperature on a 𝑇2 scale in Figure 4.4 (a).  

We note that the curves are very linear along all four directions, indicating a strong 𝑇2 

dependence regardless of the measurement angle.  We also observe that there is very little 

variation in the slope of the lines.  Because the slope is determined by 𝐻𝛼, this implies that 

𝐻𝛼 is a disorder-independent quantity that gives a measure of the amplitude of intrinsic 
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electron-electron scattering mechanisms.  This curious disorder-independence of 𝐻𝛼 has 

also been observed in the cuprates [95]. 

 Extrapolating the Hall angle in Figure 4.4 (a) to 0 K allows us to extract the Hall 

angle residual 𝐻𝐶 .  The Hall residual is plotted as a function of the angle of the 

measurement relative to the lowest resistance [100] axis (defined as 0°) in Figure 4.4 (b), 

along with the low temperature residual of the sheet resistance 𝑅𝑋𝑋 at 2 K, which can be 

taken as a close estimate of 𝑅0.  The resistance residuals were taken from the data in Figure 

4.3 (b).  Here we observe a strong dependence of both of the quantities on angle, and we 

can therefore conclude that both of the residuals are strongly dependent on disorder.  

Furthermore, the two quantities scale in a very similar fashion, which is to say that a given 

degree of disorder introduced by the planar defects in the film enhance both 𝑅0 and 𝐻𝐶 by 

the same factor.  The strong dependence of 𝐻𝐶 on the amount of disorder present has also 

been noted in the cuprates, where it was found to increase linearly with the concentration 

of impurity dopants [26], [95].  A linear relationship between 𝐻𝐶  and disorder is also 

observed in the present data, indicating that the linear relationship of 𝐻𝐶 and disorder is a 

very general behavior.  We can also conclude that only a single transport lifetime is 

influenced by disorder due to the similar scaling of 𝑅0 and 𝐻𝐶. 

 We can also deduce that the carrier lifetime separation phenomenon is present in 

these quantum wells.  In Figure 4.3 (c), analyzing the temperature dependence of 𝑅𝑋𝑋, we 

saw that 𝑅𝑋𝑋(𝑇) did not follow a well-defined power law at all, likely due to the high 

degree of disorder.  In stark contrast, the Hall angle 𝐻 cot 𝜃𝐻 (𝑇) follows a robust 𝑇2 

dependence regardless of the amount of disorder.  Therefore, for the scattering mechanism 
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that influences the temperature dependent transport there must be two carrier lifetimes: one 

that influences the temperature dependence of 𝑅𝑋𝑋  that does not follow a well-defined 

power law and one that influences the temperature dependence of 𝐻 cot 𝜃𝐻 which has a 

strong quadratic dependence on temperature. 

Because the Hall scattering amplitude 𝐻𝛼 can be interpreted as a robust measure of 

the amplitude of intrinsic electron-electron interactions, it is interesting to consider what 

effect the quantum well thickness 𝑡𝑄𝑊 might have on the scattering amplitude.  Decreasing 

the well thickness will change the effective three-dimensional carrier concentration, as well 

as increasing tendency towards structural distortion in the well due to proximity to the 

orthorhombically distorted barrier material.  The Hall scattering amplitude measured in 

SmTiO3/SrTiO3/SmTiO3 quantum wells grown on both LSAT and DyScO3 substrates are 

compared as a function quantum well thickness, 𝑡𝑄𝑊, in Figure 4.5 (a).  The data from the 

quantum wells on LSAT were taken form Ref. [63]. 

A similar trend in 𝐻𝛼 is observed in both curves.  It is relatively constant in thicker 

quantum wells, with an abrupt increase below a critical thickness.  The average 𝐻𝛼 is about 

50% higher in the wells grown on DyScO3 compared to the wells grown on LSAT.  The 

critical thickness under which 𝐻𝛼 begins to diverge is near 5 SrO layers on DyScO3 and 3 

SrO layers on LSAT.  The residual of 𝑅𝑥𝑥  measured at 2 K as a function of 𝑡𝑄𝑊  are 

compared for the two substrates in Figure 4.5 (b).  Similar to 𝐻𝛼, 𝑅𝑋𝑋(2 𝐾) is nearly 

constant in thicker quantum wells with an abrupt increase under a critical well thickness.  

This critical thickness is near 3 SrO layers on DyScO3 and 1 SrO layer on LSAT. 
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The temperature-dependences of the quantity (𝑒𝑅𝐻)−1 for the 3 and 6 SrO layer 

thick quantum wells are shown in Figure 4.6 (a) and (b), respectively.  Measurements along 

the high resistance direction, [100], and the low resistance direction, [010] are plotted.  As 

mentioned previously, in the absence of lifetime separation and with a single carrier type, 

(𝑒𝑅𝐻)−1 is simply a measure of the sheet carrier concentration.  This is typically the case 

in weakly correlated metals and semiconductors.  This is also the case in 

SmTiO3/SrTiO3/SmTiO3 quantum wells at high temperatures, as the value of (𝑒𝑅𝐻)−1 at 

300 K corresponds to a sheet carrier concentration of around 7×10-14 cm-2, which is the 

expected in the absence of correlation effects. 

If correlation effects are present the value of (𝑒𝑅𝐻)−1 can be affected, leading to 

shifts in its low temperature value or non-trivial temperature dependences.  This is the case 

in the 6 SrO layer thick quantum well in Figure 4.6 (b).  As discussed in the introduction 

in Section 1.5, the Hall coefficient is the ratio of the in-plane sheet resistance to the Hall 

angle, leading to 

 (𝑒𝑅𝐻)−1 =
𝐻

𝑒
(

𝐶+𝛼𝑇2

𝑅0+𝐴𝑇𝑛). 4.3 

The departure from trivial temperature-independent behavior can arise from both 

divergences in the low temperature residual, 𝐶 𝑅0⁄ , and from deviations from 𝑇2-behavior 

in the in-plane resistivity.  Not only could a non-trivial temperature dependence arise from 

a power-law exponent of the temperature dependence of the resistivity that differs from the 
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Fermi liquid value 𝑛 = 2, but also if the resistivity does not follow a well-defined power 

law at all, as is the case in the quantum wells in this study.   

 Not only is non-trivial temperature dependence apparent in the 6 SrO layer thick 

quantum well, but a shift in the low temperature residual 𝐶 𝑅0⁄  is clear as well.  Rather 

than the value of ~ 7×10-14 cm-2 expected based on the interfacial area of the unit cell, the 

value at 2 K increases to near 1.1×10-15 cm-2, an enhancement of 𝐶 𝑅0⁄  by a factor of 1.6 

compared to its expected value.  This enhancement is not present in the 3 SrO layer thick 

quantum well. 

 A comparison of the Hall angle residuals, (𝑒𝑅𝐻)−1( 2 𝐾) , for various well 

thicknesses in quantum wells grown on both DyScO3 and LSAT substrates is shown in 

Figure 4.7.  A similar dependence on well thickness is seen for both substrates.  The initial 

value in thin wells is close to the expected value, followed by a steady increase to a 

maximum value.  The value then drops off to near the expected value in thick quantum 

wells.  Although the shape is the same, the curves are shifted, with the maximum value of 

(𝑒𝑅𝐻)−1( 2 𝐾) occurring near 4 or 5 SrO layers for quantum wells grown on LSAT and 6 

SrO layers for quantum wells grown on DyScO3. 

4.5 Effects of Quantum Well Barrier Orientation on 

Correlations 
 

As discussed in Section 4.3, the crystallographic orientation of the SmTiO3 barrier 

layers is different when grown on LSAT and DyScO3 substrates due to the different 
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epitaxial strains.  SmTiO3 layers on LSAT grow with the (110) crystal plane parallel to 

the substrate surface, while SmTiO3 on DyScO3 grows with the (001) plane parallel to the 

surface.  The barriers are effectively rotated by 90° relative to each other, thereby changing 

the orientation of the A-site structural distortions as seen in Figure 4.1.  

 Differences in the transport properties are apparent between the quantum wells 

grown on LSAT in previous studies and the wells grown on DyScO3 in the present study.  

First of all, the Hall scattering amplitude was enhanced by roughly 50% on the wells on 

DyScO3 from 1 to 1.5×10-6 Vs/cm2/K2.  It is likely that this increase originates from an 

enhancement of the in-plane effective mass, as 𝛼 ∝ 𝑚∗.  In addition to the enhancement of 

the value of 𝐻𝛼, the critical thickness under which the abrupt increase in 𝐻𝛼 occurred was 

greater on DyScO3 compared to LSAT.  This likely originates from subtle changes in how 

the structure of the barrier layers couples into the well layer for the two orientations.  In 

thin quantum wells, structural differences in the barrier may be expected to couple into the 

transport properties of the well itself, which can increase effective mass [61], [96].  Both 

theory and experimental observations have also shown that the magnetic order of the 

barrier can couple into the itinerant electron system in thin wells [60], [97].  This may also 

increase the effective mass [98]. 

 The temperature dependence of 𝑅𝑋𝑋 also varies in the wells grown on the two 

substrates.  In quantum wells grown on LSAT 𝑅𝑋𝑋 follows well-defined power laws of the 

form 𝑅𝑋𝑋(𝑇) = 𝑅0 + 𝐴𝑇𝑛, where a shift in the exponent 𝑛 from the Fermi liquid value of 

2 to non-Fermi liquid values tracks proximity to a quantum critical point.  On the other 
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hand, 𝑅𝑋𝑋(𝑇) in quantum wells grown on DyScO3 does not follow well-defined power 

laws at all.  It is likely that the greater disorder in these wells brings the carriers in close 

proximity to a disorder-induced localization transition, resulting in the complicated 

temperature dependence of 𝑅𝑋𝑋(𝑇).  This is especially evident in the 3 SrO layer thick 

well, where the 𝑅𝑋𝑋(𝑇)  curve in the high resistance [010]  direction in Figure 4.3 (a) 

actually has a negative slope near room temperature.  In any case, the temperature 

dependence of the Hall angle is not influenced by the scattering mechanism controlling the 

in-plane resistivity, as it retains a robust 𝑇2  dependence on both substrates for every 

quantum well thickness. 

4.6 Implications for Theory of Carrier Lifetime Separation  
 

Much of the literature treating the two carrier lifetime phenomenon focuses on the 

specific case in which 𝑅𝑋𝑋~𝑇 and cot 𝜃𝐻 ~𝑇2.  In fact, some consider an understanding of 

the 𝑇 -linear dependence of the resistivity observed in many unconventional 

superconductors to be the essential ingredient needed to unravel the mystery of high 

temperature superconductivity.  However, the present data suggests that the nearly 

universal 𝑇2 of the Hall scattering rate may be the fundamental feature underlying the 

physics of these systems.  The previous studies of quantum well grown on LSAT substrates 

found that the 𝑇2 dependence of the Hall scattering rate persists even when the power-law 

exponent of the resistivity takes on non-Fermi liquid values [63].  The data from the 

quantum wells grown on DyScO3 substrates take this a step further and show that the 
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cot 𝜃𝐻 ~𝑇2  dependence remains even when large amounts of disorder are present and 

𝑅𝑋𝑋(𝑇) does not follow a power law at all.  The central conclusion that can be taken from 

this is that the ubiquitousness and the robust character of the 𝑇2 dependence of cot 𝜃𝐻 

should be a central consideration when developing models of correlated electron systems 

near a quantum critical point.  This has been considered in the study of the cuprates [99], 

but this study suggests that this pertains to an even wider class of materials. 

A scattering rate obeying a 𝑇2  dependence is often taken as an indication of 

electron-electron scattering in a Fermi liquid.  However, an essential feature of Fermi liquid 

behavior is a scattering rate that is dependent on the three-dimensional carrier 

concentration.  The scattering rate in the quantum wells shows evidence of a carrier density 

independent scattering rate.  This is evident in the data of Figure 4.5 (a).  The quantity 𝐻𝛼, 

a measure of the intrinsic electron-electron scattering rate, is constant with quantum well 

thicknesses above a critical thickness.  Because the three-dimensional carrier concentration 

decreases with increasing quantum well thickness, we can conclude that the electron-

electron scattering rate is independent of the carrier density.  Therefore, the 𝑇2 dependence 

of the Hall angle cannot be ascribed to an underlying Fermi liquid.  This carrier density 

independence of the scattering rate is also present in many other strongly correlated 

materials where transport measurements reveal a scattering rate with a strong 𝑇2 

dependence.  This supports the argument made in Ref. [20] that a 𝑇2 dependent scattering 

rate should not automatically be attributed to the presence of a Fermi liquid state, as is often 

done in studies of cuprates and other transition metal oxides.  Rather, a distinct and poorly 
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understood scattering mechanism may be at play.  This highlights the importance of the 

development of a unified microscopic theory of the origin of the 𝑇2 scattering dependence 

in strongly correlated materials. 

This study also provides insight into the origin of the microscopic parameters 

determining the Hall scattering rate.  In previous studies of this quantum well system the 

divergence of the low temperature residual 𝐶 𝑅0⁄ , also shown in the present data (Figure 

4.7), was ascribed to a quantum critical point.  The data suggest that critical fluctuations 

appear in the residual 𝐶 but not in 𝑅0.  The data in Figure 4.6 show that the divergence of 

𝐶 𝑅0⁄  does not arise from disorder.  The low-temperature residual is the same, regardless 

of if the measurement is taken along the low resistance [100] or the high resistance [010] 

direction.  Thus, the scattering rate, and perhaps its temperature dependence, originates 

from electronic correlations.  Also, the results show that the Hall angle cot(𝜃𝐻) is less 

sensitive to carrier localization than the resistivity.  The same carrier can appear localized 

or delocalized depending on the specific transport coefficient under consideration. 
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Figure 4.1  HAADF-STEM images of 6 SrO thick quantum well along (a) [010]O and (b) 

[100]O directions.  Planar defects, marked with red arrows, are visible when looking along 

[100]O but not along [010]O, suggesting a high degree of anisotropy.  Additionally, they 

are fairly uniformly spaced, with about 20 nm separating adjacent defects.  Illustrations of 

the structure of the DyScO3 substrate looking along [010]O and [100]O are shown in (c) and 

(d), respectively. Reprinted from P. B. Marshall, H. Kim, and S. Stemmer, Scientific 

Reports 7, 10312 (2017).  This article is distributed under a Creative Commons Attribution 

4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).  (Ref. [94]). 
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Figure 4.2 Reciprocal space map taken around the (116)  orthorhombic peak of the 

DyScO3 substrate of a 10 nm SmTiO3/10 SrO/10 nm SmTiO3 quantum well structure.  The 

alignment of the in-plane lattice constants along the horizontal axis confirms that the 

SmTiO3 barrier layers are fully strained to the substrate.  Reprinted from P. B. Marshall, 

H. Kim, and S. Stemmer, Scientific Reports 7, 10312 (2017).  This article is distributed 

under a Creative Commons Attribution 4.0 (CC BY 4.0) license 

(https://creativecommons.org/licenses/by/4.0/).  (Ref. [94]). 
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Figure 4.3 In-plane sheet resistance 𝑅𝑋𝑋  as a function of temperature along the four 

crystallographic directions defined by the centipede Hall bar device in the (a) 3 and (b) 6 

SrO layer thick quantum wells.  (c) The quantity 𝑑𝑅𝑋𝑋 𝑑𝑇⁄  for the 6 SrO layer thick well 

plotted on a logarithmic temperature scale.  The dash line represents the expected slope for 

a T2 temperature dependence.  Reprinted from P. B. Marshall, H. Kim, and S. Stemmer, 

Scientific Reports 7, 10312 (2017).  This article is distributed under a Creative Commons 

Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).  (Ref. 

[94]). 
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Figure 4.4 (a) Temperature dependence of the Hall angles of the 6 SrO layer thick quantum 

well plotted on a 𝑇2  axis measured with the Hall bar centipede device.  (b) Low-

temperature residuals of the Hall angle, 𝐻𝐶 , and the sheet resistance, 𝑅𝑋𝑋(2 𝐾)  as a 

function of angle relative to the low resistance [100] direction, which is defined as 0°.  

Reprinted from P. B. Marshall, H. Kim, and S. Stemmer, Scientific Reports 7, 10312 

(2017).  This article is distributed under a Creative Commons Attribution 4.0 (CC BY 4.0) 

license (https://creativecommons.org/licenses/by/4.0/).  (Ref. [94]). 
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Figure 4.5 (a) Comparison of Hall scattering amplitude 𝐻𝛼 as a function of quantum well 

thickness for wells grown on DyScO3 and LSAT substrates.  (b) Similar comparison of the 

residual sheet resistance measured at 2 K, 𝑅𝑋𝑋(2 𝐾).  The data from the wells grown on 

LSAT was taken from Ref. [63].  Reprinted from P. B. Marshall, H. Kim, and S. Stemmer, 

Scientific Reports 7, 10312 (2017).  This article is distributed under a Creative Commons 

Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).  (Ref. 

[94]). 
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Figure 4.6 The quantity (𝑒𝑅𝐻)−1 as a function of 𝑇 for the (a) 3 SrO layer and (b) 6 SrO 

layer thick quantum wells.  Measurements were taken along the high resistance [010] and 

low resistance [100] directions.  Reprinted from P. B. Marshall, H. Kim, and S. Stemmer, 

Scientific Reports 7, 10312 (2017).  This article is distributed under a Creative Commons 

Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).  (Ref. 

[94]). 
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Figure 4.7 Comparison of the Hall angle residual measured at 2 K, (𝑒𝑅𝐻)−1( 2 𝐾), for 

quantum wells grown on LSAT and DyScO3 substrates as a function of 𝑡𝑄𝑊.  The data for 

the wells grown on LSAT was taken from Ref. [63].  Reprinted from P. B. Marshall, H. 

Kim, and S. Stemmer, Scientific Reports 7, 10312 (2017).  This article is distributed under 

a Creative Commons Attribution 4.0 (CC BY 4.0) license 

(https://creativecommons.org/licenses/by/4.0/).  (Ref. [94]). 
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5.1 Motivation for the MBE Growth of Strontium Ruthenate 
 

The observation of phenomena such as p-wave spin triplet superconductivity, 

metamagnetism, and nematic order in the layered strontium ruthenate Ruddlesden-Popper 

series, introduced in Section 2.4, has led to a surge of interest in the epitaxial growth of 

these materials to explore their physics in thin film form [23], [68], [100].  One driving 

factor is the possibility of strain engineering of the Fermi surface of these materials, which 

will allow for systematic studies with the aim of achieving a deeper understanding of how 

these phenomena emerge from the strong electron correlations and complex magnetic 

states in these materials [37].  To date, the majority of the experiments involving this class 

of materials have been performed on bulk single crystal samples.   

Synthesis with thin film deposition methods has remained more challenging than 

bulk crystal growth.  This largely stems from the extremely low vapor pressure of Ru, 

which makes thermal sublimation with a standard effusion cell nearly impossible.  Some 

success has been achieved with pulsed laser deposition or through the use of an electron 

beam evaporated Ru source in an MBE environment [101], [102].  However, the flux 

provided from electron beam evaporation is inherently unstable and the highly energetic 

deposition oftentimes generates point defects, making this technique difficult to control 

reproducibly.  Another challenge is the limit of the amount of oxygen that can be introduced 

to the growth chamber and the flux instabilities associated with high oxygen background 

pressures, potentially leading to oxygen deficiency in the film. 
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 It is therefore of interest to explore alternative sources of Ru with which the growth 

rate can be precisely controlled and the depositing species reach the surface with a lower 

energy.  One route to achieve this is through the use of a volatile precursor, similar to the 

hybrid MBE technique developed for the growth of the titanates detailed in Section 2.5.  In 

this chapter we will explore the use of the volatile inorganic precursor ruthenium tetroxide 

(RuO4) for the growth of the layered strontium ruthenate series with a hybrid MBE 

approach.  Several features make RuO4 promising as a precursor for ruthenate growth.  

First, RuO4 has a vapor pressure of nearly 100 Torr at room temperature, which is around 

a factor of 100 higher than the TTIP precursor used for the growth of titanates.  Secondly, 

the ruthenium cation is bonded to four oxygen atoms in the molecule, providing an 

additional source of oxygen and assisting in overcoming the problem of oxygen deficiency.  

This approach has the potential to enable the reproducible, systematic crystal growth 

necessary to carry out studies to explore the unique emergent phases of the strontium 

ruthenate series. 

5.2 Hybrid MBE Growth of Sr2RuO4 

 

Here we will discuss the growth of the 𝑛 = 1 Ruddlesden-Popper phase Sr2RuO4 

using the RuO4 precursor.  In this approach Sr is supplied from a high-purity metallic 

charge in a conventional effusion cell while Ru is supplied in the form of the RuO4 

precursor.  The RuO4 precursor has previously been used in the synthesis of Ru, RuO2, and 

SrRuO3 films, but has not yet been used in MBE growth [103]–[105].  The resulting 
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Sr2RuO4 films possess excellent structural quality as evidenced by a number of 

characterization techniques, demonstrating that the use of the RuO4 precursor is a viable 

technique for the growth of high-quality thin films of Sr2RuO4 other members of this 

fascinating class of materials. 

 

5.2.1 Details of Growth Technique  
 

Sr2RuO4 thin films were grown on single crystal (001) (LaAlO3)0.3(Sr2AlTaO6)0.7 

(LSAT) substrates in an oxide MBE system (GEN 930, Veeco Instruments).  The in-plane 

lattice constants of Sr2RuO4 and LSAT are almost identical at 3.87 Å, resulting in almost 

no elastic strain building up in the film.  The substrates were etched in a 3:1 HCl:HNO3 

solution prior to growth to provide smooth stepped surfaces.  A 350 nm thick layer of Ta 

was deposited by e-beam evaporation on the back of the substrates to facilitate heat transfer 

between the substrate heater and the growth surface.  The films were grown by co-

deposition, with the Sr supplied by a high purity elemental source in a conventional low-

temperature effusion cell.  Ruthenium was supplied by the RuO4 precursor.  The precursor 

was supplied by Air Liquide (Fremont, CA) under the brand name Torus.  Due to the 

unstable nature of the precursor, it is packed in a solution of fluorinated ethers.  The 

solution consists of only about 1% by weight of the RuO4 precursor.  The precursor cylinder 

was maintained at room temperature, which is high enough to supply sufficient vapor 

pressure for delivery to the chamber with no additional heating.  The precursor was 
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delivered to the chamber via a stainless steel tube that was heated to near 50 °C to prevent 

condensation of the precursor.  A linear leak valve and a capacitive manometer were used 

to monitor and control the flow of the precursor.  The precursor was introduced to the 

growth chamber with a gas injector heated to 50 °C.  Additional oxygen was supplied with 

an RF plasma source operating at 300 W.  The background pressure of oxygen in the 

chamber was 5×10-6 Torr.  In-situ monitoring of the growth surface was done with 

reflection high-energy electron diffraction (RHEED).  Ex-situ characterization was 

performed with x-ray diffraction (XRD), atomic force microscopy (AFM), and 

transmission electron microscopy (TEM).  Resistivity measurements of the films were 

performed at room temperature with Ohmic Au/Ti contacts deposited in a four-point van 

der Pauw geometry. 

5.2.2 Optimizing Stoichiometry and Growth Temperature 
 

The stoichiometry was optimized to obtain an idea of the Sr/Ru beam flux ratio (as 

measured by an ion gauge) needed for a phase pure film.  This was done by maintaining 

the ruthenium flux at a constant value using the gas inlet system and varying the Sr effusion 

cell temperature to vary the flux.  Like the growth of SrTiO3, RHEED patterns provided a 

sensitive probe of film stoichiometry.  The post-growth RHEED patterns of three films 

grown using varying Sr fluxes are shown in Figure 5.1 along the [100] and the [110] 

crystallographic directions.  Film roughening caused modulations in the RHEED streaks 

in Sr-deficient film grown with a Sr cell temperature of 480 °C.  Spottiness is especially 
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noticeable along the [110] direction.  This is likely linked to the formation of second 

phases within the film, which will be discussed further in Section 5.3.  Chevron patterns in 

the Sr-rich film grown at 498 °C indicated that excess Sr was accumulating on the surface 

and forming metal droplets.  The stoichiometric film grown at a cell temperature of 488 °C 

produced the smoothest and most intense RHEED patterns along both the [100] and [110] 

directions, indicating the smoothest film surface and best crystal quality. 

 The effect of the substrate temperature was explored by growing stoichiometric 

films using varying substrate temperatures (as measured by a thermocouple mounted 

behind the sample).  The substrate growth temperature was found to have a dramatic effect 

on the quality of the film, with very high temperatures being necessary for good film 

quality.  Sr2RuO4 films grown at a substrate temperature of 900 °C showed poor structural 

characteristics in both XRD and RHEED.  At 920 °C, the films showed improved structural 

characteristics with sharper Bragg peaks and smoother surfaces.  However, it wasn’t until 

a substrate temperature of 950 °C that both XRD and RHEED measurements revealed a 

truly high-quality crystal structure.  This trend is evident in the wide-angle XRD scans of 

the films grown at various temperatures in Figure 5.2. 

The room temperature resistivity followed a similar trend with the growth 

temperature.  The resistivity of the film grown at 900 °C was too high to be measured.  The 

resistivity of the film grown at 920 °C was 1100 μΩcm.  Finally, the resistivity of the film 

grown at 950 °C was 230 μΩcm, which is close to the room temperature resistivity 
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measured in bulk samples.  From this point forward, all results shown will be from a film 

grown with optimal stoichiometry grown at a substrate temperature of 950 °C. 

5.2.3 Growth Mode and Structural Characterization 
 

Growth proceeded in a layer-by-layer mode, evidenced by the onset of RHEED 

oscillations as seen in Figure 5.3 (a).  This is a desirable growth mode, as it is evidence of 

high adatom mobility on the growth surface and allows for excellent control over film 

thickness.  The initial behavior of the RHEED intensity (around 200 seconds into growth) 

appears slightly anomalous compared to the rest of the oscillations.  This may be caused 

by the creation of anti-site defects due to the change in symmetry from the cubic LSAT 

substrate to the tetragonal Sr2RuO4 film, a behavior that was previously observed during 

PLD growth [101].  The period of the oscillations corresponds to a growth rate of 16 

nm/hour, meaning that there are two intensity oscillations per Sr2RuO4 unit cell, a 

periodicity that has been observed by others [106].  The layer-by-layer growth mode 

observed here typically results in very smooth post-growth surfaces, which is confirmed in 

the AFM image of Figure 5.3 (b).  The features in the image are on the order of the unit 

cell height of Sr2RuO4 of 12.74 Å. 

The excellent structural quality is confirmed in the wide angle XRD scan of Figure 

5.4 (a).  The 002, 004, 006, 008, and 0010 Bragg peaks of Sr2RuO4 are all present, with the 

spacing indicating a unit cell height of 12.74 Å, in nearly exact agreement with previous 

measurements of bulk Sr2RuO4 crystals [107].  No additional peaks are present, confirming 
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the phase purity of the film.  This is noteworthy, as other phases of the Ruddlesden-Popper 

series are possible, which would result in mixed-phase films with deteriorated properties.  

A high resolution XRD scan of the 006 Sr2RuO4 and 002 LSAT peak is shown in Figure 

5.4 (b).  The pronounced Laue fringes emanating from the Sr2RuO4 peak are evidence of a 

very smooth film/substrate interface and film surface.  The period of the Laue fringes 

corresponds to a film thickness of 29 nm, which is in excellent agreement with the thickness 

derived from the spacing of the RHEED intensity oscillations.  This implies that the flux 

does not vary significantly during growth, a situation that offers precise control of 

stoichiometry and the Sr2RuO4 film thickness.  The rocking curve full width at half 

maximum of 0.075°, shown in Figure 5.5, provides further evidence of the excellent 

crystallinity.  

 A cross-sectional image taken by high-angle annular dark field (HAADF) scanning 

transmission electron microscopy (STEM) is seen in Figure 5.6.  The image confirms the 

tetragonal structure and 𝑛 = 1 layering of the Sr2RuO4 unit cell, with none of the other 

Ruddlesden-Popper phases present.  It is also confirms that growth took place with the c-

axis along the growth direction. 

 In summary, phase-pure epitaxial thin films of Sr2RuO4 have been synthesized 

using a hybrid molecular beam epitaxy approach incorporating a precursor solution 

containing the volatile and highly reactive molecule RuO4.  The structural quality of the 

films is excellent, as evidenced by several characterization techniques.  This method 

enables excellent control of stoichiometry and phase purity, and the layer-by-layer growth 
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mode allows for highly smooth interfaces and surfaces and fine control of film thickness.  

The structural quality demonstrates the potential of this precursor to be used in the growth 

of other members of the fascinating strontium ruthenate Ruddlesden-Popper series, and the 

control it offers is ideal for the growth of heterostructures comprised of these materials. 

5.3 Hybrid MBE Growth of the Srn+1RunO3n+1 Series  
 

In addition to Sr2RuO4, other members of the strontium ruthenate family, especially 

the 𝑛 = 2 Sr3Ru2O7 and 𝑛 = ∞ SrRuO3 phases, are of scientific interest.  The growth of 

epitaxially strained thin films could offer unique insight into their emergent low 

temperature electronic and magnetic phases.  The growth of these materials was explored 

using hybrid MBE technique incorporating the volatile RuO4 previously discussed for the 

growth of Sr2RuO4.   

 A method of approaching this is by considering the relative content of Sr and Ru in 

each of the phases.  Examining the formula units in the Sr3n+1RunO3n+1 series, we note that 

the Sr/Ru ratio is maximum for 𝑛 = 1 Sr2RuO4 (Sr/Ru = 2), decreases to an intermediate 

value for 𝑛 = 2 Sr3Ru2O7 (Sr/Ru = 1.5), and continues decreasing to the limit of 𝑛 = ∞ 

SrRuO3 (Sr/Ru = 1).  Therefore, an obvious approach to stabilizing the various phases 

during MBE growth is by varying the ratio of the Sr and Ru fluxes.  This was attempted by 

holding the flux of the RuO4 precursor constant while systematically reducing the Sr flux 

by lowering the Sr effusion cell temperature.  The results are summarized in the series of 

wide angle XRD scans in Figure 5.7.  It was found that the Sr2RuO4, Sr3Ru2O7, and SrRuO3 
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phases were stabilized at Sr effusion cell temperatures of 488 °C, 475 °C, and 470 °C, 

respectively, with the flux of the RuO4 precursor and the substrate temperature held 

constant.  The resulting films were phase-pure with no unexpected Bragg reflections 

observed.  However, it was found that mixed-phase films were possible if the Sr/Ru ratio 

was set to a value intermediate to those of two of the Ruddlesden-Popper phases. 

  



Chapter 5.  Growth of Strontium Ruthenate Series with a Hybrid MBE Approach 

 

 

 95 

 

 

 

 

Figure 5.1 Post-growth RHEED patterns of Sr2RuO4 films of varying stoichiometry.  From 

left to right, the strontium cell temperature was set to 480 °C (Sr-deficient), 488 °C 

(stoichiometric), and 498 °C (Sr-rich).  Reprinted from P. B. Marshall, H. Kim, K. Ahadi, 

and S. Stemmer, APL Materials 5, 096101 (2017).  This article is distributed under a 

Creative Commons Attribution 4.0 (CC BY 4.0) license 

(https://creativecommons.org/licenses/by/4.0/).  (Ref. [82]). 
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Figure 5.2 Wide angle XRD scans of Sr2RuO4 films grown at 900 °C (bottom), 920 °C 

(middle), and 950 °C (top), showing a clear trend with increasing crystallinity at higher 

growth temperatures. 
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Figure 5.3 (a) RHEED intensity oscillations showing the growth of Sr2RuO4 commencing 

in a layer-by-layer mode.  (b) 2×2 μm AFM image confirming smooth post-growth surface 

of a Sr2RuO4 thin film.  Reprinted from P. B. Marshall, H. Kim, K. Ahadi, and S. Stemmer, 

APL Materials 5, 096101 (2017).  This article is distributed under a Creative Commons 

Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).  (Ref. 

[82]). 
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Figure 5.4 (a) Wide-angle XRD scan showing high purity and structural quality of a 

Sr2RuO4 film grown on an LSAT substrate.  From left to right, the Sr2RuO4 Bragg peaks 

are 002, 004, 006, 008, and 0010. (b) High resolution XRD scan of the 006 Sr2RuO4 peak 

and the 002 LSAT peak showing prominent Laue fringes indicating a smooth film with a 

thickness of 29 nm.  Reprinted from P. B. Marshall, H. Kim, K. Ahadi, and S. Stemmer, 

APL Materials 5, 096101 (2017).  This article is distributed under a Creative Commons 

Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).  (Ref. 

[82]). 
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Figure 5.5  Rocking curve of the 006 peak of the Sr2RuO4 film.  The full width at half 

maximum is 0.075°.  Reprinted from P. B. Marshall, H. Kim, K. Ahadi, and S. Stemmer, 

APL Materials 5, 096101 (2017).  This article is distributed under a Creative Commons 

Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).  (Ref. 

[82]). 
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Figure 5.6 HAADF-STEM images of a Sr2RuO4 thin film grown epitaxially on LSAT. (a) 

Smooth interfaces with no extended defects are visible in the large field of view. (b) The 

tetragonal structure of the Sr2RuO4 with the c-axis parallel to the growth direction can be 

resolved under higher magnification.  Reprinted from P. B. Marshall, H. Kim, K. Ahadi, 

and S. Stemmer, APL Materials 5, 096101 (2017).  This article is distributed under a 

Creative Commons Attribution 4.0 (CC BY 4.0) license 

(https://creativecommons.org/licenses/by/4.0/).  (Ref. [82]). 
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Figure 5.7 Wide angle XRD scans of various Ruddlesden-Popper phases grown at different 

Sr/Ru flux ratios.  With the RuO4 precursor flux held constant, the Sr2RuO4, Sr3Ru2O7, and 

SrRuO3 phases were stabilized at Sr effusion cell temperatures of 488 °C, 475 °C, and 470 

°C, respectively. 
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6.1 Introduction 
 

Among the non-magnetic members of the Srn+1RunO3n+1 series, the 𝑛 = 2 phase 

Sr3Ru2O7 is the closest to a magnetic instability.  Strong magnetic fluctuations have been 

observed in bulk samples via neutron scattering.  Fluctuations of ferromagnetic order were 

found to emerge below 150 K, which transitioned to fluctuations of antiferromagnetic order 

upon cooling below 20 K [108].  A peak in the magnetic susceptibility occurs at this 

transition temperature.  Additionally, it hosts a metamagnetic transition, which is a 

transition from a lowly polarized paramagnetic state to a highly-polarized ferromagnetic 

state through the application of an external magnetic field [67].  This transition occurs at a 

field of approximately 5 T when the field is oriented in-plane and 8 T when the field is 

oriented out-of-plane.  The magnetic instability is related to magnetic field-tuned 

instabilities of the Fermi surface.  In bulk crystals of Sr3Ru2O7 sharp peaks in the 

magnetoresistance are observed at the critical fields, likely arising from enhanced 

scattering off of critical fluctuations of the Fermi surface near the transition. 

 More recently, evidence of a nematic phase has been found in studies of the in-

plane transport [68].  Strong anisotropy in the magnetoresistance was observed at 

temperatures below 1 K in the vicinity of the metamagnetic transition, with the direction 

of the anisotropy being controlled by the direction of the applied magnetic field relative to 

the applied current used to measure the resistance.  Neutron scattering studies have 

revealed that the nematic anisotropic behavior observed in the transport is likely related to 
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magnetic field-controlled spin density wave (SDW) phases that form in the vicinity of the 

metamagnetic transition [69].  The nematic behavior in bulk crystals has been observed 

with the applied field oriented along the 𝑐 axis. 

 Many of these unusual properties can be linked to underlying features of the Fermi 

surface.  In particular, the Fermi surface of Sr3Ru2O7 has been found to be both strongly 

nested and in close proximity to a Van Hove singularity, a phenomenon introduced in 

Section 1.6 [72].  The flat features in the band structure near the Van Hove singularity lead 

to a divergence of the density of states which lies close to the Fermi level, making the 

Fermi surface especially susceptible to breakdown into anisotropic and magnetic states due 

to enhanced screening.  Subtle modification of the lattice structure should be expected to 

modify the energy spacing between the Van Hove singularity and the Fermi level and 

therefore affect the emergent magnetic phases.  For example, small amounts of uniaxial 

pressure have been found to induce ferromagnetic order in bulk samples of Sr3Ru2O7 [109]. 

 We may then ask what the effect of epitaxial strain may be on these phenomena.  

The control over the strain state offered by epitaxial growth may be expected to offer 

control of the electronic and magnetic interactions via modifications of the Fermi surface, 

making this material an excellent platform to study ordered phases emerging from strong 

correlations, quantum criticality, and their relationship to the underlying band structure.  It 

is possible that modifications of the Fermi surface may give rise to entirely new types of 

electronic or magnetic order.  In this study we explore the transport properties and 

magnetization of compressively stressed Sr3Ru2O7 films grown using the hybrid MBE 
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technique discussed in Chapter 5.  Anisotropy in the magnetoresistance, where the applied 

magnetic field controls the orientation, is revealed in low-temperature magnetotransport 

measurements, similar to previous measurements on bulk samples.  However, it was found 

that the anisotropy in the thin film samples persists to an order of magnitude higher 

temperatures.  Additionally, an itinerant antiferromagnetic state observed at low 

temperatures gives rise to anisotropies in the in-plane resistivity, with anisotropic non-

Fermi-liquid scattering suggesting the presence of critical fluctuations affecting certain 

regions of the Fermi surface. 

6.2 Growth and Measurement Details  
 

Sr3Ru2O7 thin films were grown epitaxially on cubic (LaAlO3)0.3(Sr2AlTaO6)0.7 

(LSAT) substrates using the hybrid MBE technique incorporating the volatile RuO4 

precursor molecule detailed in Chapter 5 [82].  The growth was carried out using an RF 

oxygen plasma source at a power of 300 W with a background oxygen pressure maintained 

near 5×10-6 Torr.  The thickness of the Sr3Ru2O7 film on which the magnetization and 

transport measurements were taken for this study was 20 nm.  Ohmic 40 nm thick Ti 

contacts were deposited on the corners of the sample in van der Pauw geometry, with 400 

nm thick Au pads deposited on top to facilitate wire bonding.  In-plane sheet resistance and 

magnetoresistance measurements were performed in a Quantum Design Physical Property 

Measurement system capable of reaching a base temperature of 2 K.  The 

magnetoresistance measurements were performed with the applied magnetic field, 𝐵, in 
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the 𝑎𝑏  plane of the sample along the 〈100〉  family of directions.  The resistance was 

measured along both the [100]  and [010]  directions, a configuration which yields 

measurements both parallel and transverse to the applied magnetic field.  The 

magnetization measurements were carried out in a Quantum Design SQUID 

magnetometer. 

6.3 Structural Characterization of the Sr3Ru2O7 Film 
 

The wide-angle XRD scan in Figure 6.1 reveals a phase-pure Sr3Ru2O7 film.  From 

left to right, the 002, 004, 0010, 0012, and 0014 Bragg reflections are present.  The absence 

of the 006 and 008 reflections can be explained by their low structure factors and the low 

film thickness leading to a signal that is too weak to be distinguished from the noise.   

The cross-section high-resolution TEM image Figure 6.2 confirms the absence of 

misfit dislocations, demonstrating that the film is coherently strained to the substrate.  

Growth took place with the (001) plane of the tetragonal unit cell parallel to the film 

surface, meaning that the 𝑐-axis is out of plane.  The only occasional defects are regions of 

the 𝑛 = 3 phase intermixed with the otherwise pure 𝑛 = 2 layering of Sr3Ru2O7.   

6.3 Transport and Magnetization Results 
 

The Sr3Ru2O7 film remained metallic from 300 K down to a temperature of 2 K, as 

seen in the 𝜌(𝑇) curve in Figure 6.3 (a).  The derivative 𝑑𝜌(𝑇) 𝑑𝑇⁄  is plotted in Figure 6.3 
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(b).  We notice two distinct features in the curve as the temperature is reduced from room 

temperature: one occurring near 165 K and the second near 40 K.  It is likely that these 

features arise from magnetic transitions. 

The magnetization of the film was measured at 50 K and 2 K, seen in Figure 6.4 (a) 

and (b), respectively.  At 50 K weak ferromagnetic order is observed with a small amount 

of hysteresis with a coercive field of 100 Oe.  At 2 K the coercivity vanishes, hinting that 

the ferromagnetic order has transitioned to antiferromagnetic order. 

Magnetoresistance curves at various temperatures from 300 down to 2 K are shown 

in Figure 6.5.  The magnetoresistance was measured with the applied current 𝐼  in the 

direction of the applied magnetic field (𝐵 ∥ 𝐼, parallel configuration) and with the applied 

current perpendicular to the magnetic field (𝐵 ⊥ 𝐼, transverse configuration).  Above 40 K, 

negative magnetoresistance is observed in both directions, consistent with the 

ferromagnetism seen in the magnetization at higher temperatures.  Below 40 K an 

anisotropy begins to set in, with a transition to positive magnetoresistance in the transverse 

configuration while the parallel configuration retains its negative magnetoresistance.  A 

prominent magnetoresistance peak sets in with a maximum at 5 T in the transverse 

configurations near 5 K, while it is suppressed in the parallel configuration.  At fields 

exceeding 5 T the behavior of the two configurations becomes similar with a linear 

negative magnetoresistance signifying the completion of the metamagnetic transition and 

the onset of ferromagnetism. 
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 The in-plane resistance offers a different perspective of this anisotropy.  The 

resistance normalized to its value at 2 K, 𝑅(𝑇) 𝑅(2 𝐾)⁄ , is shown in Figure 6.6 (a)-(c) at 

magnetic fields of 0, 5, and 9 T in both the parallel and transverse configurations.  In the 

absence of a field the behavior is isotropic.  At the critical metamagnetic field of 5 T in 

Figure 6.6 (b) evidence of enhanced scattering is seen in the transverse configuration, while 

the behavior in the parallel configuration remains unchanged.  Finally, upon further 

increasing the field to 9 T (which pushes the magnetic ordering into the ferromagnetic state 

beyond the metamagnetic transition), the enhanced scattering in the transverse 

configuration appears to be suppressed with a return to nearly isotropic behavior. 

 A more quantitative analysis is possible by plotting the quantity log(𝑑𝑅 𝑑𝑇⁄ ) on a 

scale of log(𝑇), as seen in Figure 6.7 (a)-(c).  Assuming that the resistivity follows a power-

law of the form 𝑅 = 𝑅0 + 𝐴𝑇𝑛 , the exponent 𝑛  is related to the slope of the curve 

according to the equation 𝑛 = 𝑠𝑙𝑜𝑝𝑒 + 1.  The black dotted line in Figure 6.7 (a) is a fit 

with 𝑛 set to 2 to demonstrate Fermi liquid behavior.  Again, isotropic behavior is observed 

in the absence of a field with 𝑛  being close to the Fermi liquid value for both 

configurations.  At the critical field of 5 T enhanced scattering is again seen in the 

transverse configuration with an 𝑛 that is close to 1.6, while the resistance in the parallel 

configuration retains its Fermi liquid character.  The intercept with the vertical axis of the 

transverse configuration, given by log(𝑛𝐴), is higher than that of the parallel configuration.  

This is suggestive of effective mass enhancement, as 𝐴 ∝ 𝑚∗.  Finally, at a field of 9 T, 
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isotropic behavior is recovered.  The resistance in the transverse configuration displays a 

return to Fermi liquid behavior and the intercept returns to its original value. 

6.4 Discussion 
 

In bulk samples of Sr3Ru2O7 magnetic fluctuations have been observed by neutron 

scattering [108].  However, no long-range magnetic order is typically observed.  In the 

present strained thin film sample weak long-range ordering is present, with ferromagnetism 

emerging below 165 K with a transition to antiferromagnetic ordering below 40 K.  This 

reflects the neutron scattering studies of bulk Sr3Ru2O7, which found a similar transition 

from ferromagnetic to antiferromagnetic-like character in the fluctuations as the 

temperature was reduced below 20 K [108].  Thus, it appears that while a similar transition 

in the character of the magnetism is observed in the thin film sample, the epitaxial strain 

has enhanced the magnetic interactions and induced true long-range magnetic order.  This 

is not surprising, as previous studies of uniaxial pressure applied to bulk samples revealed 

ferromagnetism at a pressure of only 0.1 GPa [109].  Here, using the elastic tensor of 

Sr3Ru2O7, we can estimate the effective pressure to be near 1.1 GPa based on the lattice 

mismatch, well exceeding 0.1 GPa. 

 At temperatures below 20 K, past the transition to antiferromagnetic behavior, the 

magnetoresistance becomes anisotropic and is strongly affected by the direction of the 

applied magnetic field, consistent with electron nematic behavior.  Neutron scattering 

studies revealed that SDWs are the likely origin of the field-controlled nematicity observed 
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in bulk Sr3Ru2O7.  SDWs are known to cause resistivity anisotropy by removing states 

from regions of the Fermi surface at directions determined by the SDW ordering vector.  

Therefore, the anisotropy observed in the strained films, which is sensitive to the direction 

of the applied field, suggests that the applied field is controlling the direction of SDW 

order.  Previous studies of bulk Sr3Ru2O7 revealed two SDW phases with maximum critical 

temperatures below 1 K [69].  These phases only formed in a narrow range of magnetic 

fields around the metamagnetic transition.  This contrasts with the thin film Sr3Ru2O7, in 

which anisotropic nematic behavior is observed at low magnetic fields and at temperatures 

up to 20 K, which is over an order of magnitude higher than the nematic behavior observed 

in bulk samples.  At 20 K the bulk samples displayed only fluctuations of antiferromagnetic 

order.  A phase diagram in 𝐵 − 𝑇 phase space is illustrated in Figure 6.8, where the green 

region marks the conditions in which nematic behavior is observed.  The black data points 

correspond to positions of the maxima in the magnetoresistance in the transverse 

configuration at the various temperatures in Figure 6.5.  The structure of the SDW order is 

likely different than the SDW phases observed in bulk Sr3Ru2O7.  An in-plane magnetic 

field caused an increase in the resistivity when oriented parallel to the current in bulk 

samples, while it induces negative magnetoresistance in the strained films.  Additionally, 

the nematic behavior in bulk crystals has been observed with the magnetic field along the 

𝑐 axis (corresponding to the magnetoresistance peak near 8 T) while the nematic behavior 

in the present in the strained film is observed with the magnetic field in the 𝑎𝑏 plane 

(corresponding to the 5 T magnetoresistance peak). 
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 The peak in the magnetoresistance at 5 T in the strained film is in close agreement 

with the peak position in bulk crystals when the field is oriented in the 𝑎𝑏 plane.  The 

resistance maximum at 5 T marks the metamagnetic transition in both types of samples.  

This is accompanied by non-Fermi liquid scattering behavior in bulk Sr3Ru2O7.  Non-Fermi 

liquid scattering is also present in the strained film, as demonstrated in Figure 6.7.  

However, in the strained film the non-Fermi liquid behavior is anisotropic, with its 

direction being sensitive to the direction of the applied field.  There are very few reports of 

this type of behavior.  At fields exceeding 5 T, quasi-linear negative magnetoresistance is 

observed in both the parallel and the transverse configurations, which is similar to the 

negative magnetoresistance observed in the intermediate temperature regime.  This marks 

a ferromagnetic phase with isotropic Fermi liquid scattering behavior.  The isotropy reflects 

the fact that ferromagnetism is known to affect the entire Fermi surface. 

 The likely origin for the observed differences between bulk and strained films is 

the epitaxial strain imparted by the substrate.  Small amounts of uniaxial pressure have 

previously been demonstrated to greatly affect the magnetism in Sr3Ru2O7 [109].  The 

epitaxial strain in this study was the result of the lattice mismatch between the cubic LSAT 

substrate (𝑎 = 3.868 Å) and the pseudocubic in-plane lattice parameter of Sr3Ru2O7 of 

3.888 Å.  This yields a biaxial compressive stress of 1.1 GPa as calculated using the elastic 

tensor of Sr3Ru2O7 [110].  The strain modifies the shape of the Fermi surface, as well as 

the proximity of the Fermi level to any singularities, which in turn affects the low 

temperature transport properties.  This has been demonstrated for Sr2RuO4, where an 
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enhancement of the critical temperature for superconductivity has been observed under 

uniaxial pressure [111], [112].   

SDWs are often observed in metals with strongly nested Fermi surfaces.  The 

observation of a SDW phase over much larger regions of 𝐵 − 𝑇 space in the strained film 

compared to bulk suggests that the compressive in-plane strain may have enhanced Fermi 

surface nesting.  The origin of the metamagnetic transition in bulk Sr3Ru2O7 may be a Van 

Hove Singularity in the underlying band structure, which gives rise to a diverging density 

of states near the Fermi level.  Zeeman splitting from an applied magnetic field can shift 

the position of the singularity closer to the Fermi level, thereby causing instability to the 

emergence of a ferromagnetic state.  Theoretical work has shown that the critical field and 

temperature at which metamagnetic transition is observed are strongly related to the energy 

separation between the Fermi level and a Van Hove Singularity [113].  Metamagnetic 

transitions between anisotropic and isotropic phases are associated with rapid fluctuations 

of the Fermi surface topology, known as a Lifshitz transition [114], [115].  The observation 

of anisotropic non-Fermi liquid scattering, enhanced scattering causing the 

magnetoresistance peak, and the enhancement of the effective mass near the critical 

transition depend on the orientation of the applied magnetic field highlight the connection 

between the emergent properties of Sr3Ru2O7 and field-tuned Fermi surface instabilities.  

The epitaxial strain strongly modifies these instabilities. 

Finally, we observe that linear negative magnetoresistance was observed in two 

distinct regions in phase space where ferromagnetic order was present.  The strong 
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similarity in two distinct regions of phase space suggests that this behavior is intrinsic to 

the ferromagnetic state, which affects the Fermi surface isotropically (no transport 

anisotropies were observed in these regions of phase space).  Some theory work has 

predicted a transition between open and closed Fermi surfaces at the metamagnetic 

transition [115].  Other work has predicted negative magnetoresistance when the majority 

spin is shifted into a dispersive region of the Fermi surface at the transition [116].  These 

models are consistent with the observations in this study and highlight the close connection 

between the magnetotransport properties and the shape of the Fermi surface in Sr3Ru2O7. 

6.5 Conclusions 
 

We have observed evidence of emergent ordered phases in compressively strained 

Sr3Ru2O7 films grown by hybrid MBE that are similar to those observed in bulk crystals. 

These include nematic transport behavior and non-Fermi liquid behavior arising from a 

metamagnetic quantum critical point.  However, it was found that modification of the 

lattice through epitaxial strain greatly influences the nature of these phases.  The 

nematicity, likely arising from the onset of spin density wave order, was observed over a 

larger region of phase space as compared to bulk samples.  The critical temperature for the 

onset of this behavior was observed at temperatures that were over an order of magnitude 

higher than in bulk samples.  Anisotropic non-Fermi liquid behavior controlled by the 

direction of the applied field was observed, which has not yet been reported in bulk 

Sr3Ru2O7.  This study highlights how subtle perturbations of the lattice by epitaxial strain 
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can modify the Fermi surface, which in turn can have a dramatic effect on the emergent 

phenomena.  Clearly, subtle aspects of the Fermi surface have a very large impact on the 

physics of the ruthenates.  This demonstrates the possibility of employing strain 

engineering to design studies to obtain a greater understanding of the emergent phenomena 

in strongly correlated materials. 
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Figure 6.1 Wide angle XRD scan of a Sr3Ru2O7 film (Bragg peaks marked by red circles) 

grown epitaxially on an LSAT substrate (marked by orange squares).  From left to right, 

the Sr3Ru2O7 peaks are 002, 004, 0010, 0012, and 0014.  Reprinted with permission from 

P. B. Marshall, K. Ahadi, H. Kim, and S. Stemmer, Physical Review B 97, 155160 (2018), 

Copyright 2018 by the American Physical Society (Ref. [39]). 
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Figure 6.2 (a) TEM images of a Sr3Ru2O7 film grown epitaxially on LSAT.  The magnified 

image in (b) confirms the tetragonal structure of the unit cell with the 𝑐-axis out-of-plane 

along the growth direction.  The film was fairly phase pure with the exception of occasional 

intermixed 𝑛 = 3 layers as seen in (c).  Reprinted with permission from P. B. Marshall, K. 

Ahadi, H. Kim, and S. Stemmer, Physical Review B 97, 155160 (2018), Copyright 2018 

by the American Physical Society (Ref. [39]). 
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Figure 6.3 (a) Resistivity 𝜌 as a function of temperature showing metallic behavior down 

to 2 K.  (b) The derivative 𝑑𝜌 𝑑𝑇⁄  showing two abrupt changes at 165 K and 40 K.  

Reprinted with permission from P. B. Marshall, K. Ahadi, H. Kim, and S. Stemmer, 

Physical Review B 97, 155160 (2018), Copyright 2018 by the American Physical Society 

(Ref. [39]). 
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Figure 6.4 Magnetization as a function of applied field at (a) 50 K and (b) 2 K.  The small 

coercive field at 50 K suggests that weak ferromagnetic order is present.  The vanishing 

coercive field at 2 K suggests that a transition to magnetism of antiferromagnetic order has 

occurred.  Reprinted with permission from P. B. Marshall, K. Ahadi, H. Kim, and S. 

Stemmer, Physical Review B 97, 155160 (2018), Copyright 2018 by the American Physical 

Society (Ref. [39]). 
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Figure 6.5 (a) Magnetoresistance (normalized to its value at 𝐵 = 0 ) in the parallel 

configuration with 𝐵 ∥ 𝐼.  (b) Magnetoresistance in the transverse configuration with 𝐵 ⊥
𝐼 .  Above 40 K, negative magnetoresistance in both configurations is seen in the 

ferromagnetic phase.  Below 40 K anisotropy sets in with positive magnetoresistance with 

𝐵 ⊥ 𝐼 and negative magnetoresistance with 𝐵 ∥ 𝐼.  Reprinted with permission from P. B. 

Marshall, K. Ahadi, H. Kim, and S. Stemmer, Physical Review B 97, 155160 (2018), 

Copyright 2018 by the American Physical Society (Ref. [39]).  
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Figure 6.6 (a)-(c) In-plane resistance normalized to its value at 2 K, 𝑅(𝑇) 𝑅(2 𝐾)⁄ , for the 

parallel and transverse magnetic field directions with applied fields of 0, 5, and 9 T.  Under 

zero applied field the temperature dependence is isotropic.  Enhanced scattering in the 

transverse is configuration in the critical magnetic field of 5 T.  Finally, isotropy is 

recovered at 9 T in the ferromagnetic state.  Reprinted with permission from P. B. Marshall, 

K. Ahadi, H. Kim, and S. Stemmer, Physical Review B 97, 155160 (2018), Copyright 2018 

by the American Physical Society (Ref. [39]). 

  



Chapter 6.  Nematic Transport Behavior in a Strained Sr3Ru2O7 Thin Film 

 

 

 121 

 

 

 

 

Figure 6.7 (a)-(c) The quantity log(𝑑𝑅 𝑑𝑇⁄ ) plotted on a scale of log(𝑇) for both current 

configurations at magnetic fields of 0, 5, and 9 T.  The dotted black line in (a) is a fit with 

𝑛 set to 2 to demonstrate Fermi liquid behavior.  Reprinted with permission from P. B. 

Marshall, K. Ahadi, H. Kim, and S. Stemmer, Physical Review B 97, 155160 (2018), 

Copyright 2018 by the American Physical Society (Ref. [39]). 
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Figure 6.8 Phase diagram showing the region in 𝐵 − 𝑇 space where nematic behavior is 

observed in the magnetoresistance of the Sr3Ru2O7 film.  The black points are the positions 

of the maxima in the magnetoresistance at various temperatures.  The range of magnetic 

fields and temperatures in which nematic behavior is seen is much larger compared to 

previous studies of bulk samples.  Reprinted with permission from P. B. Marshall, K. 

Ahadi, H. Kim, and S. Stemmer, Physical Review B 97, 155160 (2018), Copyright 2018 

by the American Physical Society (Ref. [39]). 
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7.1 Summary of Work 
 

The central aim of the research presented in this work was to explore the physics 

of transport and emergent phases in strongly correlated complex oxide thin films and to 

study how effects such as dimensionality, proximity magnetic materials, and lattice strain 

influenced or led to new types of emergent order.  The use of the hybrid molecular beam 

epitaxy technique, introduced in Chapter 2.5, enabled the growth of heterostructures with 

layer thicknesses that could be controlled down to atomic dimensions and modification of 

the lattice using epitaxial strain.  This allowed for the design of systematic experiments to 

explore how subtle modifications of the structure can in turn influence the properties of the 

ordered phases emerging at low temperatures.  Experiments involving perovskite oxides 

with two B-site cations were presented: the ATiO3 titanates (A=Sr, Gd, Sm), and the 

Srn+1RunO3n+1 Ruddlesden-Popper series.  This allowed an investigation of the 

phenomenon of quantum criticality and emergent order from two perspectives:  in the 

titanate system the external non-thermal tuning parameter was the SrTiO3 quantum well 

thickness in RTiO3/SrTiO3/RTiO3 (R = Gd, Sm) structures, while in the bilayer ruthenate 

Sr3Ru2O7 the tuning parameter was the applied magnetic field. 

 In Chapter 3, a study of the electronic density of states in RTiO3/SrTiO3/RTiO3 

quantum wells was discussed.  Tunnel junction devices were fabricated to enable tunneling 

spectroscopy measurements of the density of states in the correlated 2DEG residing in the 

SrTiO3 well.  A pseudogap state was observed in both quantum wells embedded in SmTiO3 
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and GdTiO3.  However, the nature of the evolution of the pseudogap with quantum well 

thickness and temperature was distinct for the two barriers.  In the thinnest SmTiO3-

embedded well, the onset of coherence peaks at low temperatures marked the emergence 

of a well-defined long-range coherent phase, which is likely an itinerant spin density wave 

state linked to the antiferromagnetic fluctuations induced by the barrier.  In GdTiO3, 

however, no coherent phases were found to emerge, and instead the pseudogap evolved to 

a true gap marking a structural distortion-induced metal-to-insulator transition.  This 

highlights the importance in the nature of the magnetic interactions and the strength of 

coupling to the lattice in determining the behavior of the quasiparticle state. 

 In Chapter 4 a study involving the growth of similar quantum well structures on an 

alternative substrate was discussed.  Rather than the cubic LSAT substrates used in the 

tunneling study, orthorhombic DyScO3 (001) substrates were used.  This was found to 

rotate the orientation of the SmTiO3 barrier by 90° relative to the orientation on LSAT.  

Regularly spaced anisotropic planar defects were observed via TEM.  A high degree of 

anisotropy in the transport properties was found as a result of this, which allowed a 

systematic investigation of the effect of disorder on carrier-lifetime separation, a 

commonly observed phenomenon in strongly correlated metals. The temperature 

dependence of the in-plane resistivity varied greatly with disorder, which could be 

controlled through the angle of the resistance measurement relative to the planar defects.  

Remarkably, it was found that even though the in-plane resistance didn’t obey a power law 

at all in the presence of high disorder, the Hall angle still displayed a robust 𝑇2 dependence.  
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This points to the need for a unified theory that describes this dependence, which has been 

observed in many other correlated materials systems. 

 A novel route to the growth of the layered strontium ruthenate Ruddlesden-Popper 

series, Srn+1RunO3n+1, was presented in Chapter 5.  This series of layered perovskite 

materials hosts a rich array of electronic and magnetic phases, most notably p-wave 

superconductivity in Sr2RuO4 and metamagnetism and nematic order in Sr3Ru2O7.  

Epitaxial growth of thin films of these materials allows detailed studies of how subtle 

modifications of the lattice change the band structure and evolution of the correlated 

phases.  Unfortunately, reproducible growth of these materials is made difficult by the 

extremely low vapor pressure of ruthenium.  We propose a route around this through the 

use of the volatile inorganic precursor RuO4 in lieu of a pure ruthenium source.  It was 

demonstrated that Sr2RuO4 thin films could be grown with extremely high structural 

quality, as evidenced by XRD, AFM, TEM and RHEED.  It was also shown that by tuning 

the Sr/Ru flux ratio different members of the series could be stabilized.  In particular, the 

growth of phase-pure films of Sr3Ru2O7 and SrRuO3 were demonstrated, which are of 

significant scientific interest. 

 Finally, in Chapter 6, the transport properties of a strained Sr3Ru2O7 thin film were 

discussed.  In its bulk form, Sr3Ru2O7 is known to host strong magnetic fluctuations giving 

rise to a metamagnetic transition at an in-plane applied magnetic field of 5 T, which is 

accompanied by a peak in the magnetoresistance.  This transition is quantum critical in 

nature, and it is accompanied by the formation of multiple spin density wave phases in the 
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vicinity of the metamagnetic transition at low temperatures.  In the biaxially compressively 

stressed thin film sample evidence of enhanced magnetization was seen, with true 

ferromagnetic order suggesting that the modification of the lattice by the strain may have 

enhanced the tendency toward magnetic order.  This transitioned to order of 

antiferromagnetic character at temperatures below 20 K, a behavior that has previously 

been observed in bulk samples.  At this transition, the onset of a magnetoresistance 

anisotropy was found, with the orientation being sensitive to the direction of the applied 

field.  This anisotropy persisted to temperatures that were many orders of magnitude higher 

than the nematic states previously observed in studies of bulk Sr3Ru2O7 crystals.  

Additionally, field-dependent non-Fermi liquid scattering behavior was observed, with 

non-Fermi liquid temperature dependence of the resistivity and mass enhancement 

observed when the applied field was transverse to the current near the critical metamagnetic 

field. 

7.2 Directions for Future Work 
 

The work in this thesis demonstrates the unique advantages of the hybrid molecular 

beam epitaxy technique in synthesizing films with the aim of probing the low temperature 

electronic order emerging from the strong electron correlations.  Subtle effects, such as 

small epitaxial strain or the magnetic order of a quantum well barrier material, were shown 

to greatly influence the emergence of the ordered phases.  The many different tuning 

parameters offered by MBE also open the possibility of engineering the behavior of these 
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phases for applications in future technology that are not possible with conventional weakly 

correlated semiconductors.  As a result, there are many possible avenues that could be 

explored to achieve these aims.  A few will be highlighted in this section, ranging from 

specific goals which are direct extensions of the work in this thesis to more general aims 

for the field strongly correlated materials. 

7.2.1 Understanding of T2 Scattering Behavior in SrTiO3 

 

One of the fundamental observations of transport in correlated 2DEGs in SrTiO3 

was 𝑇2 dependences of the transport coefficients.  The most striking observation of this 

behavior was the robust 𝑇2 dependence of the Hall angle cot(𝜃𝐻) in Chapter 4.  Even in 

the presence of large amounts of disorder, and even when the in-plane resistance 𝑅𝑥𝑥(𝑇) 

did not follow a power law at all, a clear 𝑇2 dependence of cot(𝜃𝐻) was still observed at 

all temperatures at which measurements were taken.  Adding to this, prior transport studies 

have revealed 𝑇2 dependences of 𝑅𝑥𝑥(𝑇) in regimes where Fermi liquid theory should not 

apply.  A carrier density-independent scattering rate has been measured over a wide range 

of densities, an observation that is at odds with Fermi liquid theory [20].  Together, these 

observations support the idea that an underlying, poorly understood scattering mechanism 

is at play in SrTiO3 that cannot simply be described by Fermi liquid theory, and a deeper 

understanding is needed. 

 This behavior is more general than just transport in SrTiO3.  There is increasing 

attention being paid to the cot(𝜃𝐻) ~ 𝑇2 behavior that is observed in the cuprates.  In some 
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cases this behavior is obeyed across the entire phase space of doping and temperature, 

including in the strange metal regime where 𝑇-linear behavior is seen in the resistivity and 

even in the region where the pseudogap state is observed in the density of states [117].  

Attention has also been called to the anomalous 𝑇2 dependence of the resistivity in the 

cuprates under conditions where conventional Fermi liquid scattering would not be 

expected to be dominant [118].  This suggests that the 𝑇2 dependence of the Hall angle 

(and possibly of the resistivity) may be a nearly universal behavior in this class of strongly 

correlated oxides, and a unifying microscopic theory that can account for this behavior 

would go a long way toward the development of a complete understanding of the 

correlations physics in these materials. 

7.2.2 Achieving Superconductivity in Hybrid MBE-grown 

Sr2RuO4 

 

It was demonstrated that Sr2RuO4 films of excellent structural quality could be 

grown with the hybrid MBE technique detailed in Chapter 5.  In addition to the smooth 

interfaces confirmed with XRD and AFM, the sharp rocking curve and absence of extended 

defects in the TEM image demonstrated excellent crystallinity.  However, superconducting 

thin films have not yet been achieved with this technique.  The unusual p-wave 

superconductivity in Sr2RuO4, with a TC of 1.5 K, is notorious for being extremely sensitive 

to the presence of disorder.  The coherence length for superconducting pairing in this 

material is nearly 70 nm, meaning that greater than roughly 70 nm of pristine defect-free 

material is needed to accommodate the superconducting phase.  The absence of any 
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extended defects in the hybrid MBE grown films, which is often a problem encountered 

during growth with other more energetic techniques, indicates that point defects are a likely 

culprit for the increased residual resistivity.  Low concentrations of small point defects can 

be difficult to resolve even with TEM.  Possible point defects are carbon impurities 

introduced from the precursor mixture, which is comprised of 99% fluorinated ethers, and 

oxygen vacancies. 

 There are two obvious modifications that could be made to address these problems.  

The first is growth at a higher substrate temperature.  Higher quality perovskite oxides can 

almost always be attained through the use of higher growth temperatures.  With the MBE 

system setup used to carry out the hybrid technique, the maximum substrate temperature 

during growth (as measured by a thermocouple) that could be attained was 950 °C.  At this 

temperature the current driven by an external power source was reaching its maximum 

value, and the high oxygen content needed during this growth (as supplied by a plasma 

source) increases the risk of filament oxidation and heater failure.  To circumvent this, an 

upgrade to a heater with a more oxygen resistant filament could be considered.  An example 

of such a material available commercially is SiC.  This material can withstand much higher 

temperatures and is also much less prone to oxidation.  Operation of heaters with SiC 

filaments at up to 1200 °C in an oxidizing environment has been reported.  This may assist 

in burning off more of the carbon impurities introduced by the ethers.  This may also 

improve the crystal growth more generally through improved adatom mobility. 
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 Another system modification that would likely improve the electronic properties is 

an oxygen source capable of providing a higher concentration of active oxygen species.  

Currently, an RF oxygen plasma source is operated at its maximum power 300 W with a 

chamber oxygen background pressure of roughly 8×10-6 Torr.  Plasma sources capable of 

reaching higher powers are available.  This could have several beneficial effects.  First, it 

could reduce carbon impurities by rapidly breaking down the ethers and oxidizing them to 

more volatile fragments that would desorb from the substrate.  It would also ensure that a 

sufficient amount of active oxygen is supplied to avoid an oxygen deficient film.  Finally, 

it could increase the growth rate by breaking down the RuO4 precursor molecules more 

rapidly.  Currently, the growth rate is quite low at a value near 15 nm/hr.  Enhancing this 

could further reduce defect incorporation. 

7.2.3 Effect of Strain & Symmetry on the Srn+1RunO3n+1 Series 
 

In Chapter 6 the enhanced nematic behavior and magnetic order in strained 

Sr3Ru2O7 films demonstrated the profound effect that perturbations of the lattice can have 

on the correlated emergent phases.  A biaxial in-plane compressive strain of -0.5% was 

sufficient to enhance the critical temperature for the observation of nematic transport 

behavior by an order of magnitude.  This observation, along with the paucity of reports of 

transport behavior of strained thin films of the layered Srn+1RunO3n+1 series, naturally 

invites more work of this type. 
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 In addition to the effect of the lattice mismatch (both tensile and compressive 

stresses could be explored), one would expect that the symmetry of the substrate would 

also play an important role.  Distorting the symmetry of the film might break the nominally 

C4 rotational symmetry of the ruthenate Fermi surface, leading to additional anisotropies 

in the transport properties or instabilities towards magnetic states.  An example would be 

the growth of the tetragonal Sr3Ru2O7 phase on a substrate with a small orthorhombic 

distortion, thereby making the 𝑎 and 𝑏 axes inequivalent.  One candidate system is the 

(110) and (001) surfaces of the orthorhombic perovskite NdGaO3.  Schematics of the 

surfaces of these crystal orientations are shown in Figure 7.1, with the Nd atoms omitted 

for clarity.  Along the (001) surface the pseudocubic lattice constants between the Ga atoms 

(blue) are equivalent along all directions at 𝑎1 = 3.864 Å, imposing a tetragonal structure 

in an epitaxial ruthenate film.  Along the (110) surface there is a slight orthorhombic 

distortion, with 𝑎1  = 3.864 Å and 𝑎2  = 3.853 Å, breaking C4 rotational symmetry and 

imposing an orthorhombic structure.  Although the symmetry breaking on the (110) surface 

is small, the study in Chapter 6 demonstrated how sensitive the electronic and magnetic 

properties of the ruthenates are to very subtle structural perturbations. 

A direct picture of the band structure is often critical in obtaining a fundamental 

understanding of the transport behavior and the physics resulting from strong electron 

correlations.  For this reason, ARPES studies of the strained ruthenate films would go a 

long way in advancing the understanding of the complex nature of the superconductivity 

and magnetism in these materials.  There are reports of ARPES studies for strained thin 
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films of Sr2RuO4 and Ba2RuO4 [37].  However, more studies of the 𝑛 = 2 Sr3Ru2O7 phase 

would be helpful, especially in light of the study of strained Sr3Ru2O7 detailed in Chapter 

6, where it was found that subtle modifications of the Fermi surface can translate to 

dramatic changes in the resultant magnetic phases.  Details of the Fermi surface have a 

large effect on the physics in this class of materials due the strong nesting and the presence 

Van Hove Singularities. 

7.2.4 Srn+1RunO3n+1 Heterostructures  
 

The many electronic phases observed in the layered strontium ruthenate family and 

the complex nature of the magnetism make this a ripe area for engineering these 

interactions through the development of heterostructures.  Because of the similar in-plane 

lattice constants of these materials, in principle any member of the Ruddlesden-Popper 

series could be grown epitaxially on any other member without relaxation occurring until 

a substantial thickness limit is reached.  Both the epitaxial strain, as discussed in Chapter 

6, and proximity effects at the interfaces would likely lead to coupling of various electronic 

and magnetic phenomena. 

 A structure that has already attracted much interest is the 

ferromagnet/superconductor interface at the SrRuO3/Sr2RuO4 junction.  Because Sr2RuO4 

is a spin-triplet superconductor with polarizable Cooper pairs, it has been shown that spin-

triplet superconductivity can be induced in the otherwise not superconducting SrRuO3 layer 

[119].  It was found that the superconducting phase could penetrate up to 15 nm into the 
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SrRuO3 layer via a phenomenon called the long-range proximity effect, demonstrating the 

possible applicability of such interfaces in new types of spintronic devices.  Changes in the 

magnetic properties of the SrRuO3 layer itself have also been reported at such junctions 

[120]. 

 Interesting follow up experiments would be possible using the Sr3Ru2O7/Sr2RuO4 

interface to see how the superconductivity of Sr2RuO4 is influenced by the strong magnetic 

fluctuations metamagnetism in Sr3Ru2O7.  It would also be interesting to see what effect 

proximity to the ferromagnetism of SrRuO3 would have on the metamagnetic transition 

and nematic behavior of Sr3Ru2O7 at the SrRuO3/Sr3Ru2O7 junction, as it could possibly 

enhance the ferromagnetic instability of the Fermi surface. 
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Figure 7.1 Schematic representation of the (001) and (110) surfaces of orthorhombic 

NdGaO3.  The Nd atoms have been omitted for clarity.  The epitaxial surface net formed 

by the Ga ions (blue) on the (001) surface have identical pseudocubic lattice constants of 

𝑎1 = 3.864 Å on all sides, forcing tetragonal symmetry in an epitaxial film.  Along the 

(110) surface the pseudocubic lattice constants are inequivalent at 𝑎1 = 3.864 Å and 𝑎2 = 

3.853 Å, breaking C4 rotational symmetry and imposing an orthorhombic structure. 
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