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Abstract 

Emergent Ferroic Order at Oxide Heterointerfaces 

By 

Eduardo Andres Lupi Sosa 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Berkeley 

Professor Lane W. Martin, Chair 

 

This work focuses on complex-oxide superlattices as a pathway to numerous forms of 
emergent phenomena due to strong interfacial interactions present in unit-cell precise structures. 
Superlattices based on ferroelectric and dielectric materials can elicit new forms of ferroelectricity, 
exotic dipolar textures, and distinctive domain structures. Here, I place two different ferroelectric 
phases in the PbZr1-xTixO3 system and use superlattice design as a proxy for local composition – 
asking what happens when the overall chemistry is that of the morphotropic phase boundary, but 
the individual layers are far away from that boundary? The intimate interfacing of these dissimilar 
materials results in a unique combination of effects: simultaneous large polarization magnitude 
and large permittivity. The material effectively acts like a combination of the robust parent 
ferroelectrics and an interfacial region that akin to the phase-boundary. Next, I analyze relaxor-
like behavior, which is typically associated with chemical inhomogeneity and complexity in solid 
solutions, in atomically precise (BaTiO3)n/(SrTiO3)n symmetric superlattices. Dielectric studies 
reveal frequency dispersion of dielectric response which increases in magnitude as the periodicity 
decreases. Techniques such as Vogel-Fulcher analysis and bond valence molecular dynamics 
simulations reveal that relaxor-like behavior in short-period superlattices arises from temperature-
driven size variations of antipolar stripe domains in contrast to the more thermally stable dipolar 
configurations in long-period superlattices. Moreover, the size and shape of antipolar domains are 
tuned by superlattice periodicity following Kittel’s Law thus providing an artificial route to 
relaxor-like behavior which may expand the ability to control desired properties in these complex 
systems. Ultimately, I show that unit-cell-precise deposition provides a pathway to design novel 
heterostructures and thus access interfacial-driven phenomena, posing the question: can control at 
a single unit-cell be achieved with designer chemical ordering and structure? Such questions will 
motivate the community’s further pursuit of these matters. The current work paves the way for 
future research in the realization of novel approaches to ferroelectricity stemming from interfacial 
interactions, which will continue to be more relevant as devices get smaller. 
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Chapter 1  
 
Introduction to Ferroelectric Order 
 
This Chapter introduces the ferroelectric order parameter in complex oxide thin films. The origins 
of ferroelectricity are covered to provide a contextualization for the various methods used to 
measure, alter, and analyze ferroelectric materials throughout this work. First, I will cover the order 
parameter upon which ferroelectrics are defined, spontaneous polarization. Next, classical 
ferroelectric materials and their differences will be described. I will then highlight the effects on 
ferroelectric order when a material is limited to the dimensions of a thin film, which will lead to 
the limits of ferroelectricity in ultrathin films. Lastly, I will cover relaxor ferroelectrics, which 
demonstrate marked differences in structure and electronic response from standard ferroelectrics. 

 
1.1. Basic definitions and materials 

 
A ferroelectric material is defined as an insulating material with a spontaneous electric polarization 
in at least two directions. An applied external electric field can switch the direction of the electric 
polarization, and the material then maintains that polarization (or a good fraction thereof) upon 
removal of the external field. Ferroelectrics undergo a structural phase transition from a high 
temperature paraelectric nonpolar phase into a low temperature ferroelectric polar phase. This 
work focuses on ferroelectric materials with the widely used complex oxide perovskite structure 
with generic chemical formula ABO3 (Figure 1.1).  

Classical ferroelectric materials such as BaTiO3, PbTiO3, and BiFeO3 have this structure. 
BaTiO3 was the first perovskite ferroelectric material discovered1, and it goes through several 
phase transitions. The high-temperature non-polar cubic phase transitions to tetragonal, 
orthorhombic, and then rhombohedral polar phases when cooled, with polarization directions 
along the [001], [110], and [111], respectively. BaTiO3 has a spontaneous polarization of 30 µC 
cm-2, which is smaller than the 75 µC cm-2 associated with another other classic system, PbTiO3. 
PbTiO3 has not found widespread utility in applications due to 
large concentrations of defects and their associated conduction, 
but doped versions and solid solutions including this material 
have been the focus of research and application.  

One such notable material is PbZr1-xTixO3, which is the 
solid solution between PbTiO3 and PbZrO3, an antiferroelectric 
material. Antiferroelectric materials have displacements between 
unit cells oppositely aligned in an antiparallel order. This system 
also exhibits a morphotropic phase boundary (MPB), which is a 
nearly-temperature-independent phase transition. The MPB 
occurs at the chemistry PbZr0.52Ti0.48O3, and has been the focus 
of research efforts and applications due to the simultaneous 

Figure 1.1. Schematic of a 
complex oxide perovskite unit 
cell with formula ABO3. 
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presence of enhanced dielectric and piezoelectric susceptibilities at this composition. This work 
focuses on BaTiO3 and PbZr1-xTixO3, wherein ultra-thin versions of these materials are sandwiched 
together to explore how advanced materials design can result in enhanced properties. 

 
1.2. Origins of ferroelectricity 

 
From a structural perspective, ferroelectricity stems from a shift in the B-site cation and oxygen 
anions away from the positions associated with a center of symmetry in the unit cell. Thus, 
structural symmetry is broken below a transition temperature and the net displacement results in a 
net polarization. This transition is denoted by the Curie temperature (TC), at which the structure 
transitions from a high-temperature nonpolar phase into a low-temperature polar phase with 
associated large dielectric susceptibility and spontaneous polarization2. Various susceptibilities, 

such as the dielectric permittivity, spike at this 
structural transition (Figure 1.2). 

From a chemical perspective, 
ferroelectricity stems from the competition of 
forces that favor a centrosymmetric versus non-
centrosymmetric structure. These forces are 
long-range Coulombic forces stemming from the 
ionic insulators that make up ferroelectrics, and 
local short-range repulsive forces between these 
ions3. The second-order Jahn-Teller effect 
describes the stabilization of a non-
centrosymmetric structure by hybridization of 
orbitals in ferroelectric materials4,5. In the case of 
BaTiO3, oxygen 2p and titanium 3d orbitals 
hybridize resulting in a displacement of the B-

site cation away from the center of the unit cell6. In the case of PbTiO3, lone pair 6s electrons on 
the A-site cation further distort the structure by hybridizing with the oxygen 2p orbitals7.  
  From a physics perspective, ferroelectricity stems from the softening of phonons modes in 
a structure8. Instabilities of the order parameter, which in the case of a ferroelectric material is 
spontaneous polarization, follow the condensation of a vibrational mode of the lattice9. In a 
ferroelectric, transverse optical vibrations soften at the Brillouin zone center, wherein the wave 
vector is zero and the corresponding wavelength of this mode asymptotes to infinity. Thus, a region 
of homogeneous lattice distortions and polarization extends infinitely. This is opposite to an 
antiferroelectric, wherein transverse optical vibrations soften at the Brillouin zone edge, and 
therefore lattice distortions are opposite to adjacent distortions. This leads to antiparallel alignment 
of neighboring unit cells and a net zero polarization at a macroscopic average. 

 
1.2.1. Spontaneous polarization 
 

Figure 1.2. Dielectric anomaly of a ferroelectric 
material as it undergoes a structure phase transition 
at the Curie temperature TC. 
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Polarization is measured by the hysteretic nature of a 
polarization-electric field hysteresis loop taken by 
application of an external electric field to a ferroelectric 
capacitor. Applying a field in one direction will pole the 
ferroelectric in one direction, and reversal of the field 
direction will pole the ferroelectric in the opposite 
direction. When a ferroelectric material switches, the 
current through the material spikes, which is integrated 
to calculate the polarization, P (Figure 1.3). The electric 
field required to switch a ferroelectric is denoted by the 
coercive field, EC. This field is not always symmetric 
about zero field depending on the electrostatic boundary 
conditions and contacts of the system, thus one can use the average between the negative and 
positive versions of this value. Further application of stronger electric fields beyond the coercive 
field results in a saturation of the polarization, which can be traced back to zero field for the 
saturation polarization value, PS. Decreasing the field to zero will decrease the remnant 
polarization, 𝑃𝑃𝑟𝑟 through back-switching due to defects10. The degree of back-switching can be 
related to the difference between the saturation and remnant polarization values. 
 The polarization-electric field loop can be interpreted as the displacement of the B-site 
cation, wherein the displacement D relates to the electric field E and polarization P by: 

𝐷𝐷 = 𝜀𝜀𝜀𝜀 + 𝑃𝑃                                                           (1.1) 
with the permittivity 𝜀𝜀 related to the magnitude of displacement due to the applied field. The 
permittivity is proportional to the slope of the hysteresis loop, wherein a large slope corresponds 
to a large displacement in response to an applied field.  
 
1.3. Epitaxial ferroelectric thin films 
 
Thin-film epitaxy provides the ability to engineer ferroelectric materials with precise strain and 
size effects. Strain can enhance and induce ferroelectricity in materials by, for example, 
compressively straining the in-plane lattice constants of a material and inducing an expansion in 
the out-of-plane direction that promotes out-of-plane oriented polarization. Strain can tune the TC 
in ferroelectric oxides by stabilizing or destabilizing the ferroelectric phase11. Thin-film versions 
of materials also scale down coercive fields, opening a pathway toward low-voltage operation and 
future applications.  
 
1.3.1. Strain 
 
Strain in thin films is typically given as a percentage in the lattice mismatch between film and 
substrate, with a negative number indicating compressive strain and a positive number indicating 
tensile strain. Lattice mismatch 𝑓𝑓 is defined as: 

𝑓𝑓 = 𝑎𝑎𝑠𝑠−𝑎𝑎𝑓𝑓
𝑎𝑎𝑓𝑓

× 100%         (1.2) 

Figure 1.3. Polarization-electric field 
hysteresis behavior of a ferroelectric 
material. 
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where 𝑎𝑎𝑓𝑓 and 𝑎𝑎𝑠𝑠 correspond to film and substrate lattice constants. Lattice mismatch strain 
typically ranges from -2% ~ 2% biaxial strain imposed by the substrate on the film, affecting a 
variety of physical properties of the film. In the scope of ferroelectric materials, the Curie 
temperature can be pushed by several hundred degrees or even induced in non-ferroelectric 
materials such as SrTiO3

11,12. Many other properties can be tuned with strain, including remnant 
polarization13, dielectric susceptibilities14, etc. The structure-properties relationship of 
ferroelectric materials is leveraged to improve their utility in applications.  
 In a tetragonal ferroelectric structure, the strain is typically calculated by taking the high-
temperature cubic version of the material and linearly approximating the lattice constant down 
according to the thermal expansion of the material. A variety of substrates are utilized in 
ferroelectric oxide epitaxy, with emphasis on materials that can closely lattice-match bulk 
constants in the range of 3.8-4.05 Å. Standard substrates include SrTiO3, LaAlO3, and DyScO3 
among others11. Crystal lattice planes are typically indexed in a cubic lattice. For this reason, some 
substrates denote a pseudocubic lattice parameter, specifically in the case of GdFeO3-type 
orthorhombic substrates such as rare-earth scandates ReScO3. The [110]O of an orthorhombic 
substrate aligns with the [001] of a cubic film (Appendix A). Through conversion to a pseudocubic 
lattice, orthorhombic substrates are typically not square in-plane and can lead to preferential in-
plane directions of ferroelectric phases.  

 
1.4. Electric fields in thin-film ferroelectrics 
 
The displacement of the B-site cation under applied field produces a dipole moment in a 
ferroelectric. The internal dipole moment causes a build-up of opposite charges at surfaces 
perpendicular to the dipole moment of a ferroelectric. This is called the depolarization field, which 
works against the displaced cations and destabilizing the polarization (Figure 1.4). In capacitor 
structures, the depolarization field is typically screened by the presence of metallic electrode 
materials used as contacts. When the depolarization field is not properly screened, the electrostatic 
energy associated with the residual depolarization field can counteract the energy associated with 
the non-centrosymmetric ordering and the polarization of a ferroelectric can diminish or vanish 
entirely.  

Factors that affect the depolarization field include the electrode-ferroelectric interface, 
ferroelectric domains, and more15. Externally, the electrode-ferroelectric interface requires 
compensation by a metallic 
electrode. Conducting 
perovskites such as SrRuO3 
have become commonplace 
in this application due to 
their matching perovskite 
structure, interfacial 
chemistry, and lattice 
parameter for strain-
engineering thin films16–19. 
Internally, ferroelectric 

Figure 1.4. Schematic of (a) cubic perovskite with (b) distortion creating 
an electric polarization and consequent depolarization field. 
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domains can reduce the depolarization field. In thin-film ferroelectrics, the depolarization field can 
even shift non-centrosymmetric cations back into their centrosymmetric position and cause 
ferroelectric order to vanish. 

 
1.4.1. Janovec-Kay-Dunn scaling 

 
An intrinsic size-effect relevant in thin-film ferroelectrics is the Janovec–Kay–Dunn (JKD) law;  

𝐸𝐸𝐶𝐶 ∝ 𝑑𝑑−2 3�                  (1.3) 
wherein the coercive field EC scales with film thickness 𝑑𝑑. The original empirical observations 
were based on ferroelectric crystals in the 1960s, but this relation holds for thin films ranging from 
100 µm down to 100 nm20–22. This scaling laws works against the decreasing total field required 
to switch a thinner film, and thus is a hurdle for potential ultra-thin applications. Deviations from 
JKD scaling have been reported in films thinner than 15 nm, wherein incomplete screening of the 
depolarization field was found to cause the deviation. The issue with thin films stems from the 
screening in the electrodes, and thus future research may require “better” metallic electrodes over 
the widely used SrRuO3. For applications in dynamic random-access memory, large capacitance 
is the key property of interest. For this application, ultra-thin devices need both; a more resistive 
ferroelectric component and more conducting electrodes23. As thin films get smaller, 
depolarization fields become increasingly relevant. 
 
1.4.2. Limits of ferroelectricity 
 
Depolarization field is attributed with the disappearance of ferroelectric order in ultra-thin 
materials, reportedly on the order of 4-6 unit cells24. This limit depends on the charge screening 
provided by the electrode. Some work has observed a ferroelectric structure in PbTiO3 down to 3 
unit cells (~12 Å)25, wherein no electrode was grown and the ferroelectric phase was confirmed 
by X-ray diffraction studies only. Given that these systems are relevant for their application in 
electronic systems, integration into devices is important. The orientation of the ferroelectric 
polarization is also key, wherein size effects are most prominent in out-of-plane polarization. Thin 
films with in-plane polarization can extend much longer distances in the a-b plane. In superlattice 
systems, ferroelectric layers 4-6 unit cells thick are typically grown with dielectric layers in 
repeating units, combining to 100 nm total thickness between electrodes. In these scenarios, size 
effects can be introduced into the system while still circumventing the devastating effects of 
depolarization fields on ferroelectricity.  

 
1.5. Relaxor ferroelectrics 
 
Relaxors ferroelectrics have garnered interest in recent years due to their high dielectric 
permittivity over a large temperature range and large electromechanical response such as 
piezoelectric coefficients26. They are strong candidates for future applications in energy harvesting 
sensors, and energy storage27,28. Relaxor are a type of ferroelectric characterized by three main 
factors; lack of remnant polarization, a broad dielectric peak about the transition temperature, and 
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frequency dispersion of the dielectric peak. The 
temperature at which the maximum dielectric 
permittivity is observed is denoted by 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚, which 
is dependent on the frequency of the applied ac field 
in a permittivity measurement. At a frequency of 
zero, this becomes the freezing temperature TF. The 
freezing temperature 𝑇𝑇𝑓𝑓 is at a lower temperature 
than 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 because Tmax denotes the freezing out of 
some polar domains, with the limit of all polar 
domains freezing out at a frequency of 0 at 𝑇𝑇𝑓𝑓. 
Permittivity behavior in relaxors deviates from 
standard ferroelectric characteristics as follows: 

relaxors do not follow Curie-Weiss behavior above Tmax
26,29, and they do not linearly follow the 

Arrhenius equation of frequency-dependent Tmax
30,31. Instead, relaxors follow the Vogel-Fulcher 

relation, which was initially introduced to explain glassy transitions30,32,33. 
 Relaxors are typically characterized by chemical heterogeneity, wherein a solid solution 
such as (1-x)PbMg1/3Nb2/3O3-(x)PbTiO3 (PMN-PT) provides site and charge disorder that result 
in a wide distribution of relaxation times34. This definition for relaxor materials is still debated in 
the community today, wherein certain characteristic temperatures and polar nano regions (PNRs) 
are used with caution to describe relaxor behavior. Relaxors can be structurally investigated by 
diffuse-scattering, wherein X-ray and neutron diffraction-based scattering techniques have been 
used to study structural signatures of relaxors35–37. The shapes and profiles of these patterns are 
used to quantitatively extract polarization correlation lengths, wherein butterfly shape in a diffuse-
scattering pattern is indicative of many small domains with 
a high density of low-angle domain walls.  
 
1.5.1.  Slush model 

 
Relaxor ferroelectrics with polar structures in a multi-
domain state have been related to a slush-like state akin to 
water, wherein regions of polarization such as PNRs are 
transiently slushing around in a non-polar matrix38. These 
regions are modulated in size, frequency response, and 
correlation with temperature. Specific phase transitions 
describe the appearance, growth and freezing of PNRs as a 
material is cooled from a high temperature. These 
transitions are denoted by the Burns temperature 𝑇𝑇𝑏𝑏, 
intermediate temperature 𝑇𝑇∗, and freezing temperature 𝑇𝑇𝑓𝑓. 
As a material is cooled below the Burns temperature, 
thermal excitation leads to dynamically-correlated 
polarization fluctuations (Figure 1.6)38,39. Upon further 
cooling, these correlations become stronger to the point 

Figure 1.5. Frequency dispersion in the 
temperature-dependent permittivity maxima, as 
typically observed in relaxor ferroelectric 
materials. 

Figure 1.6. Schematic of relaxor-
ferroelectric in the polar nano region 
model (adapted from [Takenaka 2017]). 
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where static displacements appear at the intermediate temperature. With more cooling, regions of 
static cation displacement (PNRs) increase in size and relaxation time40,41. This eventually leads 
to the freezing of PNRs, wherein the smallest clusters with shortest relaxation time freeze out first 
and the largest and slowest regions freeze at the freezing temperature. Below this, all the polar 
regions are frozen into large, static regions of ferroelectric polarization.  Thus, as the distribution 
of PNRs begin to freeze out, the permittivity of the system displays a frequency dispersion related 
to the distribution of PNR size and relaxation time. 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 in this model does not describe a phase 
transition, but instead the increasing proportion of frozen PNRs as a relaxor cools between the 
intermediate and freezing temperatures.  
 
1.6. Dissertation Goal and Organization 
 
The goal of this dissertation is to study the evolution of ferroic order parameters in oxide 
heterointerfaces. Mainly focusing on ferroelectric order, I analyze how ultra-thin layers of 
ferroelectric materials interact with other ferroelectric, dielectric, and metallic layers from 
structural and electronic perspectives to produce enhanced properties and novel phases.  I focus 
on ferroelectric materials such as PbZr1-xTixO3 and BaTiO3 to take standard ferroelectrics and drive 
them to limits of stability via chemical composition, strain, and superlattice design. This work is 
enabled by pushing materials design and characterization to their limits, combining unit-cell-
precise deposition of ultra-thin layers with electrical characterization that goes beyond standard 
switching regimes in both Rayleigh dielectric measurements and hysteresis loops. This dissertation 
includes two specific research advances.  

First, I use two compositions of PbZr1-xTixO3 on either side of the MPB to provide an 
average macroscopic MPB composition with ultra-thin layers of stable rhombohedral and 
tetragonal phases. First-order reversal curve analysis reveals the presence of switching 
distributions for each parent layer and a third, interfacial layer wherein superlattice periodicity 
modulates the volume fraction of each switching distribution and thus the overall material 
response. This reveals that deterministic creation of artificial superlattices is an effective pathway 
for designing materials with enhanced responses to applied bias.  

Second, I study the observation of and mechanism behind relaxor behavior in 
(BaTiO3)n/(SrTiO3)n superlattice structures. Dielectric studies as a function of temperature reveal 
frequency dispersion of dielectric response which increases in magnitude as the periodicity 
decreases. Subsequent Vogel-Fulcher analysis confirms the frequency dispersion of the dielectric 
maxima across a range of periodicities and the presence of relaxor-like behavior which becomes 
more robust at shorter periods. Bond valence molecular dynamics simulations suggest that the 
relaxor-like behavior observed experimentally in shorter-period superlattices arises from 
temperature-driven size variations of antipolar stripe domains in contrast to more thermally stable 
dipolar configurations in longer-period superlattices. 

The remainder of this dissertation will contain the following chapters: 
Chapter 2 describes how ferroelectric have been leveraged in superlattice heterostructures 

in previous work to produce phenomena such as improper ferroelectricity, vortex and skyrmion 
structures, etc. 
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Chapter 3 provides an overview of synthesis techniques for thin film structures used 
throughout the rest of this work and its comparison to other techniques. It also summarizes the 
structural and electrical characterization principles and tools used to analyze ferroelectric 
superlattices.  

Chapter 4 focuses on simultaneous large susceptibility and polarization in the PbZr1-xTixO3 
system as a function of superlattice periodicity. In this Chapter, I show that 
(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n superlattices exhibit a large volume fraction of MPB-like 
character at the interfaces, which enables large permittivity while remnant parent phases maintain 
large polarization. 

Chapter 5 focuses on experimental and computational relaxor-like behavior, which is 
typically associated with chemical inhomogeneity/complexity in solid solutions, in atomically 
precise (BaTiO3)n/(SrTiO3)n  symmetric superlattices. 

Chapter 6 describes interfacially-driven order beyond ferroelectricity, such as 
ferromagnetic order and the interplay of electrostatic boundary conditions of an ultra-thin 
ferroelectric order between a light-induced metal-to-insulator.  

Chapter 7 provides an outlook to future directions for research in the area of ultra-thin 
ferroic layers, wherein specific degrees of freedom in superlattice design criteria can be leveraged 
to explore exotic materials phases and properties. 
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Chapter 2 
 

Ferroelectrics in superlattice structures 
 

This Chapter focuses on the basic components, special considerations, and advances in 
superlattices with respect to oxide ferroelectric thin films. First, research into superlattice 
structures is motivated by its unique potential in the field of oxide thin films, and important 
distinction are made between superlattices and other layered materials. Next, the basic elements 
of superlattices are covered, including how an epitaxial superlattice appears under a microscope. 
The energy landscapes behind superlattices and oxide thin films in general are introduced, which, 
in turn, helps explain the unique opportunities that such structures in oxides can enable. Last, a 
summary of recent and existing superlattice work in the literature is given to contextualize how 
these design parameters have been leveraged in the past to exhibit novel phases and enhanced 
physical properties of materials.  

 
2.1. Why superlattices? 

 
Superlattices offer a powerful design element for engineering materials with enhanced and novel 
properties by engaging layers the length scales of relevant effects. By definition, superlattices are 
periodic (and repeating) structures of at least two different layered materials. Some oxides, in fact, 
crystallize naturally in layered structures such as double perovskites, Ruddlesden-Popper phases, 
and Aurivillius phases42,43. These are typically made via a self-assembly process wherein 
alternating layers are formed a result of a variety of structural instabilities44,45. A distinction 
between artificially designed superlattices and naturally self-ordered compounds is that self-
ordered compounds rely on thermodynamic equilibrium in their synthesis to settle into stable or 
metastable states. Pulsed-laser deposition (PLD) is particularly effective at synthesizing materials 
away from equilibrium (Chapter 3), which opens a pathway for a multitude of layered materials 
to be synthesized. With the availability of diverse states near the ground state in oxide materials, 
pairing PLD with layered oxides is an excellent avenue to explore enhanced properties and novel 
phases. 

 Superlattices are related to heterostructures in that they both have various layers of different 
materials. However, the periodic repetition of layers differentiates a superlattice from a 
heterostructure. This periodic repetition makes it easier to be down to ultra-thin layer thicknesses 
and still maintain an overall film thickness of ~100 nm to easily measure properties and draw 
meaningful conclusions in comparison to single-layer films. Getting down to ultra-thin layer 
thicknesses is important for interplay with relevant effects such as the experimental limits of 
ferroelectricity and sizes of polar domains in ferroelectrics and relaxors.  

  
2.2. Superlattice structure and behavior 
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High-quality superlattices can be designed at the atomic level with various degrees of freedom. 
Primarily, these include the composition of each layer, the thickness of each layer, the strain state 
imposed by a substrate, and any other layers such as electrodes. The thickness of each layer can 
be further classified by periodicity n (as in the number of unit cells), where a symmetric 
superlattice has the same number of unit cells 
for each component. Asymmetric superlattices 
contain different thicknesses of each constituent 
layer, denoted by n and m for each component 
in a two-component superlattice.  

 A standard superlattice design has a 
substrate that imposes strain (via lattice 
mismatch) on the superlattice structure. 
Electrode materials such as SrRuO3 are 
typically deposited first as a bottom electrode to 
serve as a metallic contact for electrical 
measurements and help stabilize the growth of 
the layers above. An example of a superlattice 
studied in the current work and in the 
literature11,46–48 is (BaTiO3)n/(SrTiO3)n (Figure 
2.1). This is schematically represented in the 
basic design, with a high-resolution scanning 
transmission electron microscope (HR-STEM) 
image overlay. Unit-cell precision is shown 
here at the atomic level, wherein 16-unit-cell-
thick superlattice layers are seen by their 
difference in Z-contrast through the barium and 
strontium A-site cations. Interfaces between 
these layers mix at minimal length scale 
(typically <2-unit cells) and high-quality 
crystallinity can be seen extending from the 
substrate into film.  

 Superlattice design criteria allow for a wealth of structures that can enable one to probe, 
explore, and discover properties that are not possible to synthesize in the parent materials alone. 
Advances in growth processes have allowed for superlattices to become atomically precise, and 
the field today is increasingly focused not just on producing them, but characterizing and analyzing 
the primary functionality of these structures. This in work, the primary focus is on the dielectric 
and ferroelectric responses.  

 
2.2.1. Dielectric relaxation in layered structures 

 
Dielectric relaxation is the delay in material response to an external ac field wherein, over a range 
of frequencies, the dielectric constant of a material changes when certain components of the 
material can no longer respond quickly enough to said field. Dielectric materials will primarily 

Figure 2.1. Schematic of a (BaTiO3)16/(SrTiO3)16 
structure superlattice structure with HR-STEM 
overlay demonstrating the ability to control 
atomically-precise epitaxial layers. 
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respond to applied field by polarizing through several polarization mechanisms: electronic, ionic 
(or atomic), dipolar, and interfacial (space charges). Within these mechanisms, dipolar polarization 
is typically well-described by Debye relaxation. Debye relaxation assumes an ideal set of 
independent dipoles under an applied field and contains a single relaxation time for the population 
of dipoles in a material. This behavior describes the frequency-dependent relaxation of dipolar 
response to an applied field, and is broadly described by complex relative permittivity 𝜀𝜀 in the 
following relation: 

𝜀𝜀 = 𝜀𝜀∞ + 𝜀𝜀0−𝜀𝜀∞
1+𝑖𝑖𝑖𝑖𝑖𝑖

              (2.1) 
with 𝜀𝜀∞ and 𝜀𝜀0 corresponding to the permittivity at infinite and zero frequency, respectively. Here, 
𝜔𝜔 is the frequency and 𝜏𝜏 is the characteristic relaxation time. Given that this is a complex value, 
the real (𝜀𝜀′) and imaginary (𝜀𝜀′′) parts of a Debye-type relaxation are defined as: 

𝜀𝜀′ = 𝜀𝜀∞ + 𝜀𝜀0−𝜀𝜀∞
1+𝜔𝜔2𝜏𝜏2

               (2.2) 

𝜀𝜀′′ = (𝜀𝜀0−𝜀𝜀∞)𝜔𝜔𝜔𝜔
1+𝜔𝜔2𝜏𝜏2

              (2.3) 
Debye-type relaxation is observed as a drop-off in real permittivity as the frequency rises, with 

an associated peak in the imaginary 
permittivity at 𝜔𝜔 = 𝜏𝜏. Debye-type 
relaxation is symmetric and sharp 
about the peak, with a single 
relaxation time for the entire 
material. In materials with a 
distribution of relaxation times, 
asymmetric and/or broad peaks in 
the imaginary permittivity are 
observed. Such relaxation is called 
Cole-Cole, Cole-Davidson, etc.  

 In the case of superlattices 
with dielectric materials, several 
reports have indicated Maxwell-
Wagner relaxation. This type of 
relaxation is caused by interfacial 
polarization that stems from 
inhomogeneity in materials. More 
specifically, Maxwell-Wagner 
relaxation is caused by charge 
carrier migration to interfaces. This 
type of behavior can be introduced in a layered material with different dielectric constants and 
therefore different internal fields, causing space charges to accumulate at interfaces and bring 
about artificially enhanced response within limited frequency ranges. One way to analyze 
Maxwell-Wagner relaxation is to compare it to the simplest relaxation type, Debye relaxation. 
Real and imaginary component of the dielectric permittivity in a Maxwell-Wagner capacitor model 
are: 

Figure 2.2. Maxwell-Wagner polarization demonstrates a key 
signature through a large imaginary component of dielectric 
permittivity at low (<100 Hz) frequencies. 
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𝜀𝜀′ = 𝜀𝜀∞ + 𝜀𝜀0−𝜀𝜀∞
1+𝜔𝜔2𝜏𝜏2

              (2.4) 

𝜀𝜀′′ = 1
𝜔𝜔𝐶𝐶0(𝑅𝑅1+𝑅𝑅2)

+ (𝜀𝜀0−𝜀𝜀∞)𝜔𝜔𝜔𝜔
1+𝜔𝜔2𝜏𝜏2

               (2.5) 

wherein 𝐶𝐶0 is a geometric factor and 𝑅𝑅𝑖𝑖 is the resistance of each component (in a two-component 
system). Between Maxwell-Wagner and Debye relaxation, there should not be a notable difference 
in the real permittivity, but there is a notable difference in the imaginary permittivity. This 
difference is apparent in the limit of zero frequency, wherein the first term in Equation 2.5 is 
expected to rise sharply (Figure 2.2). This can be seen in previously reported data on Maxwell-
Wagner relaxation in a Ba0.8Sr0.2TiO3/Ba0.2Sr0.8TiO3 superlattices49. Maxwell-Wagner polarization 
is important to be aware of in superlattice structures because it can cause enhanced dielectric 
response in a material simply by space charge accumulation at interfaces50–53 instead of tuning the 
dielectric response of a material at the atomic level.  

 
2.3. Energy landscapes of superlattice structures 

 
Polarization is an important quantity to study in ferroelectrics because spontaneous polarization is 
the order parameter that defines ferroelectricity. Just as with spontaneous strain and magnetization 
in ferroelastics and ferromagnets, respectively, the order parameter in a ferroic material is critical 
to studying the evolution of a phase as various conditions are imposed. The evolution of 
polarization (Pi) in three dimensions can be modeled by solving the time-dependent Ginzburg-
Landau equation: 

𝜕𝜕𝑃𝑃𝑖𝑖(𝑟𝑟,𝑡𝑡)
𝜕𝜕𝜕𝜕

= −𝐿𝐿 𝛿𝛿𝛿𝛿
𝛿𝛿𝑃𝑃𝑖𝑖(𝑟𝑟,𝑡𝑡) (𝑖𝑖 = 1,2,3)           (2.6) 

wherein r, t, and L correspond to the spatial, temporal, and kinetic coefficients of a system in three 
dimensions. In the scope of thin-film materials, the total free energy F: 

𝐹𝐹 = ∫�𝑓𝑓𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔�𝑑𝑑𝑑𝑑       (2.7) 
includes components of bulk (Landau), elastic, electric, and polarization gradient energies. The 
bulk Landau energy is the standard energy from a bulk material’s composition. From bulk 
considerations, ferroelectric materials form domain structures upon cooling past the Curie 
temperature. In a standard tetragonal ferroelectric system, these domains will form in the [100], 
[010], and [001]. The relative volume fraction of each domain should be evenly split in the bulk, 
until other energies are thrown into the mix. Elastic energy is imposed by the substrate onto a film 
through epitaxy. Lastly, the gradient energy is the energy penalty associated with changing the 
magnitude or direction of a polar displacement. The following sections outline how the various 
considerations from each energy are factored into designing a ferroelectric superlattice. 

 
2.3.1. Elastic energy 

 
Elastic energy is imposed on a thin film through the lattice mismatch between substrate and film 
and can result in a dramatic change in the Curie temperature and saturation polarization of a 
ferroelectric among other effects54. Elastic energy imposes a fixed elastic boundary condition on 
one side of a thin film, resulting in potentially highly anisotropic behavior55,56. For starters, this 
results in a significant change in relative volume fraction of domains with out-of-plane versus in-
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plane oriented polarization. When 
the lattice parameter of a substrate 
is larger than that of a substrate, the 
balance of domains is shifted to 
prefer domains with in-plane 
polarization. The opposite is also 
true for a smaller subs(trate leading 
to more domains with out-of-plane 
polarization. This all depends on 
the temperature, of course, with 
higher temperatures trending 
towards a paraelectric phase. 
Together, these behaviors can be 
collectively presented in a strain-
temperature phase diagram for a 
standard multi-domain tetragonal 
ferroelectric material (Figure 
2.3)57. Here, compressive 
(negative) mismatch strain 
promotes the formation of domains 
with out-of-plane polarization, with a strain of -1.0% leading to a significant temperature range of 
an entirely out-of-plane polarized c-domain structure58–61. At intermediate strain values, the 
temperature is important to note because a material could easily transition from paraelectric to all 
c-domains or a1/a2-domains to a mixed-phase within a couple hundred degrees. The relative 
position of these intersections is dependent on the material, but the same trends hold true for most 
tetragonal ferroelectric materials. In the scope of ferroelectric superlattices, elastic energy is a large 
contributor with respect to other terms and precise substrate selection is important for designing 
ferroelectric behavior. 

 
2.3.2 Electrostatic interactions and gradient energy 

 
Electrostatic interactions can affect the ferroelectric domain structure of a thin film. Applied 
external fields can promote the stability of domains in certain direction. In addition to applied 
external fields, the internal fields in a material also affect domains by reaching electrostatic 
equilibrium in a variety of scenarios. In general, the electric energy density f is given by: 

𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑃𝑃𝑖𝑖,𝐸𝐸𝑖𝑖) = −1
2
𝐸𝐸𝑖𝑖𝐷𝐷𝑖𝑖 = −1

2
𝐸𝐸𝑖𝑖(𝜀𝜀0𝜀𝜀𝑟𝑟𝐸𝐸𝑖𝑖 + 𝑃𝑃𝑖𝑖)   (2.8) 

where Ei is the electric field, Pi is the polarization, 𝜀𝜀𝑟𝑟 is the relative permittivity, 𝜀𝜀0 is the 
permittivity of free space, and Di is the displacement. This relation is explored in the context of 
thin films via two main scenarios of different electrical boundary conditions on the top and bottom 
of a film surface. The first electrostatic scenario is the so-called closed-circuit boundary condition, 
where the surface (or interface) of a film has its charge fully compensated by metals that are 
connected. In this scenario, constant electrical potential on the surface promotes the formation of 

Figure 2.3. Strain phase diagram for a standard tetragonal 
ferroelectric material. Out-of-plane domains are stabilized with 
compressive strain (negative lattice mismatch) and in-plane 
domains are stabilized with tensile strain (positive lattice 
mismatch) (adapted from [Li 2002 Acta Materialia]). 
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out-of-plane polarized c domains62. This is the case where good metallic contact is made by 
electrodes in a thin film. In the other scenario, so-called open-circuit boundary conditions, the 
potential on the surface is not compensated at the surface (as would be the case of a ferroelectric 
without metal electrodes on the surfaces). This leads to a build-up of charge at surfaces and 
consequent depolarization field. Depolarization field, as described in Chapter 1, reduces the 
polarization in the out-of-plane direction.  

When extended to a ferroelectric superlattice, ultra-thin ferroelectric layers with no 
metallic contact to compensate for surface (or interface) charges can tend to push its polarization 
away from a c-domain structure into either a paraelectric (polarization vanishes), dense c+/c- (up- 
and down-poled structure), or an a1/a2-domain (polarization rotates to be fully in plan oriented). 
In either case, there is an energy associated with changing a polarization direction away from 
homogeneity. The energy of a domain wall is defined as: 

𝑓𝑓𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 1
2
𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃𝑖𝑖,𝑗𝑗𝑃𝑃𝑘𝑘,𝑙𝑙         (2.9) 

where the Gijkl is the gradient coefficient according to the change in direction of the polarization, 
related to the vibrational spectrum of a crystal63. Polarization gradient energy is non-zero only 
where the polarization is inhomogeneous: this typically occurs at interfaces, surfaces, defects, and 
domain walls. In a superlattice, gradient energy can be made to play a more important role by 
introducing spatially defined inhomogeneous distributions of polarization (superlattice layers). In 
general, gradient energy plays a smaller role than electrostatic boundary conditions in the evolution 
of polarization in most materials, but this might change in superlattices. More specifically, the 
depolarization field plays a large role in defining the evolution of ferroelectric polarization. 

 
2.4. Relevant literature in ferroelectric superlattices 

 
Pushing the limits of materials functionality can directly stem from adding more degrees of 
freedom in materials synthesis. Here, I examine important advances in recent years on the role of 
ferroelectric superlattices in discovering novel ferroelectric phases and enhancing materials 
properties. The key is the ability of such approaches to drive competition between the previously 
described relevant energy terms that can be manipulated by layering dissimilar materials (be that 
in lattice parameter, order parameter magnitude, dielectric constant, etc.) with unit-cell precision. 

 
2.4.1. Improper ferroelectricity 

 
While many ferroelectric-based heterostructures and superlattices have been studied to date, the 
most studied system is the (PbTiO3)n/(SrTiO3)n system. Resulting polar structures vary as a 
function of the superlattice periodicity n. Emergent order such as improper ferroelectricity was 
reported in short-period superlattices (n < 10)64, flux-closure domains in long- period superlattices 
(n > 20)65, and polar vortices and skyrmions in intermediate-period superlattices (10 < n < 20)66–

69. From first-principles calculations64, improper ferroelectricity70 has been reported to stem from 
coupling between antiferrodistortive and ferrodistortive instabilities (Figure 2.4). In these ultra-
thin layers, asymmetric polar environments at the interfaces cause both instabilities, wherein the 
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resulting improper ferroelectricity can display interesting properties. One such property that stems 
from an antiferrodistortive instability is an insensitivity to depolarization fields. Thus, this type of 
emergent improper ferroelectricity can tackle highly relevant research endeavors regarding 
depolarization fields in ultra-thin films. 

 
2.4.2. Polar vortex and skyrmion structures 

 
Polar vortex and skyrmion structures have been reported in intermediate-period 
(PbTiO3)n/(SrTiO3)n superlattice structures66–69,71,72. These exotic polarization structures arise 
from the interaction of the strongly polar PbTiO3 layer with the insulating and dielectric, but non-
polar, SrTiO3 layers that sandwich it as well as the elastic boundary conditions imposed by the 
substrate. The complex competition between polarization, elastic, electrostatic, and gradient 
energies drives the material into exotic phases with topological patterns that are highly interesting 
for condensed-matter physics, where analogous magnetic system have garnered attention for 
possible applications in racetrack memories73,74. At the atomic scale, polar skyrmions are 
characterized by diverging (top surface) and converging (bottom surface) Néel skyrmions 
(hedgehog-like) with a Bloch-wall structure at the waist. Taken together, this complex 3D structure 
was determined to have a skyrmion number of +169. 4D-STEM imaging confirmed the hedgehog-
like structure, with signal and polarization maps matching simulations. These polarization 
topologies pose a great opportunity to study the behavior of multi-dimensional polarization 
structures and the potential for how applied electric fields can manipulate and control the skyrmion 
structure.  

Initial studies are also showing that superlattices and heterostructures can exhibit novel 
phase transitions and enhanced susceptibilities. For example, superlattices with polar vortices and 

Figure 2.4. Improper ferroelectricity is observed in a short-period (PbTiO3)n/(SrTiO3)n superlattice through 
the coupling of (a) ferrodistortive and (b,c) antiferrodistortive instabilities [adapted from Bousquet 2008]. 
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skyrmions exhibit signatures of non-classical phase transitions that deviate strongly from Curie-
Weiss-type behavior as well as dielectric permittivity that exceeds what is expected for a series 
capacitor or more complex equivalent-circuit models for such structures, thus leading to reports of 
negative capacitance75. Increased interest on the concept of negative capacitance has also been 
driven by studies on multidomain ferroelectrics76 and work on metal/Hf0.5Zr0.5O2/Ta2O5/metal 
heterostructures wherein transient negative capacitance in a monodomain ferroelectric with a 
resistor in series has been shown77. The design of this structure exposes the downward concavity 
in the center of the double-well structure of a standard ferroelectric system, which can be 
reconstructed from polarization hysteresis loops. Such reports pave the way for the current work 
to manipulate the energy landscape of ferroelectric materials thereby producing new phenomena.  
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Chapter 3 
 

Synthesis and characterization of ferroelectric 
superlattice structures  

 
This Chapter highlights the techniques used to synthesize and characterize ferroelectric thin-films 
and superlattice structures in this work. Growth methodologies are briefly introduced, with 
considerable attention given to pulsed-laser deposition due to its relevancy to this work. Growth 
mechanisms and how to monitor them in situ are covered as well, wherein reflection high-energy 
electron diffraction is highlighted in its unique utility for optimizing deposition stoichiometry 
through a novel technique in pulsed-laser deposition. The processes used to fabricate device 
structures are then highlighted. I will review methods for characterization of materials properties, 
namely X-ray diffraction, standard hysteresis loops, first-order reversal curves, and dielectric 
measurements dependent on frequencies and field strengths. Together, this Chapter gives an 
overview of how thin-film processing techniques are leveraged to realize and understand 
ferroelectric order in ultrathin-film layers. 
 
3.1. RHEED-assisted pulsed-laser deposition 

 
There are numerous methods to deposit thin films of materials, with many methods under the 
umbrella terms chemical-vapor deposition (CVD) and physical-vapor deposition (PVD). Both can 
achieve high-quality films and have their advantages and disadvantages. In CVD, vaporized 
chemical precursors react with the surface of a substrate and deposit materials in fast and uniform 
manner78. This process can be sped up even further by controlling substrate temperature or plasma-
assisted deposition methods, or it can be slowed down for precise layer control in processes such 
as atomic-layer deposition. PVD methodologies evaporate a solid-phase material onto a substrate. 
How the solid-phase material is evaporated varies, but this approach, in general, has the advantage 
of being a simpler process from an operational standpoint, offers more precise stoichiometric 
control of deposited compounds, and can work with lower operating temperatures79. With 
advances in deposition technologies, many similar techniques have been employed in CVD and 
PVD to provide more accurate deposition stoichiometry, faster growth rates, and uniformity of 
films. Pulsed-laser deposition (PLD), which is a subset of PVD, is the most widely used technique 
in the laboratory setting and is the main tool used to deposit materials in this work80,81. 

 
3.1.1. Pulsed-laser deposition 

 
PLD is a thin-film deposition technique that uses a high-energy pulsed laser to ablate a target 
material, creating a plasma plume that then deposits the target material onto a heated substrate. 
PLD can deposit materials at precise stoichiometries82–86 away from equilibrium, providing a 
major advantage for exploring a wide range of deposition materials (Figure 3.1). There is a 
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perception (which is ultimately 
unfounded), however, that PLD has 
historically produced lower-quality films 
compared to techniques such as 
molecular beam epitaxy (MBE)87–89. 
Advances in PLD have enhanced the 
capabilities of high-quality growth by 
synchronizing target motion and laser 
firing, multi-sample approaches, etc90–93, 
yet standard parameters are important to 
note. 

In PLD, the primary growth 
parameters are temperature, pressure, 
laser settings, and materials selection. 
Within temperature, the substrate temperature, post-deposition anneal, and ramp rates all affect the 
growth of a thin film. The main variable here is the substrate temperature during deposition, 
wherein the substrate is heated to provide enough energy to ensure high-quality epitaxy. The rate 
at which the substrate is heated depends on the limitations and infrastructure of the deposition 
system, such as resistive versus laser heaters. The rate at which a sample is cooled down after 
deposition is particularly important, given that two materials with different thermal expansion 
coefficients are in close contact with one another. Typical growth temperatures are 600-800 ˚C, 
with ramp rates in the range of 10-20 ˚C min-1 rising and 1-10 ˚C min-1 falling. 

Within pressure, the base chamber pressure, purity of the gas cylinder, partial pressure (in 
this case oxygen), and dimensions of the chamber affect the pressure of a PLD process. 
Transferring a set of growth parameters from one system to another includes careful consideration 
to where in the chamber the pressure is measured, where gas is flowed in/out of the chamber, 
where the substrate is locate, and the overall base pressure of the system. A system with a low base 
pressure will typically achieve cleaner, more consistent depositions94 due to a larger ratio of partial 
pressure of oxygen versus background. Typical base pressures are 10-9-10-5 Torr, with growth 
pressures in the range of 0.1-200 mTorr. The pressure at growth affects the laser-material 
interaction, which is the flash evaporation, ablation, excitation, formation of plasma, and 
exfoliation that occurs when the laser radiation is absorbed by a target95.  

Laser settings are key to high-quality epitaxy via PLD96–98. Laser repetition rate, focus, 
beam spot size, energy density (fluence), and target-to-substrate distance account for the laser 
settings in a PLD process. The repetition rate affects how often the target is pulsed by the laser, 
with higher rates affecting the amount of time that deposited atoms have to find a low energy 
configuration on the substrate before a new wave of atoms are deposited. The focus of the beam 
affects the spot size, which in combination with the energy of the laser, combines to a fluence in 
the range of 1-3 J cm-2 for a typical deposition. In summation, laser settings combine to ensure 
proper plume dynamics coming off the target and onto the substrate. While the plume does indeed 
occur in a (partial) vacuum, the pressure and composition of gaseous particles in the vacuum matter 
are important for the shape and therefore the delivery of the target species onto the substrate.  

Figure 3.1. Schematic depicts pulsed-laser deposition in a 
vacuum chamber. 
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The substrate and target are incredibly important for high-quality epitaxy. In heteroepitaxy, 
lattice mismatch between the substrate and deposited material is perhaps the most important 
parameter in a deposition. Beyond mismatch, the volatility of target species is a relevant 
consideration to make, especially with the example of lead-based deposition. Lead is easily lost 
during deposition due to its volatility, which is typically compensated for by adding extra lead into 
the target composition compared to the intended stoichiometry, normally on the order of 10-20% 
excess. The distance between the target and substrate also matters, along with the location of the 
substrate with respect to the plume99. Standard target-to-substrate distance is about 5 cm. 

It is important to note that PLD occurs quite far from equilibrium, wherein the kinetics play 
a large role. The large kinetic energy in PLD is a benefit, wherein the vapor can be tuned to provide 
a stoichiometric transfer to the substrate. Growth kinetics are complex, but generally dominated 
by the diffusivity of adatoms (𝐷𝐷)  

𝐷𝐷 = 𝑑𝑑𝑛𝑛𝑛𝑛2 𝑣𝑣0
4

𝑒𝑒−
𝐸𝐸𝑎𝑎

𝑘𝑘𝐵𝐵𝑇𝑇�            (3.1) 
on the surface of the substrate, with an assumption of four nearest neighbors and a distance 𝑑𝑑𝑛𝑛𝑛𝑛 to 
each. The activation energy 𝐸𝐸𝑎𝑎 of each jump to a nearest neighbor typically occurs at a frequency 
𝑣𝑣0 in the range of 1013 Hz100. With the assumption that adatoms travel an average distance 𝜆𝜆 from 
first reaching substrate to settling into a lattice site. 

𝜆𝜆 ≈ ( 𝐷𝐷
𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑

)1 6�          (3.2) 

with a substrate miscut angle leading to a given terrace width d on the surface, the relationship 
between 𝜆𝜆 and d is important for growth kinetics. In this relationship, the deposition flux 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑 
directly relates to laser settings such as repetition rate and fluence. If 𝜆𝜆 > d, step-flow growth can 
occur and is commonplace in growth of ruthenates such as SrRuO3 and Ba0.5Sr0.5RuO3

101. If 𝜆𝜆 < 
d, layer-by-layer growth can occur as is standard in homoepitaxy, namely in SrTiO3. Growth 
modes can occur depending on many factors and even change from one to another in a single 
growth. Beyond kinetic considerations, there are three standard growth mechanisms. 

 
3.1.2. Growth mechanisms 

 
There are three standard thin-film growth modes: island growth (Volmer-Weber), layer-by-layer 
(Frank-van der Merwe), and layer-plus-island (Stranski-Krastanov). Island growth is when 
deposited species cluster together and grow out-of-plane from the substrate, due to effects such as 
a large difference in bond strength between the deposited atoms versus the deposited atoms and 
the substrate (Figure 3.2a). For this reason, heteroepitaxy can lead to island growth because there 
is an inherent difference between the deposited species and the substrate. Layer-by-layer growth 
is achieved in the opposite circumstances, when deposited species do not cluster together and 
instead cover an entire unit-cell-thick layer on the substrate before adding on to the next layer 
(Figure 3.2b). This growth mode is ideal in most scenarios, including high-quality superlattice 
structures such as the focus of this work. Layer-plus-island growth is a deposition mode where 
layer-by-layer occurs for at least one layer (usually a handful of layers) and then islands start to 
form. This growth mode is a cross-over point in the energetics of the other two growth modes, and 
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is common in deposition optimization102. Simple thermodynamic models can describe the balance 
of growth modes in terms of interfacial energy and contact angle.  

cos(𝜃𝜃) =  𝛾𝛾𝑠𝑠𝑠𝑠−𝛾𝛾𝑓𝑓𝑓𝑓
𝛾𝛾𝑓𝑓𝑓𝑓

            (3.3) 

Young’s equation describes the energetics of deposition modes by relating the contact angle 𝜃𝜃 to 
adhesive interfacial energies (𝛾𝛾) between the substrate, vapor, and film, (𝑠𝑠, 𝑣𝑣,𝑓𝑓). Together, this 
relation yields regions for each growth mode, wherein the contact angle 𝜃𝜃 should be zero for an 
atomically smooth surface as in the layer-by-layer growth mode. If the contact angle 𝜃𝜃 < 0, island 

growth occurs. The contact angle is not stagnant for a given material deposition: it can change over 
time, giving rise to layer-plus-island growth. The contact angle also depends on the 
aforementioned growth parameters that also affect overall smoothness, coherency to the substrate, 
and stoichiometry of deposited materials.  

The thin-film growth community has focused on the layer-by-layer growth mode with 
technological advances meant to improve growth mode control, with the overall goal to deposit 
more materials onto more substrates with smooth and coherent quality. Advances have led to unit-
cell precise deposition controls, which has in turn opened opportunities for new design parameters 
that ultimately lead to novel phases and properties in thin-film materials. One of the critical 
advances for monitoring growth mode in situ has been reflection high-energy electron diffraction 
(RHEED)103–105. 

 
3.1.3. Reflection high-energy electron diffraction 

 
RHEED is a tool used for monitoring the surface of a thin film during the deposition process. An 
electron beam installed in a PLD vacuum chamber is made incident with the substrate surface at a 
grazing angle of about 1˚-3˚ and is typically operated at about 10-30 keV. The incident beam both 
reflects and diffracts off the surface of the sample and creates a specular spot and a diffraction 
pattern, wherein the intensity of the specular spot is monitored as a function of time. As a full layer 
is deposited in the layer-by-layer growth mode, the intensity of the spot increases106. After a full 
layer is deposited and a new layer starts to form, the intensity drops. This is due to the areal step 

Figure 3.2. Schematic of (a) island (b) layer-by-layer and (c) layer-plus-island thin film growth modes. 
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density of the surface, wherein a smooth surface results in a high RHEED intensity107. In the layer-
by-layer growth mode, this is seen as an oscillating pattern of intensity versus time (Figure 3.3a). 
Recent advances in RHEED have pushed the boundary to enable high-pressure growths108,109, 
sequential binary oxide growth, and of course high quality layer-by-layer deposition103–105. 

The incident beam is at such a small angle that only the layers closest to the surface 
contribute to the diffracted RHEED pattern on the phosphor screen opposite to the electron beam. 
Because of the diffraction pattern stems from only the first few layers on the surface, the reciprocal 
space pattern observed is not a set of points in 3D, but instead reciprocal lattice rods extending 
from the sample surface. These lattice rods are the result of the intersection of the reciprocal 
surface with Ewald’s sphere. The main diffraction beam analyzed in RHEED is the zeroth 
(specular) Laue circle, which aligns with the elongated reciprocal lattice rods and is denoted by 
(00) given that the third dimension is reduced in the interaction volume110. Standard RHEED 
techniques observe the specular spot as it has the highest intensity, yet some studies have analyzed 
higher-order spots for their utility in growth optimization. 

RHEED is particularly useful in denoting the growth mode of film depositions. In the ideal 
layer-by-layer scenario, it will demonstrate a streaky pattern with oscillating intensity. However, 
in the island-growth scenario, the diffraction peaks (including the specular spot) will shift and look 
like an array of spots with no streaks. The intensity of the original specular spot from the substrate 
on the phosphor screen will decrease due to the shifting spot as the island film is grown. In the 
layer-plus-island growth mode, both scenarios are played out, with the transition denoted by both 
the drop in intensity and the change in pattern. Real materials can display more complex growth 
modes, such as layer-by-layer to step-flow growth in SrRuO3 films. In this material, standard 
growth includes 1-5 unit cells of layer-by-layer growth, followed by step-flow growth.  

 
3.1.4. RHEED for film optimization: the SrTiO3 prototype 

 

Figure 3.3. Reflection high-energy electron diffraction monitors thin film deposition in situ. 
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RHEED can be used as a tool for rapid optimization of deposition conditions. Although this work 
focuses on its application in PLD, it has been extensively used in MBE as well. Recent work using 
RHEED-assisted MBE111 has shown a pathway for optimizing deposition conditions of SrTiO3 
(STO) in a single growth (Figure 3.4a). The benefits include time and resources spent in the 
optimization of high-quality crystal structure, exact stoichiometry, and smooth surfaces of 
deposited materials. These are necessary elements for studying materials properties in thin films, 
and STO is a common material in this space. The termination of STO (001) is important to consider 
when depositing ultra-thin films, where the interface is significant. For the case of homoepitaxial 
growth, the phase of the RHEED pattern has been shown to shift depending on the surface 
termination of the STO from substrate acid treatment and anneal before growth110,112. TiO2-
terminated STO and SrO-terminated STO have different RHEED intensities, thus an oscillation is 
seen between each of these as STO is grown. In addition to the termination, the stoichiometry of 
the surface layer of the material determines the smoothness and therefore the RHEED intensity at 
any given point during homoepitaxial STO growth113. Because RHEED probes the near-surface 
layers of a sample, the intensity rises with strontium-rich STO and falls with strontium-poor STO 
(Figure 3.4b). As such, I utilized fluence as the primary parameter to tune the stoichiometry of 
deposited material onto the substrate (Figure 3.4c). The fluence was changed in this scenario by 
adjusting the voltage applied to the laser and thus the energy of each pulse. The optics were kept 
the same to provide the same spot size. The voltages were noted during deposition and used to 
measure corresponding energy monitor readouts immediately after deposition. The red line follows 
the 00 specular spot (upper middle spot) and the black line follows the 10 spot (upper right spot). 
The initial flat line on the far left is just the substrate, which is STO which should be spot-on 
stoichiometric. Starting a fluence of 0.85 J cm-2, the growth seems to be stable and rising. This is 

Figure 3.4. (a,b) RHEED-assisted stoichiometry optimization of SrTiO3 deposition in molecular beam 
epitaxy (adapted from [2017 Zhang]). (c) Stoichiometry optimization in pulsed-laser deposition using laser 
fluence. 
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indicative of close to stoichiometric deposition. Turning down the fluence to 0.81 J cm-2 at 160 
seconds in, the rise stops and start to falter. The bump to 0.83 J cm-2 sees a continuous decrease in 
RHEED intensity, marking a strontium-poor growth regime. Turning the fluence up to 0.9 J cm-2 
and even up to 1.0 J cm-2 brings the intensity back up, with a delayed effect on the sample. Once 
back at the original intensity, a fluence of 0.87 J cm-2 demonstrates stable intensity oscillations 
once again, confirming near-stoichiometric growth in the range of 0.85-0.87 J cm-2 for this 
particular growth. This short study demonstrates the versatility that RHEED provides in PLD, 
wherein stoichiometric growth is achieved in a timely and effective manner. Once structures are 
grown by PLD, devices are fabrication using a series of processing steps including 
photolithography, sputtering, wire-bonding, etc. 

 
3.2. Fabrication of device structures 

 
Electrical measurements were performed on parallel-plate capacitor structures achieved by 
deposition of a vertical stack of bottom electrode – ferroelectric – top electrode, wherein the bottom 
and top electrodes were grown in situ, immediately before and after the ferroelectric layer, 
respectively. SrRuO3 and Ba0.5Sr0.5RuO3 were primarily utilized as electrode materials due to their 
structural and chemical compatibility with standard ferroelectric materials analyzed in this work 
such as BaTiO3 and PbZr1-xTixO3. The compatibility and symmetric usage of these electrodes have 
been shown to alleviate issues such as dead layers, delamination from surfaces, high and/or 
asymmetric leakage, low thermal stability, and electrode-induced fatigue17,114–117. This all-oxide 
heterostructure allows for epitaxial growth of every layer in situ, which also gives the benefit of 
RHEED monitoring throughout.  

After deposition, two 
types of device structures 
were fabricated. The first 
structure type consists of 
patterning the top electrode 
into an array of circular 
structures directly (Figure 
3.5a). Photolithography was 
used to achieve this pattern, 
by first spin-coating a blanket 
layer of photoresist on top of 
the sample. Samples were 
then placed under a mask with 
a desired pattern (circles 10-
100 µm in diameter) and exposed to ultraviolet radiation. An aqueous developer solution removed 
photoresist inverse to the circular patterns, leaving photoresist in circular arrays above the top 
electrode. At this stage, the top electrode that was not covered by photoresist was removed by 
either ion-milling or chemically etching SrRuO3. Lastly, the remaining photoresist was washed off 
before the start of electrical measurements. This structure is effective for measuring a wide range 
of electrical properties at room temperature. In temperature sweeps done in this study, however, 

Figure 3.5. Schematic depiction of parallel-plate capacitor structures 
used to measure (a) standard electrical measurements and (b) 
temperature-dependent measurements. 
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the stability of the electrical connection between a probe tip (tip diameter 5-25 µm) and the 
electrode (usually 15-50 µm in diameter) faltered between measurements and resulted in 
inconsistent and noisy results. 

The second device structure used in this work mitigates the issues encountered in 
temperature sweeps by contacting the top electrode with a Pt metal contact, which was then 
connected to a pad for wire-bonding (Figure 5.3b). To fabricate this structure, four over-arching 
processing steps were employed. First, large trenches were ion milled into the substrate to provide 
space to wire-bond. Then, top electrodes were patterned into circular structures similar to the first 
device design. Third, an MgO insulating layer was deposited by a room-temperature PLD process. 
Lastly, Pt metal contacts were sputtered to provide consistent contact to each of the top electrodes. 
Each of these four steps had some combination of spin-coating, exposure, developer, and washing 
procedures with visual and electrical checkpoints throughout. From these device fabrication 
processes, electrical properties of superlattice heterostructures were able to be thoroughly 
investigated. 

 
3.3. Structural characterization of ferroelectric superlattice 

structures  
 

Structural characterization was performed using X-ray diffraction. This technique is an efficient 
and powerful method to non-destructively probe the structure of a high-quality material. A 
Panalytical X’Pert3 MRD 4-circle diffractometer with Cu Kα radiation at a wavelength of 1.54 Å 
was used to carry out these studies. More delicate features in thin-film structures can be analyzed 
using an X-ray beam with higher flux generated in a synchrotron, but the features of focus for this 
work relied on a laboratory-based system.  

 X-ray diffraction is based on the elastic scattering of incident monochromatic X-ray 
photons by the electrons in a periodic lattice. The scattered photons form interference patterns, 
with constructive interference in accordance with Bragg’s law118: 

2𝑑𝑑 sin𝜃𝜃 = 𝑛𝑛𝑛𝑛                 (3.4) 
where 𝜆𝜆 is the X-ray wavelength, 𝑛𝑛 is the order of reflection, and 𝑑𝑑 is the spacing in the out-plane 
direction. The angle 2𝜃𝜃 denotes the angle between the diffracted beam and the incident beam. 
When an integer value of n is met, constructive interference occurs and a large intensity can be 
read out by a detector119. 𝜔𝜔 denotes the angle between the incident beam and the sample surface. 
The standard diffraction measurement used in this work is an 𝜔𝜔 − 2𝜃𝜃 scan, wherein 𝜔𝜔 and 𝜃𝜃 are 
set equal in what is called a symmetric scan. X-ray diffraction studies were performed before the 
fabricating device structures described in Section 3.2, wherein the smooth surface of the sample 
allows for a cleaner surface to scatter incident X-rays from. This is especially important for 
superlattice heterostructures, wherein fringes from the thickness of the film and the superlattice 
unit provide important structural information. 
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 The thickness of thin-films can 
be extracted from an 𝜃𝜃 − 2𝜃𝜃 scan if the 
film is particularly pristine, wherein 
Laue fringes are observed120,121. These 
fringes occur from the spacing 
between each layer, for example the 
film and the substrate, which 
corresponds to the thickness of the 
film.  In superlattices specifically, 
satellite peaks between each of the 
superlattice units can also be observed, 
with angle differences corresponding 
to the thickness of each superlattice 
unit. These satellite peaks are observed 
in increasing order of magnitude, with 
the 0th order stemming from the 
average out-of-plane lattice parameter 
of the superlattice and negative 
satellites in smaller angles and positive 
satellites at larger angles122. In a 𝜃𝜃 −
2𝜃𝜃 scan, superlattice peaks and 
thickness fringes alike arise from the 
difference in angles according to the relation: 

𝑡𝑡 = (𝑛𝑛1−𝑛𝑛2)𝜆𝜆
2(sin𝜃𝜃1−𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃2)

             (3.5) 

wherein ni corresponds to the order of the superlattice or thickness fringe. The difference in angle 
between adjacent peaks is related here to the spacing t of the total film thickness or average unit 
cell thickness in a superlattice. Such peaks can be seen simultaneously in one scan (Figure 3.6), 
where superlattice peaks up to SL(+2) and SL(-2) can be seen along with thickness fringes between 
SL(0) and SL(-1). 

 In addition to line scans, reciprocal space maps (RSMs) can provide information about the 
structure of thin-films such as in-plane spacing components and tilting. This is achieved by a two-
axis scan along both 𝜔𝜔 and 𝜃𝜃. This results in a 2D intensity map, with the coordinates of the map 
defined by two reciprocal lattice vectors 𝑄𝑄𝑥𝑥 and 𝑄𝑄𝑦𝑦  

𝑄𝑄𝑥𝑥 = 2𝜋𝜋
𝜆𝜆

[cos(𝜔𝜔) − 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜃𝜃 − 𝜔𝜔)]          (3.6) 

𝑄𝑄𝑦𝑦 = 2𝜋𝜋
𝜆𝜆

[cos(𝜔𝜔) + 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜃𝜃 − 𝜔𝜔)]          (3.7) 
for in-plane and out-of-plane crystallographic directions, respectively. Thus, for the example of an 
RSM taken at the 103-diffraction condition used throughout this work, the in-plane component 𝑄𝑄𝑥𝑥 
relates to the ℎ-direction and out-of-plane component 𝑄𝑄𝑦𝑦 relates to the 𝑙𝑙-direction. For analyzing 
the strain state of a thin-film on a substrate, this type of RSM is particularly useful. When the 𝑄𝑄𝑥𝑥 
is maintained across substrate and film peaks, the thin is coherently strained to the substrate. A 
relaxed peak will be located at the bulk theoretical value for the film material, and a partially 

Figure 3.6. A standard symmetric θ-2θ scan of a superlattice 
demonstrating both superlattice and thickness fringes related 
to their respective thicknesses. 
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relaxed film will stretch across the two. RSMs can also provide information about any periodic in-
plane spacings that occur in superlattice systems, such as vortices in the (PbTiO3)n/(SrTiO3)n 
system taken at 00𝑙𝑙-diffraction conditions66. These types of periodicities are explored in Chapter 
4 and Chapter 5. 

 
3.4. Electrical characterization of ferroelectric superlattice 

structures 
 

The electrical response of ferroelectric superlattice structures is vital to advances in the 
applicability of these materials in device applications, wherein large polarization and dielectric 
constants are goals to strive for in future materials. The following sections denote the manners by 
which hysteresis and permittivity are measured in this work. 
 

3.4.1. Hysteretic response and beyond 
 

Ferroelectric hysteresis loops were obtained by 
applying a dc field with a bipolar triangular 
voltage profile (Figure 3.7). In these 
measurements, frequencies ranging from 0.1-
100 kHz were used, with a standard frequency 
of 10 kHz for most measurements. A Precision 
Multiferroic Tester (Radiant Technologies, 
Inc.) applied the voltage profile and measured 
the change in charge in the capacitor structure, 
which then was equated to a current and a 
polarization. From this measurement, 
polarization-electric field hysteresis loops were 
constructed, with coercive field EC denoting the 
field strength required to switch the 
ferroelectric. At high fields, the polarization saturates to Psat and at zero field, the polarization that 
remains is denoted by the remnant polarization Pr.  

 This work focuses on the response of ferroelectric superlattices when a series of minor 
hysteresis loops are taken with increasing reversal fields. These measurements, called first-order 
reversal curves (FORC), were employed to provide additional insight to microscopic characteristic 
switching mechanisms in these systems123–125. FORC diagrams show a distribution of hysterons, 
which are switchable units in a system, as they switch with applied field. This is achieved by 
employing a monopolar triangular voltage profile starting at a field strong enough to saturate the 
material in one direction and sweeping in the opposite direction with an increasing reversal field, 
Er. In this work, the saturation field was applied as a strong negative field and the reversal field 
denoted by each of the thin black lines returning to the bottom-left starting point (Figure 3.8). A 
FORC diagram presents a contour plot of hysterons switching: 

Figure 3.7. Voltage profile used to measure 
ferroelectric hysteresis. 
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𝜌𝜌(𝐸𝐸𝑟𝑟 ,𝐸𝐸) = 1
2
𝛿𝛿2(𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝐸𝐸𝑟𝑟,𝐸𝐸))

𝛿𝛿𝐸𝐸𝑟𝑟𝛿𝛿𝛿𝛿
        (3.8) 

wherein the coercive field EC denotes the same as it does 
in a normal hysteresis loop, and the bias field EB denotes 
the shift in field from symmetric about E = 0. When 
plotting the distribution of hysterons in a FORC diagram, 
the axes are converted from E and Er to EC and EB, with 
important distinctions coming out of this switch. FORC 
distributions along the bias axis correspond to reversible 
polarization contributions and along the coercive axis 
correspond to irreversible contributions125. FORC 
diagrams are used in this work to analyze how each layer 
of a superlattice unit biases the other. Additionally, this 
analysis uses the relationship between hysterons in the 
Preisach model126 and their volumetric interpretation to the 
contribution of interfacial regions in ferroelectric 
switching events.  

 
3.4.2. Dielectric response 

 
Dielectric measurements were carried out as a function of frequency, ac field strength, dc field 
strength, and temperature. These measurements reveal important behavior of oxide thin films, 
which are primarily of interest for their large dielectric constants. In measuring the dielectric 
susceptibility, a small ac voltage was applied in an out-of-plane capacitor structure outlined in 
Section 3.2. The dielectric capacitance was measured as the proportion of 90˚ lagging signal, 
defined as: 

𝑉𝑉(𝑡𝑡) = 𝑅𝑅𝑅𝑅𝑚𝑚 sin(𝜔𝜔𝜔𝜔 − 𝜃𝜃𝑧𝑧)     (3.9) 
the readout voltage lagging the applied current. This phase angle 𝜃𝜃𝑧𝑧 is –90˚ in the case of purely 
capacitive response and 0˚ in the purely resistive scenario when the applied signal is in-phase with 
the readout. In analyzing dielectric, the loss associated with deviation from a purely capacitive 
response is related to the loss tangent, which relates the real 𝜀𝜀𝑟𝑟′  and imaginary 𝜀𝜀𝑟𝑟′′ components of 
permittivity together, wherein: 

tan 𝛿𝛿 = 𝜀𝜀𝑟𝑟′′

𝜀𝜀𝑟𝑟′
                (3.10) 

the loss tangent tan (𝛿𝛿) indicates an ideal capacitor when it is equal to 0. In experiment, 
capacitance measured from the impedance analyzer (E4990A, Keysight Technologies) was 
converted into permittivity using the parallel plate capacitor relation, given by: 

𝜀𝜀𝑟𝑟′ = 𝐶𝐶𝐶𝐶
𝜀𝜀0𝐴𝐴

              (3.11) 

where 𝐶𝐶 is the capacitance measured, 𝐴𝐴 is the area of the top electrode circular capacitor, 𝜀𝜀0 is the 
permittivity of free space, and 𝑑𝑑 is the thickness of the film. In the following sections, more detail 
will be provided about how ferroelectric materials behave under varying ac field strength, 
temperature, and frequency. 

 

Figure 3.8. A series of minor hysteresis 
loops at increasing reversal fields (Er), 
with coercive field (Ec) and bias field 
(EB) highlighted. 
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3.4.3. Rayleigh studies of ferroelectric materials 
 

Rayleigh dielectric measurements 
analyze the evolving contributions 
to dielectric response in 
ferroelectric materials. These 
measurements are achieved by 
sweeping the field strength of an 
ac excitation, wherein three 
regions can be observed. The first 
region is called the low field 
region, wherein the applied field 
results in reversible motion of 
domain walls and other extrinsic 
effects (Figure 3.9). Increasing the 
field will eventually enter the 
Rayleigh region, wherein 
irreversible motion of domain 
walls and extrinsic effects 
contribute to a larger overall 
dielectric response, observed as 
both an increase in the loss tangent 
and the real permittivity. Further increasing the field will eventually surpass the coercive field EC, 
wherein the sample begins the ferroelectric switching process127. This region, called the high field 
region, typically is denoted by a sharp uptick in the permittivity consistent with the expectation of 
an increased switching current. The low field and Rayleigh region are sub-switching, wherein no 
switching is observed. The low field regime is denoted by the flat, field-independent starting value 
of the permittivity. The Rayleigh regime sees a linear increase in permittivity proportional to the 
Rayleigh coefficient127,128 𝛼𝛼. Thus, the sub-switching Rayleigh behavior is defined by the 
empirical Rayleigh law129: 

𝜀𝜀𝑟𝑟′(𝐸𝐸0) = 𝜀𝜀𝑟𝑟′(0) + 𝛼𝛼𝐸𝐸0              (3.12) 
where 𝐸𝐸0 denotes the ac field strength. Standard permittivity measurements are taken at a low field 
such as 5-30 mV for a 100 nm film of a standard ferroelectric material, wherein no switching will 
occur. 

At higher fields, switching current demonstrates a rapid rise in the permittivity, followed 
by a tapering off at extremely high voltages. This can be correlated to the slope of a hysteresis 
loop, wherein the switching current is large near the coercive field. Beyond that, the ferroelectric 
saturates and the permittivity decreases. In a relaxor, the hysteresis loop looks like a ferroelectric 
except the sub-switching region is gone – thus the remnant polarization is zero. Rayleigh dielectric 
measurements of relaxor materials display just the switching regime, wherein permittivity either 
rises or falls with increasing field strength according to the proximity to the freezing temperature 
of the relaxor. 

 

Figure 3.9. Rayleigh behavior in ferroelectric materials is 
illustrated in three distinct regions (adapted from [1999 
Stevenson]). 
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3.4.4. Relaxor ferroelectrics: Vogel-Fulcher analysis 
 

Relaxor ferroelectric materials can be analyzed by their transition temperatures, wherein 
temperature-dependent frequency sweeps can confirm two of the main relaxor characteristics; 
broad maximum of temperature-dependent dielectric maximum and frequency dispersion of this 
maximum, 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚. This is a deviation from Curie-Weiss behavior in standard ferroelectric 
materials130. The Vogel-Fulcher relation describes the freezing out of PNRs in relaxor materials: 

𝑓𝑓 = 𝑓𝑓0exp [−𝐸𝐸𝑎𝑎 𝑘𝑘(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝐹𝐹)� ]      (3.13) 

where TF is the static freezing temperature, 𝑓𝑓0 the Debye frequency, Ea the activation energy, and 
Tmax the temperature at which the permittivity is at its maximum. Vogel-Fulcher analysis can be 
done on temperature- and frequency-dependent data, wherein data with at least three orders of 
magnitude in the frequency domain is recommended for fitting this equation30. In this work, 
frequency-maximum temperature pairs are fitted to the Vogel-Fulcher relation to extract the 
freezing temperature, Debye frequency, and activation energy. The degree of relaxor behavior is 
represented by the curvature of ln(f) vs Tmax, wherein a flat vertical line demonstrates no frequency 
dispersion in the dielectric maximum. The fitted parameters reveal insight to relaxor behavior such 
as the energy required for a thermally activated transition between polarization configurations and 
thermally activated polarization fluctuation frequencies. Standard values for relaxor films are 1011-
1013 Hz and 0.005-0.05 eV for the Debye frequency and activation energy, respectively131. The 
freezing temperature of a relaxor is also extracted from this analysis, which represents the zero-
frequency dielectric maximum and is associated with the freezing out of all PNRs. At non-zero 
frequencies, a distribution of PNRs begin to freeze-out at higher temperatures, giving rise to the 
frequency-disperse maxima in the dielectric permittivity. 
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Chapter 4 
 

Enhanced dielectric and ferroelectric properties in 
PbZr1-xTixO3 superlattice structures 

 
This Chapter focuses on the enhancement of dielectric and ferroelectric properties in a classic 
ferroelectric system through modulation of superlattice-design parameters. Superlattice periodicity 
is tuned to simultaneously demonstrate large susceptibility and polarization in the PbZr1-xTixO3 
system. The ability to produce atomically precise, artificial oxide heterostructures provides for the 
possibility of producing exotic phases and enhanced susceptibilities not found in parent materials. 
Typical ferroelectric materials exhibit either large saturation polarization away from a phase 
boundary or large dielectric susceptibility near a phase boundary. Here, I attain both large 
ferroelectric polarization and dielectric permittivity wherein fully epitaxial (PbZr0.8Ti0.2O3)n/ 
(PbZr0.4Ti0.6O3)2n (n = 2, 4, 6, 8, 16 unit cells) superlattices are produced such that the overall film 
chemistry is at the morphotropic-phase boundary (MPB), but constitutive layers are not. Long- (n 
≥ 6) and short-period (n = 2) superlattices reveal large ferroelectric saturation polarization (Ps = 
64 µC cm-2) and small dielectric permittivity (εr ≈ 400 at 10 kHz). Intermediate-period (n = 4) 
superlattices, however, exhibit both large ferroelectric saturation polarization (Ps = 64 µC cm-2) 
and dielectric permittivity (εr = 776 at 10 kHz). First-order reversal curve analysis reveals the 
presence of switching distributions for each parent layer and a third, interfacial layer wherein 
superlattice periodicity modulates the volume fraction of each switching distribution and thus the 
overall material response. This reveals that deterministic creation of artificial superlattices is an 
effective pathway for designing materials with enhanced responses to applied bias. 

 
4.1. Introduction 

 
Superlattices comprised of thin layers of ferroelectric and/or dielectric materials provide ample 
opportunity for designing artificial heterostructures with tunable and emergent properties. For 
example, ferroelectrics can exhibit large susceptibilities to electric fields, stress, temperature, etc. 
which can be enhanced by the competition of structure and polarization between phases and can 
even lead to the development of novel order parameters132–134. In this regard, ferroelectric-
dielectric superlattices have been widely studied135,136] with particular interest on 
BaTiO3/SrTiO3

46,48,137–141
 and PbTiO3/SrTiO3 superlattices64,65,142. In PbTiO3/SrTiO3 superlattices, 

for example, researchers have observed the evolution of novel order (i.e., improper 
ferroelectricity),64 emergent, smoothly-evolving polar structures (e.g., vortices and 
skyrmions)66,69, and even classical flux-closure-domain structures depending on the periodicity 
and strain state65. Considerably less work, however, has focused on superlattices of two different 
ferroelectric materials143,144 wherein differences in symmetry145, polarization magnitude and 
direction, transition temperature146, etc. provide for an alternative approach to novel and/or 
enhanced responses and phases.  
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4.2.  Morphotropic-phase boundary 

 
The PbZr1-xTixO3 system provides interesting opportunities in this regard as there are both 
zirconium-rich rhombohedral and titanium-rich tetragonal phases that are bridged by an MPB147,148 
wherein those phases compete and provide for interesting properties (Figure 4.1). Polarization 
rotation at this phase boundary enables an easier route to switching at lower coercive fields and 
enhances susceptibilities – including both 
dielectric and electromechanical. Large 
susceptibilities in the PbZr1-xTixO3 system 
have historically been attained by selecting 
materials in the compositional vicinity of the 
MPB149–151. This typically comes as a trade-off 
with saturation polarization, as polarization 
diminishes and susceptibility rises at a phase 
transition. While there has been considerable 
research on the compositional evolution of 
structure and properties in this system152–154, 
little work exists on the creation of artificial 
heterostructures and superlattices155–157. That 
which does exist focuses on long-period (i.e., 
layers of thickness ≥ 30 nm), ferroelectric-
ferroelectric heterostructures. The exploration 
of short-period (down to 2 unit cells) ferroelectric-ferroelectric superlattices bridged across the 
MPB in the PbZr1-xTixO3 system has a potential route to enhanced functionalities. Such a 
systematic study of ultra-thin superlattice periodicities can elucidate the complex interplay of 
competing energy terms (e.g., elastic, electrostatic, gradient, etc.) present in ferroelectric systems. 

 
4.3.  Compositional tuning 

 
Here, I take advantage of unit-cell-precise growth (see Chapter 3) to introduce ferroelectric-
ferroelectric interfaces as an additional design parameter wherein the material response can be 
tuned by both composition and superlattice periodicity. I focus on heterostructures with overall 
chemistry near the MPB, but built from compositions far from the phase boundary itself: 
rhombohedral PbZr0.8Ti0.2O3 and tetragonal PbZr0.4Ti0.6O3. Using reflection high-energy electron 
diffraction (RHEED)-assisted pulsed-laser deposition, I synthesized atomically-precise 
(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n (n = 2, 4, 6, 8, and 16 unit cells) superlattices with overall film 
chemistry of PbZr0.53Ti0.47O3. Rhombohedral PbZr0.8Ti0.2O3 and tetragonal PbZr0.4Ti0.6O3 were 
chosen for this work because they are robust ferroelectric phases that differ in terms of symmetry, 
polarization direction, and have relatively close lattice parameters (a = 4.115 Å for PbZr0.8Ti0.2O3 
and a = 4.008 Å, c = 4.134 Å for PbZr0.4Ti0.6O3) such that high-quality superlattices of various 
periods can be synthesized. All heterostructures were grown on 20 nm Ba0.5Sr0.5RuO3/PrScO3 

Figure 4.1. The phase diagram of the PbZr1-

xTixO3 system with vertical bars indicating selected 
parent compositions. 
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(110) substrates (which were chosen because of the compressive strain158 that is imposed on both 
the PbZr0.8Ti0.2O3 (-2.5%) and PbZr0.4Ti0.6O3 (-0.3%) layers).  

It has been observed in prior studies that the exact chemical composition of the MPB in 
PbZr1-xTixO3 can shift (slightly) towards higher concentrations of zirconium with compressive 
epitaxial strain159. Thus, a preliminary study was conducted to assess the average superlattice 
composition required to access phase-boundary-like behavior, namely an enhancement of 
dielectric susceptibility160. To sweep across various average compositions, 80-nm-thick 
(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)m superlattices with varying n × m ratios were produced while the 
total periodicity n + m was held constant at 12 unit cells (specifically I studied n × m = 7 × 5, 5 × 
7, 4 × 8, and 3 × 9, corresponding to average superlattice compositions of PbZr0.63Ti0.37O3, 
PbZr0.57Ti0.43O3, PbZr0.53Ti0.47O3, and PbZr0.5Ti0.5O3, respectively). Subsequent θ-2θ X-ray 
diffraction studies reveal high-quality, epitaxial superlattices (Figure 4.2a). Capacitor-based 
dielectric-permittivity measurements indicate an enhancement of the out-of-plane dielectric 
response, akin to that expected near the phase boundary, for the 4 × 8 superlattices (Figure 4.2b) 

which corresponds to an average composition of PbZr0.53Ti0.47O3. Based on this observation, for 
the remainder of the study I fixed the overall heterostructure chemistry to be PbZr0.53Ti0.47O3 thus 
requiring the production of various n × 2n superlattices. 

 
4.4. Superlattice structures 
 
At this overall film composition (PbZr0.53Ti0.47O3), periodicity-dependent studies were completed. 
I focused on 80-nm-thick heterostructures including the following variants: 1) superlattice 
structures of the form (PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n (with n = 2, 4, 6, 8, and 16), 2) bilayer 
structures with 27 nm of PbZr0.8Ti0.2O3 and 53 nm of PbZr0.4Ti0.6O3 (i.e., a 1:2 ratio of the parent 
materials, equivalent to the ratio found in all the superlattices), 3) parent rhombohedral 
PbZr0.8Ti0.2O3, 4) parent tetragonal PbZr0.4Ti0.6O3, and 5) MPB PbZr0.52Ti0.48O3. The production 

Figure 4.2. A series of (PbZr0.8Ti0.2O3)n / (PbZr0.4Ti0.6O3)m superlattices with varying average 
composition. The ratio n × m was adjusted while n + m = 12 u.c. was held constant. (a) θ-2θ X-ray scans 
and (b) dielectric permittivity reveals phase boundary-like behavior at an average mole fraction of PbTiO3 
of 47, as in PbZr0.53Ti0.47O3.  
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of high-quality superlattices was enabled by my ability to achieve layer-by-layer growth as 
monitored during deposition via RHEED (Figure 4.3a). Throughout (and after growth) the 
presence of a “streaky” RHEED pattern demonstrates a persistent 2D-growth mode and a smooth 
surface for a representative superlattice growth (inset, Figure 4.3a).  

Z-contrast, high-angle annular dark-field (HAADF) scanning transmission electron 
microscopy (STEM) imaging and energy dispersive spectroscopy (EDS) studies were completed 
for two superlattice structures [(PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n with n = 6, 8]. Due to the similar 
chemistry between the layers (i.e., both layers in the superlattice contain lead, zirconium, and 
titanium) the Z-contrast between the layers is not as distinct as one might expect for a superlattice 
made from vastly different materials. To confirm the production of the superlattice structures, EDS 
studies were employed to map the local chemical variations throughout the superlattice structure 
(Figure 4.3b). The EDS signatures from the titanium and zirconium are observed to oscillate or 
alternate in intensity due to the chemical variations in each layer of the superlattice (i.e., from 
zirconium-rich PbZr0.8Ti0.2O3 to titanium-rich PbZr0.4Ti0.6O3) and this helps identify the 
superlattice structure in the absence of robust Z-contrast. A lower-resolution image across a wide 
area of the heterostructure, here for a n = 8 superlattice, reveals smooth interfaces with no apparent 
defect structures (Figure 4.3c). Additional atomic-resolution imaging, here at the interface between 

Figure 4.3. (a) RHEED-assisted PLD of heterostructures demonstrates persistent layer-by-layer deposition 
and sharp interface control. (b) STEM image of the superlattice structure with overlaid EDS mapping of Ti 
and Zr. (c) A lower-resolution image across a wide area of the heterostructure, here for an n = 8 superlattice, 
reveals (d) smooth interfaces with no apparent defect structures. 
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the bottom electrode and superlattice structure, further confirms the high-quality structures and 
highly commensurate nature of the interface (Figure 4.3d). 

θ-2θ X-ray diffraction studies of the resulting superlattices reveal epitaxial, 00l-oriented 
films with superlattice peaks varying as a function of superlattice periodicity (Figure 4.4a). Wide-
angle θ-2θ X-ray studies show no secondary phases and high-quality, epitaxial growth for all 
heterostructure variants (Figure 4.4b). Reciprocal space maps about the 103pc-diffraction 
conditions for all superlattice heterostructures show fully strained films (Figure 4.5). All told, the 
STEM and EDS data, in conjunction with extensive RHEED and X-ray diffraction studies, confirm 
that high-quality superlattices of various periodicities can be produced. Thus, it is appropriate to 

proceed to study the impact of superlattice design on dielectric and ferroelectric response. 
 

4.5. Periodicity-dependent dielectric enhancement  
 

Frequency-dependent dielectric-permittivity measurements demonstrate low-loss response in all 
heterostructure variants, but a strong superlattice periodicity dependence of the permittivity itself 
(Figure 4.6a-b). Similar studies were completed for the parent tetragonal PbZr0.4Ti0.6O3 (εr = 362 
at 10 kHz), the parent rhombohedral PbZr0.8Ti0.2O3 (εr = 492 at 10 kHz), and MPB PbZr0.52Ti0.48O3 
(εr = 799 at 10 kHz). Both the PbZr0.4Ti0.6O3 and PbZr0.8Ti0.2O3 show low dielectric loss, while the 
PbZr0.52Ti0.48O3 shows slightly increased loss consistent with the complex structural evolution 

Figure 4.4. (a) Full-range θ-2θ X-ray diffraction patterns about the 002-diffraction condition for 
superlattices of various periodicities and accompanying reference films demonstrate excellent epitaxial 
crystalline quality. (b) θ-2θ X-ray diffraction patterns about the 002-diffraction condition demonstrate 
precise superlattice control. 
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under applied external fields. This range of properties provides an important framework in which 
to probe the superlattice heterostructures. The dielectric permittivity hovers around ≈400 (at 10 
kHz) for the bilayer heterostructures and all long-period superlattices (n ≥ 6). At the other end of 
the spectrum, short-period superlattices (n = 2) also exhibit permittivity in a similar range. 
Intermediate-period superlattices (n = 4), however, display dramatically enhanced permittivity 
(≈776 at 10 kHz, Figure 4.6c). Naively, one might expect that reducing the superlattice period 
should result in a more uniform, MPB-like heterostructure and, thus, systematically increasing 
dielectric response. These observations, however, suggest a more complex evolution of dielectric 
response with superlattice periodicity and beg the question: what gives rise to the dielectric 
enhancement in the n = 4 superlattices?  

Figure 4.5. Reciprocal space maps about (103)pc indicate slightly larger c/a ratio for (a-c) parent phases 
compared to (d-h) superlattices and (i) bilayer on the same substrate, consistent with trends in ferroelectric 
polarization saturation. 
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To explore the nature of this enhancement in intermediate-period superlattices, Rayleigh 
dielectric measurements were employed at sub-switching fields. Rayleigh studies utilize an ac-
field-dependent measurement to probe the behavior of ferroelectric materials in three different 
regimes: low, high, and switching fields (Figure 4.6d). Both the low- and high-field regimes are 
sub-switching linear regimes from which the reversible and irreversible extrinsic contributions to 
dielectric response, respectively, can be extracted. In the low-field regime127, an enhanced field-
independent constant permittivity represented by the reversible Rayleigh parameter ε′ini indicates 
large intrinsic lattice and reversible extrinsic contributions10. In the high-field (Rayleigh regime), 
a steep linear slope indicated by the Rayleigh coefficient α′ is typical of an enhanced irreversible 
contribution161. Thus, the overall dielectric response is represented as:  

 

𝜀𝜀𝑟𝑟 = 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖′ + 𝛼𝛼′𝐸𝐸0.                 (4.1) 
 

Analysis of the Rayleigh studies at sub-switching fields reveals both parent phases and the bilayer 
heterostructures to have small ε′ini (≲ 360) and α′ (≲ 4 cm kV-1), while the phase-boundary 
PbZr0.52Ti0.48O3 exhibits large ε′ini (865) and α′ (87.6 cm kV-1) (Table 4.1). In this context, the 

Figure 4.6. Dielectric response: (a) permittivity and (b) loss show a variety of permittivities while 
maintaining low-loss.(c) Summarized dielectric response demonstrates an enhancement at a critical 
superlattice unit n = 4 unit cells. (d) Rayleigh dielectric measurements at sub-switching fields. 
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intermediate-period superlattices (n = 4) demonstrate enhanced ε′ini (805) and α′ (32 cm kV-1) 
(Figure 4.7); values considerably larger than those in all other superlattices and similar to literature 
values for bulk PbZr0.52Ti0.48O3

10. This suggests that this periodicity (n = 4) behaves quite similarly 
to a phase-boundary material, yet it was created from compositions away from the phase boundary.  

One potential explanation is that reducing the size (or thickness) of the ferroelectric layers 
destabilizes the polarization and effectively lowers the Curie temperature which would result in an 
enhanced room-temperature dielectric permittivity in the ultra-thin superlattices. To probe this 
concept, temperature-dependent dielectric measurements were completed on the parent 
PbZr0.4Ti0.6O3 and PbZr0.8Ti0.2O3 heterostructures and the n = 4 superlattices (Figure 4.8). These 
studies reveal, however, that enhancement in dielectric response does not stem simply from a lower 
transition temperature as Curie-Weiss analysis of the phase transition shows that the transition 
temperatures are 580, 500, and 560°C for PbZr0.4Ti0.6O3, PbZr0.8Ti0.2O3, and n = 4 superlattice 
heterostructures, respectively. Motivated by the observation of this strong periodicity dependence 
of the small-field dielectric response, I proceed to study ferroelectric behavior under large applied 
fields wherein I expect to observe hysteresis phase-boundary-like switching behavior.  

Figure 4.8. Transition temperatures as indicated by dielectric permittivity are persistent between (a),(b) 
parent phases and (c) n = 4 superlattice. 
 

Table 4.1. Dielectric Rayleigh parameters of various 
single-layer films and heterostructures. 

Figure 4.7. Low- and Rayleigh-regime 
measurements for reference samples: parent 
phases, bilayer heterostructures, and phase-
boundary composition. 
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4.6. Periodicity-independent polarization saturation 
 
Polarization and current-electric field hysteresis loops (for brevity shown only at 10 kHz) 
demonstrate the evolution of both the polarization and switching current in the heterostructures. 
Hysteresis loops for the parent phases PbZr0.8Ti0.2O3 (Figure 4.9a) and PbZr0.4Ti0.6O3

 (Figure 4.9b) 
show a large saturation polarization Ps = 67 µC cm-2 and a single switching event as illustrated by 
the single current peak (yellow for PbZr0.8Ti0.2O3 and blue for PbZr0.4Ti0.6O3). The PbZr0.52Ti0.48O3 
phase exhibits a much smaller saturation polarization (Ps = 45 µC cm-2, Figure 4.9c). The bilayer 
(Figure 4.9d) and superlattice heterostructures (Figure 4.9e-i) exhibit a consistent Ps = 64 µC cm-

2. In the current loops, two switching events are evident (as illustrated by the two current peaks) 
with an intensity ratio that is related to the volume fraction of the parent phases in the 
heterostructures. The two switching events, therefore, are hypothesized to be related to the two 
parent phases present. The puzzling conclusion from this data is that the intermediate-period 
superlattices (n = 4) do not behave like the phase-boundary film, but instead are similar to the other 
superlattice periodicities which show indications of mixed-parent-phase behavior.  

Figure 4.9. Ferroelectric current-voltage behavior for (a-c) single layer parent films, (d) bilayer, and (e-g) 
superlattices taken at 10 kHz. Polarization and current are simultaneously shown to show constant 
polarization saturation and varying mixed-step intensities as superlattice periodicity increases. 
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Intermediate-period superlattices (n = 4) have the most interesting behavior, wherein there 
is both enhanced permittivity (i.e., large εr = 776 at 10 kHz, ε′ini = 805 and α′ = 32 cm kV-1) akin 
to phase-boundary-like response and simultaneously large saturation polarization (Ps = 64 µC cm-

2) akin to the parent-phase materials and other superlattices. While the large-field switching 
response is consistent among the various superlattices, the small-field dielectric response varies 
greatly with periodicity. 

 
 

4.7. Pushing the limit of dielectric Rayleigh studies  
 

This unusual combination of large dielectric permittivity and ferroelectric polarization in the 
intermediate-period superlattices (n = 4) calls for further study as a function of external bias. Here, 
I extended the dielectric Rayleigh measurements (which are typically performed in sub-switching 
fields) to the third regime – the switching-field regime – at higher fields. Parent phases 

Figure 4.10. Dielectric Rayleigh measurements employed at switching fields indicate split switching 
behavior in (a),(b) dielectric permittivity. (c) Reference parent phases require a large AC field strength (50-
90 kV cm-1) whereas the single-layer PbZr0.52Ti0.48O3 exhibits switching at a smaller AC field strength (15-
40 kV cm-1). (d) Superlattice samples exhibit a varying proportion of small and large AC field switching 
events as a function of periodicity.  
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PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3 exhibit peaks in the dielectric response corresponding to 
switching at relatively large fields (80-125 kV cm-1), whereas phase-boundary PbZr0.52Ti0.48O3 
exhibits a peak corresponding to switching at lower fields (25-60 kV cm-1) (Figure 4.10a). This 
behavior can be used as a reference frame to understand the response of the superlattice 
heterostructures which exhibit features similar to both PbZr0.52Ti0.48O3 (i.e., low-field response 
within the switching-field regime) and the parent phases PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3 (i.e., 
high-field response within the switching-field regime). While all bilayer and superlattice 
heterostructures exhibit some features of parent- and phase-boundary-like character in the 
switching-field regime, the short- and intermediate-period superlattices (n = 2, 4) have a 
particularly pronounced phase-boundary character and the long-period superlattices (n ≥ 6) and 
bilayer heterostructures have pronounced parent character (Figure 4.10b). This mixed phase-
boundary- and parent-like character suggests that while aspects of the response of the parent 
PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3 materials are maintained, the intimate interfacing of these 
materials gives rise to a response more akin to PbZr0.52Ti0.48O3, most likely at the interface between 
the two layers. Additional insight in this regard can be extracted from the dielectric loss data taken 
simultaneously. Again, the PbZr0.52Ti0.48O3

 phase exhibits a peak in loss at lower fields (20-50 kV 
cm-1) while the parent phases PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3 exhibit peaks in loss at relatively 
larger fields (50-90 kV cm-1) (Figure 4.10c). Likewise, all superlattice heterostructures exhibit 
mixed loss character (i.e., loss signatures at both low and high fields), but in general the shorter 
the superlattice period (n ≤ 4) the larger the proportion of the small-field effects, whereas the 
opposite trend is observed for long-period superlattices. In turn, this suggests that the superlattices 
with more interfaces exhibit more phase-boundary-like switching behavior, thus a higher 
permittivity in small fields, while maintaining aspects of ferroelectric polarization switching akin 
to that of the parent phases PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3.  

 
4.8. First-order reversal curve analysis 

 

Figure 4.11. Minor polarization-hysteresis loops from which FORC plots are extracted. 
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Large-field Rayleigh studies suggest the potential for a complex switching process wherein – 
particularly in the superlattices – multiple switching phenomena including aspects not only related 
to the parent phases (PbZr0.8Ti0.2O3 and PbZr0.4Ti0.6O3), but also to the phase boundary 
PbZr0.52Ti0.48O3. To probe this idea, first-order reversal curve (FORC) analysis, which reveals the  
Preisach distribution of switchable units (so-called hysterons) over bias and coercive fields125, was 
performed by measuring a series of minor loops at 1 kHz. All heterostructures were first poled 
with a negative bias and gradually switched with positive biases of increasing magnitude (Figure 
4.11)162. Analyses of the PbZr0.8Ti0.2O3 (Figure 4.12a) and PbZr0.4Ti0.6O3 (Figure 4.12b) parent 
phases reveal singular FORC distributions wherein PbZr0.4Ti0.6O3 has a larger coercive field (~70 
kV cm-1 versus ~50 kV cm-1). The PbZr0.52Ti0.48O3 phase-boundary material (Figure 4.12c) 
demonstrates a much lower coercive field (~20 kV cm-1) consistent with the polarization-electric 
field hysteresis loops (Figure 4.9). The bilayer heterostructures (Figure 4.12d) exhibit two distinct 
distributions likely arising from the two parent-phase layers. These two switching distributions are 
matched in coercive field (~80 kV cm-1), which suggests that the entirety of the film switches 
together to prevent large penalties in electrostatic energy. Because two-thirds of the total 
ferroelectric layer volume is comprised of PbZr0.4Ti0.6O3, which has a large coercive field, it sets 
the overall coercive field for the entire film and pushes the switching distribution of the 
PbZr0.8Ti0.2O3 component to match in coercive field. In the superlattice heterostructures (Figure 
4.12e-h), a third distribution emerges at lower coercive fields (~36 kV cm-1) which can be 
attributed to a phase-boundary-like interfacial region. To better quantify the periodicity-dependent 

Figure 4.12. Polarization-electric field hysteresis measured between a negative saturation field and 
increasing positive reversal fields for (a) a reference single-layer film and (b-d) corresponding FORC 
contour plots. (e) Bilayer heterostructure shows two distinct switching events. (f) Superlattice minor loops 
are analyzed with (g-j) FORC to reveal a third switching event at high coercive fields for various 
periodicities. 
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evolution of the different switching distributions, a line-profile of the FORC distribution was taken 
at a reversal field of ~70 kV cm-1 (cutting through both the distributions attributed to parent 
PbZr0.4Ti0.6O3 and phase-boundary PbZr0.52Ti0.48O3). As the superlattice periodicity is shortened, 
two changes are observed. First, there is a decrease in the intensity of the distribution attributed to 
the parent-PbZr0.4Ti0.6O3-like character simultaneous to an increase in the intensity of the 
distribution attributed to the phase-boundary-like character (Figure 4.12i). Second, the distinct 
switching distributions start to converge as the distribution attributed to the parent-PbZr0.4Ti0.6O3-
like character shifts to lower fields.  

Additional insight about the evolution of the heterostructures can be extracted by recalling 
that the Preisach density of each FORC distribution (Figure 4.12) also indicates a population map 
of switching fields in a material163, thus the FORC peak intensity can be related to a volume 
fraction of material responsible for that distribution. For example, in the bilayer heterostructures 
the ratio of distribution intensities attributed to the parent-PbZr0.4Ti0.6O3- (blue) and parent- 
PbZr0.8Ti0.2O3-like (yellow) character is consistent with the heterostructure volume fraction (66% 
PbZr0.4Ti0.6O3 and 33% PbZr0.8Ti0.2O3; a 2:1 ratio) (Figure 4.13a). As the superlattice periodicity 
is shortened, the intensity of the distribution attributed to the parent-PbZr0.4Ti0.6O3-like character 
decreases and the intensity of the distribution attributed to the phase-boundary-like character 
(green) increases. The intensity of the distribution attributed to the parent-PbZr0.8Ti0.2O3-like 
character remains relatively unchanged with periodicity, which is attributed to the larger difference 
in chemical proximity to the phase-boundary for this composition than the parent-PbZr0.4Ti0.6O3 
phase. This suggests that as the number of interfaces is increased, the fraction of material in the 
superlattices exhibiting phase-boundary-like character increases – a trend shown schematically 
(and quantitatively based on the intensity evolution of the FORC distributions; Figure 4.13b). In 
the bilayer heterostructures, the predominant character is that of the parent phases; essentially no 
phase-boundary-like character is observed. Upon transition, first to the n = 8 and then to the n = 4 

Figure 4.13. (a) The evolution of peak intensities for various FORC distributions as a function of 
superlattice periodicity. (b) Schematic representation of the evolution of peak intensities for various FORC 
distributions wherein an increasing phase-boundary-like green peak (corresponding to volume fraction) 
with decreasing superlattice periodicity (n).  
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superlattices, however, increasingly strong phase-boundary-like character is observed in the FORC 
corresponding to increasing interfacial volume behavior more like that material. In the short-period 
superlattices (n = 2), the three FORC distributions merge together, albeit with a higher coercive 
field than in the reference single-layer phase-boundary PbZr0.52Ti0.48O3, suggesting that even in 
this ultra-thin structure, some remnant parent character is maintained. This also explains why this 
film retains the same coercive field as other superlattices.  

 
4.9. Conclusions 

 
In conclusion, this work examined the role of superlattice periodicity in the observation of 
simultaneous large susceptibility and polarization in the PbZr1-xTixO3 system. While atomically-
precise (PbZr0.8Ti0.2O3)n/(PbZr0.4Ti0.6O3)2n superlattices with overall film chemistry near the MPB 
exhibit uniformly large polarization, there is significant superlattice-periodicity-dependent 
evolution of the dielectric permittivity and switching behavior.  FORC studies reveal separate 
switching events for each of the parent layers in addition to a phase-boundary-like interfacial layer 
– with the intensity of the latter increasing as the superlattice period is shortened. This corresponds 
to the creation of a large volume fraction of phase-boundary-like character at the interfaces in these 
heterostructures such that one can simultaneously achieve large polarization (enabled by the 
remnant parent character in those layers) and large permittivity (enabled by the emergent 
interfacial phase-boundary-like character layers). Ultimately, this study opens a pathway for 
artificial heterostructure design to enhance responses to external perturbation. 
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Chapter 5 
 

Artificial relaxor behavior in (BaTiO3)n/(SrTiO3)n 
superlattices 

 
This Chapter describes relaxor-like behavior, which is typically associated with chemical 
inhomogeneity/complexity in solid solutions, in atomically precise (BaTiO3)n/(SrTiO3)n  
symmetric superlattices. Using reflection high-energy electron diffraction assisted pulsed-laser 
deposition, a range of symmetric superlattice structures are produced. X-ray diffraction and 
scanning-transmission electron microscopy reveal the production of high-quality structures and 
interfaces. Then, dielectric studies as a function of temperature reveal frequency dispersion of 
dielectric response which increases in magnitude as the periodicity decreases. Subsequent Vogel-
Fulcher analysis confirms the frequency dispersion of the dielectric maxima across a range of 
periodicities and the presence of relaxor-like behavior which becomes more robust at shorter 
periods. Next, bond valence molecular dynamics (BVMD) simulations suggest that the relaxor-
like behavior observed experimentally in the shorter-period superlattices (n = 4) arises from 
temperature-driven size variations of antipolar stripe domains in contrast to the more thermally 
stable dipolar configurations in the longer-period superlattices (n = 6 and n = 16). 2D discrete 
wavelet transforms, used to quantify spatial and temporal dipolar correlations, reveal that the 
phenomenological Vogel-Fulcher freezing temperature marks the transition between a relaxor-like 
phase and one with diagonal antipolar domains. Moreover, the size and shape of the antipolar 
domains are tuned by superlattice periodicity following Kittel’s Law thus providing an artificial 
route to relaxor-like behavior which may expand the ability to control desired properties in these 
complex systems. 

 
5.1. Introduction 

 
Superlattices, or unit-cell-precise layered structures, provide researchers with the ability to fine 
tune competing energy contributions and leverage the interplay of various degrees of freedom in 
complex oxides to produce emergent phenomena. Those energies and interactions can be further 
manipulated via epitaxial strain, superlattice periodicity, superlattice asymmetry, and other 
variables which make oxide-based superlattices a veritable playground for new effects. 
Superlattices based on alternating layers of ferroelectric and dielectric materials, in particular, have 
garnered considerable interest due to the prospect of producing exotic polar order and function 
such as improper ferroelectricity, vortex structures, skyrmions, and large piezoelectric 
responses64,66,69. Such superlattice structures provide researchers with the opportunity to control 
the energy landscape of materials by manipulating the electrostatic, elastic, and gradient energies 
systematically, thus providing a route to induce exotic order and function. For example, in 
(PbTiO3)n/(SrTiO3)n (where n is the number of unit cells) superlattices alone, researchers have 
shown the onset of improper ferroelectricity64,70, flux-closure domain structures65, and emergent-
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polar structures such as vortices66,67,71 and skyrmions69,164. Superlattice structures have even been 
used in all-ferroelectric layered structures to enhance ferroelectric polarization and dielectric 
response simultaneously as was recently demonstrated in the PbZr1-xTixO3 system165. These  
examples illustrate the expansive design space and potential to explore behavior beyond previously 
reported novel phases and enhanced properties in oxide superlattices.  
 
5.2. Prior art in the Ba1-xSrxTiO3 system 

 
Yet another superlattice system that has been widely studied is (BaTiO3)n/(SrTiO3)n

139,140,166, 
where BaTiO3 (SrTiO3) is a prototypical ferroelectric (dielectric). As a solid solution, Ba1-xSrxTiO3 
has been widely investigated and utilized for its dielectric properties167,168, including nonlinear 
dynamics166 and high tunability169. As a superlattice, (BaTiO3)n/(SrTiO3)n has been studied in an 
attempt to enhance polarization values, produce exotic domain structure, etc. Going back to even 
some of earliest work on these superlattices, researchers reported effects akin to what is typically 
observed in relaxors40,170. Despite these intriguing observations, the attention has been more 
focused on tuning interlayer strain to produce a broad range of physical properties139,140, and less 
on explaining the mechanism behind effects such as the relaxor-like behavior. Observation of 
relaxor-like order in superlattice structures is surprising since it is typically observed in chemically 
disordered materials40,131,171 such as (1-x)PbMg1/3Nb2/3O3-(x)PbTiO3

170,172, wherein local 
heterogeneous chemical fluctuations drive a shallow potential energy barrier between competing 
structures, leading to a distribution of polar domains, relaxation frequencies, and consequent 
frequency dispersion of dielectric response. Such behavior, at least in part, is ascribed to strong 
disorder and variation in the valence state of A- and B- site cations in a solid solution38. In the 
(BaTiO3)n/(SrTiO3)n system, A-site barium and strontium cations can be precisely layered in a 
superlattice structure, thus begging the question: can one artificially design relaxor properties? To 
answer this question, the mechanism driving relaxor behavior in this system must be understood. 

 
5.3. Experimental superlattices – growth and structure 
 
Here, I explore (BaTiO3)n/(SrTiO3)n superlattices both experimentally and theoretically, with the 
goal of confirming relaxor-like behavior and subsequently explaining the mechanism behind its 
origin. Using reflection high-energy electron diffraction (RHEED)-assisted pulsed-laser 
deposition, superlattices of the form (BaTiO3)n/(SrTiO3)n (n = 4-20 unit cells) have been produced. 
While X-ray diffraction and scanning-transmission electron microscopy reveal the production of 
high-quality structures and precise interfaces, frequency- and temperature-dependent dielectric 
studies reveal enhanced permittivity and tunability as the periodicity decreases. Vogel-Fulcher 
(VF) analysis confirms frequency dispersion of the dielectric maxima across a range of 
periodicities and the presence of relaxor-like behavior which becomes more robust at shorter 
periods. Bond valence molecular-dynamics simulations (BVMD) indicate that the relaxor-like 
behavior in the shorter-period superlattices (n = 4) derives from thermally induced width 
modulations of antipolar stripe domains as opposed to the more temperature-independent dipolar 
configurations in the longer-period superlattices (n = 6 and n = 16). In addition to introducing a 
novel strategy for quantifying dipolar correlations, this study sheds light on the mechanism of 
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Vogel-Fulcher freezing in (BaTiO3)n/(SrTiO3)n and outlines a pathway for artificial design of 
relaxational properties in superlattices. 

The current work focuses on symmetric (BaTiO3)n/(SrTiO3)n (n = 4, 5, 6, 8, 10, 12, 16, and 
20 unit cells) superlattice heterostructures with overall film composition of Ba0.5Sr0.5TiO3 
synthesized via RHEED-assisted pulsed-laser deposition on 20 nm SrRuO3/GdScO3 (110) 
substrates (Methods). GdScO3 was selected as the substrate due to its lattice parameter (apc = 3.96 
Å) being between that of BaTiO3 (apc = 4.005 Å; where pc denotes pseudocubic) and SrTiO3 (a = 
3.905 Å) and thus induces moderate compressive strain on the BaTiO3 (-0.8%) and tensile strain 
on the SrTiO3 (1.6%). Note that, in the BVMD simulations, this compressive strain is applied 
artificially by fixing the in-plane a and b lattice constants. As a comparative reference, a single-
layer Ba0.6Sr0.4TiO3 solid-solution film (henceforth referred to as the single-layer film) was grown 

Figure 5.1. (a) RHEED-assisted PLD of (BaTiO3)16/(SrTiO3)16 demonstrates persistent layer-by-layer 
deposition control. (b) θ-2θ X-ray diffraction patterns about the 002-diffraction condition for various 
superlattice periodicities (n). (c) HAADF-STEM image confirming sharp deposition control in 
(BaTiO3)16/(SrTiO3)16. 
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for similar measurements. This composition was readily available and is close in chemical 
composition and relevant electrical properties to be used as a reference material169,173,174. During 
the growth of the superlattice heterostructures, persistent and streaky RHEED intensity oscillations 
indicative of a layer-by-layer growth mode were observed for all depositions, with representative 
data shown for a n = 16 superlattice (Figure 5.1a). θ-2θ X-ray diffraction studies reveal single-
phase, fully epitaxial, 00l-oriented films (all 70 nm in total thickness) with superlattice peaks 

Figure 5.2. Off-axis reciprocal space maps about the 103pc-diffraction condition demonstrate coherent 
strain for all (BaTiO3)n/(SrTiO3)n superlattice structures to the GdScO3 substrate. Superlattice fringes 
varying in spacing along Qx = 0 according to the periodicity n of each structure. 

Figure 5.3. On-axis reciprocal space maps about the 002pc-diffraction condition show periodic out-of-plane 
features as seen in the line scan at the same diffraction condition (Figure 1b). With no detectable peaks at 
Qx ≠ 0, no in-plane periodic features are observed.  
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varying as expected according to the evolving superlattice periodicity (Figure 5.1b). This initial 
structural characterization reveals high-quality superlattices have been produced. Reciprocal space 
maps about the 103pc-diffraction conditions of the substrates and superlattices are also consistent 
with high-quality epitaxial growth as expected by the in situ RHEED and reveal that the 
heterostructures are all coherently strained to the substrates (Figure 5.2). On-axis reciprocal space 
maps at room temperature about the 002pc-diffraction conditions do not show any peaks at Qx ≠ 0 
(Figure 5.3). This indicates an absence of periodic in-plane features at room temperature (as are 
observed, for example, in vortex structures in (PbTiO3)n/(SrTiO3)n heterostructures)66. Z-contrast, 
high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) 
imaging further confirms the high-quality nature of the superlattice structures and reveals the 
presence of sharp interfaces between the layers, as the Z-contrast primarily comes from the barium 
and strontium cations (Figure 5.1c). In summation, the RHEED, X-ray diffraction, and STEM 
analyses all confirm high quality superlattice heterostructures with controlled periodicities and 
sharp interfaces (with minimal interdiffusion/mixing of the layers) have been produced. With this 

Figure 5.4. (a) Hysteresis loops demonstrate no significant remanent hysteresis across all superlattices and 
single-layer Ba0.6Sr0.4TiO3. (b) Frequency-disperse temperature-dependent dielectric permittivity maxima 
are (c) fitted to the Vogel-Fulcher relation. (d) Vogel-Fulcher fitted parameters are tabulated for 
(BaTiO3)n/(SrTiO3)n superlattices in addition to Ba0.6Sr0.4TiO3 and literature values for Pb(Mg0.33Nb0.67)O3 

(PMN), 0.7Pb(Mg0.33Nb0.67)O3-0.3PbTiO3 (PMN-PT), and CaCu3Ti4O12.  
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foundation, I proceed to study the evolution of dielectric and ferroelectric properties in these 
heterostructures. 

 
5.4. Relaxor behavior in electrical response 
 
Symmetric SrRuO3/(BaTiO3)n/(SrTiO3)n/SrRuO3 capacitor structures were fabricated to enable 
dielectric and ferroelectric measurements (Chapter 3). Room-temperature polarization-electric 
field hysteresis loops (Figure 5.4a) reveal no significant remanence but strong polarization values 
at high fields (17-23 μC/cm2) for all superlattice heterostructures and the single-layer film 
comparison. In general, however, non-linear response is more pronounced in short-period 
superlattices while long-period superlattices trend more towards linear dielectric response. As 
compared to the single-layer film (which demonstrates strong non-linear and non-hysteretic 
behavior – as expected since the transition temperature (~250 K175) is below room temperature), 
the response of the shortest-period superlattices (n = 4) is most similar. The lack of remanence in 
the hysteresis loops at room temperature suggests a lack of stable long-range ferroelectric order in 
all heterostructures.  The single-layer film and all superlattices begin to show some hysteresis upon 
cooling to 80 K, yet only the single-layer film reveals a robust remanent polarization consistent 
with that expected for a ferroelectric below its transition temperature (Figure 5.5)176.  
To investigate the nature of any potential phase transitions in the superlattice heterostructures, 
temperature- (80-350 K) and frequency-dependent (0.5-500 kHz) dielectric measurements were 
completed on all superlattice-heterostructure variants (Figure 5.4b). Several trends and 
observations are noted. First, the maximum value of dielectric response decreases systematically 

as the periodicity n increases. Second, the 
temperature corresponding to the 
maximum in the dielectric response (Tmax) 
increases as the periodicity n increases. 
Third, all samples show broad temperature-
dependent dielectric peaks and frequency 
dispersion (ΔTmax = 20-35 K corresponding 
to changing the frequency from 500 Hz to 
500 kHz). In relaxor ferroelectrics, it is 
typical to observe a broad temperature-
dependent peak and significant frequency 
dispersion of Tmax (ΔTmax)175,177. Both of 
these features are present in all superlattice 
periodicities studied, but the total dielectric 
permittivity and ΔTmax are enhanced in 
short-period structures. For comparison, 
the single-layer film has a Curie 
temperature ≈165 K with essentially no 
frequency dispersion (Figure 5.6). This 
suggests that, despite having similar 

Figure 5.5. Low-temperature hysteresis loops at 80 K, 10 
kHz demonstrate a lack of significant remanent 
polarization for superlattice samples (n = 4, 6, 8, 10, 12, 
16, 20) in contrast to a remanent polarization Pr = 11 µC 
cm-2 for Ba0.6Sr0.4TiO3. Stronger non-linearity is 
demonstrated in shorter-period superlattices, maintaining 
the same trend from room-temperature hysteretic 
response.  
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chemical compositions, short-period superlattice 
heterostructures exhibit distinctly different 
responses from single-layer materials. 

The unique nature of the short-period 
superlattices is further illustrated in room-
temperature capacitance-voltage measurements 
which reveal larger tunability in short-period 
superlattices. The tunability of the dielectric 
constant up to a dc field of 125 kV cm-1 jumps from 
0% for n = 16 superlattices to 24% for n = 4 
superlattices (Figure 5.7). The increase in tunability 
in short-period superlattices suggests that either the 
polarization or the domain structures in these 
superlattices must be more readily modulated. 
Likewise, the long-period superlattices display 
field-independent permittivity which is suggestive 
of larger energy barriers to polarization and/or domain reorientation; which is consistent with the 
linear shape of polarization-electric field response in long-period superlattices. Both of these ideas 
will be explore din more detail in the later BVMD simulations. Large tunability has been reported 
in Ba1-xSrxTiO3 solid-solutions (which has made such materials a focal point for numerous 
applications)169,178,179, and the single-layer films in this study live up to this expectation with a 
tunability of 68% at a field strength of 125 kV cm-1 (Figure 5.7). These observations are consistent 
with heterogeneous chemical fluctuations in the solid solutions of these materials and close 

proximity to the Curie temperature at 
room temperature. 

To further explore relaxor-
like behavior in this superlattice 
system, I analyzed the temperature- 
and frequency-dependent dielectric 
response within the VF framework 
(Methods)33. For brevity and due to 
the similar nature of the observed 
responses, I downselect to the n = 4, 
6, 8, and 16 superlattice 
heterostructures and the single-layer 
films for this analysis (Figure 5.4c). 
Fitting the data with the VF 
relationship (Figure 5.4c, black lines) 
results in values that align well with 
existing relaxor literature (Figure 
5.4d)30. Dielectric response from the 
single-layer was fitted to the VF 
relation for reference, but gave 

Figure 5.6. Temperature-dependent dielectric 
permittivity from 1 kHz to 1 MHz for 
Ba0.6Sr0.4TiO3 demonstrates negligible 
frequency dispersion across a Curie temperature 
of 165 K.  

Figure 5.7. Capacitance – voltage measurements up to applied 
dc field strengths of 125 kV cm-1 demonstrate an increase in 
tunability at shorter superlattice periodicities. Long-period 
superlattices display a tunability of the dielectric permittivity 
near 0% and the short-period n = 4 superlattice shows a 
tunability of 24%. Low-loss tangents (<0.05) are consistent for 
all measurements.   
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unphysical values due to its transition to a ferroelectric demonstrating negligible frequency 
dispersion180. The activation energy Ea ranges between 0.024-0.053 eV for all periodicities longer 
than n = 4, with an increase to 0.28 eV in the n = 4 superlattices. The jump in activation energy is 
accompanied by a jump in the characteristic frequency f0 which is ~1018 Hz for the n = 4 
superlattices compared to values in the range of 108-1010 Hz for longer-period superlattices. 
Reported relaxors such as single-crystal PbMg0.33Nb0.67O3 (PMN), thin-film 0.7PbMg0.33Nb0.67O3-
0.3PbTiO3 (PMN-PT), and ceramic Ba0.55Sr0.45TiO3 are in the same range of fitted VF parameters 
as those noted here for the long-period superlattices (Figure 5.4d)181. In the short-period 
superlattices, non-interfacial BaTiO3 layers are more involved in the dielectric response (see 
titanium flipping frequency below), increasing the active volume responding to external fields at 
shorter periodicities. The increased active volume, in turn, increases the energy required to 
oscillate polar regions in BaTiO3 in a dielectric-permittivity measurement. Polar domains in n = 4 
superlattices have a lower energy barrier to not only other domain configurations, but also smaller 
domains. Smaller domains are consistent with the increased characteristic frequency from the VF 
fit. Experimental freezing temperatures (Tf) extracted from the VF relationship increase directly 
with superlattice periodicity, with Tf rising from 56 K in n = 4 to 291 K in n = 16. The freezing 
temperature increases with increasing periodicity because larger, more thermally stable domains 
are present in longer-period superlattices.  
 
5.5. Molecular dynamics simulations 
 
To understand the experimentally observed slowing down of dipolar fluctuations, NPT-BVMD 
simulations of the n = 4, 6, and 16 superlattices were performed1 in the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS)182 using a composition-transferable 
bond-valence interatomic potential for Ba1-xSrxTiO3

176. Every structure is a 20 x 20 x 2 (n+m) 
supercell containing 4000(n+m) atoms and has two periods, i.e., 
(BaTiO3)n/(SrTiO3)m/(BaTiO3)n/(SrTiO3)m, in order to include inter-period correlations. Ti 
displacements of 0.05 Å were initialized along [111] so as to start from the low-temperature 
ferroelectric and rhombohedral phase of BaTiO3

183. 
To confirm that the shorter-period (BaTiO3)n/(SrTiO3)n superlattices (n = 4 and 6) give rise 

to relaxor-like phases, I analyze the temperature- and periodicity-dependent evolution of the 
underlying dipolar structure in the BVMD simulations. Dynamics snapshots of the equilibrium 
minimum-potential-energy dipolar configuration reveal a relaxor-like polarization texture as a 
function of temperature (horizontal axis) and periodicity (vertical axis) (Figure 5.8. First, I will 
discuss the short-period n = 4 superlattice. At temperatures less than 50 K, a phase with ≈6 
antipolar stripe domains per 80 Å is preferred. Between 50 and 90 K, the number of antipolar stripe 
domains per 80 Å becomes ≈4. In other words, the domain width w increases from ≈13 to 20 Å. 
From 90 to 110 K, the system favors antipolar diagonal domains, which enables the formation of 

 
1MD simulations were accomplished in collaboration with Dr. Robert B. Wexler and Prof. Andrew M. Rappe from 
the Department of Chemistry at the University of Pennsylvania and the Department of Mechnical and Aerospace 
Engineering at Princeton University. 



52 
 

≈28-Å-wide stripe domains in the simulation cell. Therefore, at temperatures less than or equal to 
110 K, the dipolar-structure evolution of the n = 4 superlattice upon heating (cooling) is 
characterized by the widening (narrowing) of domains. Finally, above 110 K, a relaxor-like phase 
composed of slush-like polar structures is stable. The emergence of a relaxor-like polarization 
texture above the calculated Tf (90 K for n = 4) is in excellent qualitative agreement with the 
experimental dielectric response. As a point of reference, the calculated and measured Curie 
temperatures of BaTiO3 are 160 K184 and 393 K185, respectively. Considering the measurements 
correspond to temperatures less than 393 K, the simulated temperature range of 10-170 K is 
appropriate. While the thermal evolution of the n = 6 dipolar configuration is similar to that of n = 
4, the stripe-diagonal and diagonal-relaxor transition temperatures are higher, and the narrowest 
(w ≈ 13 Å) stripe-domain configuration disappears at low temperatures. Finally, for n = 16, the 
ground-state dipolar configuration is ≈2 antipolar stripe domains per 80 Å for the entire range of 
simulation temperatures except at those less than 50 K for which there is remanence, but it is minor 
in magnitude. For this reason, 50 K appears to mark the transition between antipolar stripe domains 
(≥ 50 K) and monodomain ferroelectric periods (< 50 K). 

I now rationalize the effect of periodicity and temperature on domain width (Figure 5.8). 
At a constant temperature, the domain width increases with periodicity. This dependence was 
initially explained by Kittel186,187 for antipolar stripe domains in ferromagnetic materials and 

Figure 5.8. Dipolar configuration-temperature stability diagram for (top) n = 4, (middle) n = 6, and 
(bottom) n = 16. n = 4 has two dipolar configuration transitions ≤ 90 K whereas the lowest phase transition 
temperature for n = 6 is 130 K. Qualitatively defining Tf as the temperature above which the relaxor-like 
phase is stable, the results show that n = 4 freezes at a lower temperature (90 K) than n = 6 (130 K) and 
n = 16 (>170 K), which agrees with the fitted Vogel-Fulcher parameters. 
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recently generalized by Bennett et al.188 for those in ferroelectric/paraelectric periodic 
superlattices. Both derivations begin with the following expression for the free energy per unit 
volume (F) of a ferroelectric thin film of thickness d in an arbitrary dielectric medium: 

𝐹𝐹 = 𝜎𝜎
𝑤𝑤

+ 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑤𝑤,𝑑𝑑)         (5.1) 
where σ is the domain-wall energy and Felec is the electrostatic depolarization energy. Upon 
applying the latter theory188 to (BaTiO3)n/(SrTiO3)n, the relationship between the equilibrium 
domain width and periodicity is given by: 

𝑤𝑤2 ≈ 7.37𝜀𝜀0𝜎𝜎�𝜀𝜀𝑆𝑆+�𝜀𝜀𝑎𝑎𝜀𝜀𝑐𝑐�
𝑃𝑃2

𝑑𝑑             (5.2) 
where εS is the dielectric constant of SrTiO3, εa (εc) is the xx (zz) component of the dielectric tensor 
for BaTiO3, and P is the polarization. This relation clearly demonstrates that the domain width 
increases with periodicity by w ∝√𝑛𝑛. The intuition behind the positive correlation between domain 
width and periodicity is that thicker layers need larger domain walls to make the same number of 
antipolar stripe domains per unit length. Since the energy cost of creating these domain walls is 
greater for thicker layers than thinner ones, the former favor fewer domain walls per unit length, 
i.e., wider domains. At a constant periodicity, the domain width decreases with temperature. This 
dependence can be obtained by taking into account the measured temperature-dependence of the 
polarization and dielectric constants in Equation 5.2. Since the polarization increases (Figure 5.9) 
and the dielectric constant decreases upon cooling below Tf, the domain width should decrease 
with temperature. 

To analyze the dipolar fluctuations within these layers, 2D discrete wavelet transforms 
(2D-DWTs) were employed to capture both spatial and temporal information about a given 2D 
signal, in this case the Pc correlations in an ab-layer of the (BaTiO3)n/(SrTiO3)n superlattice 
structure. The 2D-DWT of a 2D dipolar 
configuration is calculated by transforming 
it to the spatial frequency domain (using 
wavelets), applying a series of spatial-
frequency filters, and inverse transforming 
it back to the spatial domain. First it is 
passed through a low-pass filter, revealing 
polar domains with longer-range order 
because these regions change polarization 
with lower spatial frequencies (i.e., longer 
spatially resolved domains). The dipolar 
configuration is also decomposed 
simultaneously using a high-pass filter, 
exposing domains with shorter-range 
order, which, for the highest spatial 
frequency changes in the polarization, 
correspond to white Gaussian “polar” 
noise (when biorthogonal 3.5 wavelets are 
used)189.  

Figure 5.9. Same decrease in the average polarization of 
the BaTiO3 layers upon heating for n = 4 and 6. 
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The 2D-DWT distinguishes different degrees of dipolar order (Figure 5.10a). For a 
schematic monodomain ferroelectric material (Figure 5.10a – Ferroelectric), which is 
characterized by long-range order in either the +c (yellow) or –c (purple) directions (Figure 5.10a 
– Domains), the low-pass filter reproduces the original dipolar configuration (Figure 5.10a – Low-
pass). A polar noise level σPN can be estimated as the median absolute deviation of the wavelet 
coefficients at the highest spatial frequencies177. Therefore, in the scenario of a monodomain 
ferroelectric, for which no high-pass signal is detected, a background turquoise color is depicted 
(Figure 5.10a – High-pass), as 𝜎𝜎PN = 0. On the other hand, for a paraelectric material (Figure 5.10a 
– Paraelectric), which is defined by the absence of dipolar order, the 2D-DWT yields a larger 𝜎𝜎PN 
= 1.23. For a relaxor material (Figure 5.10a – Relaxor at time t), the expectation for dipolar 
ordering is somewhere between that of the extreme cases of ferroelectric and paraelectric materials 
(0 < 𝜎𝜎PN < 1.23) due to the coexistence of ferroelectric- and paraelectric-like phases as either slush-
like polar structures38 or polar nanoregions inside a nonpolar matrix35. The 2D-DWT also can 
quantify dipolar fluctuations, in addition to their ordering, via the time variations of 𝜎𝜎PN (Figure 
5.10a – Relaxor at time t+Δt). In other words, over a simulated period of ≈150 ps at equilibrium, 
the variation of 𝜎𝜎PN is given by its time-averaged standard deviation (Δ𝜎𝜎PN). This value quantifies 
the dynamical nature of polar domains in a material, wherein a larger Δ𝜎𝜎PN indicates a highly time-
varying dipolar structure. Together, σPN and ΔσPN can be interpreted as a measure of the dipolar 
order and fluctuations, respectively. 
The n = 4, 6, and 16 (BaTiO3)n/(SrTiO3)n superlattice structures show the dependence of σPN 
(vertical axis) and ΔσPN (line width) on the layer along the c lattice vector (horizontal axis) and 
temperature (color axis) (Figure 5.10b-c). For all n, the BaTiO3 σPN and ΔσPN are less than those 
of SrTiO3 at the same temperature. The former can be rationalized by the fact that bulk BaTiO3 is 
ferroelectric and bulk SrTiO3 is paraelectric, whereas the latter can be interpreted as the dipolar 

Figure 5.10. Wavelet-based estimator of the polar noise standard deviation (σPN). (a) 2D discrete wavelet 
transform of schematic, 2D dipolar configurations for a ferroelectric, paraelectric, relaxor at some time t, 
and the same relaxor some time later t+∆t. Time-averaged, layer-resolved σPN for the (b) n = 4, (c) n = 6, 
and (d) n = 16 superlattices at different temperatures. σPN and ∆σPN quantify spatial and temporal order, 
respectively. 
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dynamics being more time-invariant in ferroelectric BaTiO3 than paraelectric SrTiO3. 
Additionally, the results show that, across all periodicities studied, σPN and ΔσPN decrease with 
temperature. This demonstrates the freezing of polar domains as decreasing σPN and ΔσPN 
correspond to the ordering of the dipolar configuration and the slowing of the dipolar dynamics, 
respectively. Since non-interfacial BaTiO3 layers in (BaTiO3)n/(SrTiO3)n are the closest to bulk 
BaTiO3 in terms of their local structure and thus ferroelectric disposition, they are likely to serve 
as the nucleation center from which polar domains can freeze. Therefore, defining Tf as the 
temperature at which σPN and ΔσPN → 0 for non-interfacial BaTiO3 layers, I find that Tf increases 
with periodicity (90 K for n = 4, 130 K for n = 6, and >170 K for n = 16), which is in excellent 
agreement with the experimentally measured freezing temperature. Importantly, the 2D-DWTs 
support the existence of relaxor-like phases in n = 4 and n = 6 superlattices at temperatures greater 
than Tf with intermediate dipolar order with values of σPN between 0.2-0.9 and highly-fluctuating 
dipoles with ΔσPN ≈0.1-0.2. 
 
5.6. Conclusion 

 
In conclusion, this work studied artificially designed relaxor behavior in the (BaTiO3)n/(SrTiO3)n 
system, wherein thermally induced width modulations of antipolar stripe domains short-period 
superlattices. Easily accessible fluctuations lead to enhancement of dielectric constant across a 
broad temperature range. All experimentally grown superlattices demonstrate some degree of 
relaxor behavior, with stronger behavior present in shorter periodicities and explained by BVMD. 
This study presents a mechanism for artificially defining relaxor structures in superlattices, 
wherein the thickness of a repeating superlattice unit can be modulated to design artificial relaxor 
behavior by modulating the width of antipolar stripe domains. Lastly, this work outlines design 
criteria based on layer thickness and dielectric permittivity for exploring complex polarization 
textures in ferroelectric superlattice systems. 
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Chapter 6 
 

Beyond ferroelectric order: ferromagnetic order and 
interfacially-driven behavior 

 
This Chapter focuses on emergent ferroic order beyond ferroelectric order. Symmetry breaking 
and mismatch of chemical potential at interfaces results in emergent phenomena inaccessible in 
the bulk. Because interfaces can reconstruct structurally and electronically, emergent phenomena 
can be tuned in more ways than just polar, ferroelectric order. This Chapter explores tuning ultra-
thin ferromagnetic order in addition to and the electrostatic boundary conditions imposed on a 
ferroelectric phase by an emergent charge-ordered phase. First, I will focus on the heterointerface 
between ultra-thin LaCrO3/SrTiO3, which is positioned as a system with potential for emergent 
interfacial ferromagnetic order. The presence of ferromagnetic order at the interface between an 
antiferromagnet (LaCrO3) and a diamagnet (SrTiO3) near room temperature would be impactful 
for studying how spin and orbital degrees of freedom are affected at oxide heterointerfaces. Next, 
I will focus on the prospect of an optically induced phase metal-insulator-transition in 
La0.67Ca0.33MnO3 to be utilized as either a dielectric or metallic layer adjacent to ultra-thin PbTiO3 
layers. This work can potentially turn on or off exotic polar phases such as vortices, skyrmions, 
etc. 

 
6.1. Ferromagnetic order in ultra-thin LaCrO3 

 
Magnetism in complex oxides is mediated by strong short-range interactions and correlations 
between charge, spin, and orbital degrees of freedom. These interactions can be dramatically 
altered when placed in competition 
with a dissimilar material, for example 
at the interface between thin-film 
layers. Thus, interfacial engineering 
presents an opportunity to produce 
novel physical phenomena, such as 
new magnetic states. One example of 
such interface mediated properties is 
exchange coupling in ferromagnetic or 
antiferromagnetic heterostructures 
which has been a research focus for 
decades due to its application in 
spintronics devices such as spin 
valves190. 

In parallel, there is extensive 
work on heterointerfaces such as that 

Figure 6.1. Charged layers in an oxide perovskite ABO3 
structure along the [001]. Alternating positive negative and 
positive charges in the AO+ and BO– layers build up potential 
in proximity to nonpolar layers, leading to a polar 
discontinuity and polar catastrophe.  
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in LaAlO3/SrTiO3 wherein charge mismatch between polar and non-polar layers in the materials 
provides for a built-in potential (known as a polar discontinuity) that drives accumulation of 
electrons near the interface, thus creating a conducting layer between these two insulators191–197. 
Depending on the oxidation state of the A- and B-site cations, perovskites can exhibits layers with 
a negative, positive, or neutral charge. Neutral layers exist in non-polar materials such as SrTiO3, 
with Sr2+ and Ti4+ oxidation states. Likewise, charged layers exist in oxide perovskites with A-site 
cations in the 3+ oxidation state. Alternating charged layers in the [001] correspond to the AO+ 
and BO2

– layers in the ABO3 perovskite structure (Figure 6.1). The built-in potential builds up a 
charge mismatch at the interface between two materials with different band gaps, as each unit cell 
builds up more charge at this polar discontinuity until a polar catastrophe occurs and charge 
(electrons) accumulates at the interface to negate the built-in interfacial voltage. To date, however, 
these studies have primarily focused on electronic reconstruction. I am interested in leveraging the 
polar discontinuity model to influence ferroic order parameters such as ferromagnetic order.   

In this regard, researchers have applied the polar discontinuity model to magnetic 
transition-metal oxide systems, inducing a change in orbital occupation in manganate systems and 
reporting ferromagnetic states inaccessible in the bulk198,199. Prior work from my colleagues has 
established a combined theoretical and experimental framework to understand the nature of 
electronic reconstruction at the LaMnO3/SrTiO3 (001) heterointerface200. LaMnO3, an 
antiferromagnetic insulator in the bulk, has alternating charged layers LaO+ and MnO2- which 
result in a polar discontinuity with nonpolar SrTiO3. The discontinuity is compensated by an 
accumulation of electrons near the interface, in this case doping the LaMnO3 and drives the 
formation of a ferromagnetic state mediated by double exchange interactions. This work opens 
opportunities for exploring emergent ferromagnetic phenomena in other systems. 

Previous studies in the literature have probed the potential for a polar discontinuity at the 
LaCrO3/SrTiO3 (001) heterointerface, in 
particular looking for a possible 
conducting interface (which was not 
observed)201. However, the magnetic state 
of the LaCrO3/SrTiO3 heterointerface has 
not been studied. In the bulk, LaCrO3 is an 
antiferromagnetic insulator with a Néel 
temperature near room temperature. 
Alternating charged LaO+ and CrO2

- 
layers along the [001], when interfaced 
with the non-charged SrO and TiO2 layers 
in SrTiO3 along the [001] should lead to 
electron accumulation and emergent 
interfacial properties. Akin to the 
observed ferromagnetism in LaMnO3, 
LaCrO3 thicker than a certain critical 
thickness of a few unit cells could also 
foster novel ferromagnetic order not 
observed in the bulk. Within the 

Figure 6.2. Reflection high-energy electron diffraction 
of LaCrO3 grown epitaxially in the layer-by-layer growth 
mode on SrTiO3. Persistent oscillations and streaky pattern 
(inset) demonstrate excellent thin-film deposition in situ. 
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framework of the polar discontinuity model, a ferromagnetic state in the LaCrO3 would manifest 
from an accumulation of electrons to the interface, reducing Cr3+ to Cr2+. This change in orbital 
occupancy will be observable with X-ray absorption spectroscopy (XAS), and the consequent 
ferromagnetic order will be observable with X-ray magnetic circular dichroism (XMCD). These 
experiments are critical to ascertaining induced ferromagnetic order in ultra-thin heterointerfaces. 

 
6.1.1. Initial LaCrO3 deposition and orbital occupation 

 
Bulk LaCrO3 is an antiferromagnetic insulator with a pseudocubic lattice parameter apc = 3.885 Å. 
A SrTiO3 substrate exerts 0.51% tensile strain on LaCrO3, with epitaxial growth demonstrated to 
be fully epitaxial and layer-by-layer within the scope of film thicknesses in this work202. High-
quality LaCrO3 thin films with unit-cell precision were synthesized on TiO2-terminated SrTiO3 
(001) substrates by RHEED-assisted PLD. Persistent RHEED intensity oscillations and “streaky” 
diffraction spots indicate a layer-by-layer 
growth mode, which lays the foundation for 
a set of ideal samples in which to study the 
potential for interfacially driven phenomena 
(Figure 6.2).  

I have completed preliminary XAS 
measurements of the Cr L3,2 edges and have 
confirmed the expected 3+ oxidation state in 
an as-grown thick (30 nm) LaCrO3 film 
(Figure 6.3). XAS is a widely used 
technique typically done at synchrotron 
facilities that probes local orbital occupancy 
of a material. It is achieved by using 
monochromatic photons to excite core 
electrons, wherein core electrons with 
principal quantum numbers n = 1, 2, 3 
correspond to the K-, L-, and M-edge, 
respectively. The utility of XAS in this work 
is to locally detect the oxidation state and 
therefore probe if electron accumulation is 
occurring at the LaCrO3/SrTiO3 interface. Beamline 4.0.2 at the Advanced Light Source (ALS) 
was used to carry all these XAS measurements. XAS confirms the ability to create the parent 
material and obtain the baseline charge state needed for comparison. As the thickness of the film 
is reduced to the order of a few unit cells, the probe depth (typically ~ 5 nm) of the spectroscopic 
techniques will increasingly detect signal from the buried heterointerfaces, as has been observed 
in LaMnO3 films.  

 
6.1.2. Band alignment and beyond 

 

Figure 6.3. X-ray absorption spectra of Cr L3,2 edges 
of a 30 nm LaCrO3 film demonstrating a Cr3+ oxidation 
state in agreement with reference spectra. 
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From this foundation, a thickness series of ultra-thin films can be fabricated to probe the critical-
thickness behavior on emergent ferromagnetic order at the LaCrO3/SrTiO3 heterointerface. XMCD 
is the ideal core-level spectroscopy to determine the spin structure and magnetism localized at the 
interface in thin-films oxides with just a few unit cells of thickness. The resonant enhancement of 
this technique is imperative for detection of interfacial magnetism because conventional 
magnetization measurements would struggle to deliver a signal-to-noise ratio that would allow for 
probing ultrathin films. ALS has the unique capabilities of providing soft X-ray energy ranges to 
perform measurements of the Cr L-edge while still detecting subtle signals stemming from 
phenomena localized at an interface. 

Future efforts can explore the evolution of the valence (via XAS) and magnetic (via 
XMCD) states as a function of LaCrO3 thickness, specifically in 2, 3, 4, 5, 6, 7, 8, and 10 unit-cell-
thick heterostructures (with comparison to thick 30 nm films). Above the critical thickness, I 
expect a detectable reduction from Cr3+ to Cr2+ to appear in the Cr L3,2 edge via XAS. The electron 
accumulation phenomenon found in the LaMnO3/SrTiO3, LaAlO3/SrTiO3, etc. has been shown to 

Figure 6.4. (a) Band alignment of the LaAlO3/SrTiO3 heterostructure demonstrates electron 
accumulation in the SrTiO3. Prior work from the group demonstrates (b) an electron accumulation in 
LaMnO3 and (c) ferromagnetism by observation of Mn L-edge XMCD of ultra-thin LaMnO3/SrTiO3 
heterostructures. (d) LaCrO3/SrTiO3 should have electron accumulation in LaCrO3. 
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have a critical thickness behavior in the 
range of 2-4 unit cells according to the 
band alignment of these materials.  In the 
widely-studied case of LaAlO3/SrTiO3, 
the band alignment favors electron 
accumulation in SrTiO3, which promotes 
electronic reconstruction leading to a 
highly conductive interface (Figure 6.4a). 
In prior work on LaMnO3/SrTiO3, the 
accumulation of electrons at the interface 
was found to manifest in the LaMnO3, as 
supported by first-principles density 
functional theory (Figure 6.4b). This 
gives rise to ferromagnetism in LaMnO3 
as confirmed by XMCD, previously 
performed at ALS BL4.0.2 (Figure 
6.4c)200. In the LaCrO3/SrTiO3 
heterointerface, the critical thickness is 
expected to be in the range of 3-4 unit cells based on a built-in potential ranging from 100-500 
meV per unit cell estimated from literature values of the electronic structure and work functions201. 
This is warranted by the band alignment of these materials203,204. The band alignment of the 
LaCrO3/SrTiO3 system is expected to produce an accumulation in the LaCrO3 (Figure 6.4d), which 
should be followed up with subsequent first-principles density functional theory.  

Future work should perform XMCD studies at a temperature range sweeping from 200 K 
– 350 K, centered about the Néel temperature of bulk LaCrO3. Because the electron accumulation 
is expected in ultra-thin LaCrO3, future work should also probe the lack of change in orbital 
occupation in the Ti L-edge to ensure that the electron accumulation does not manifest as a change 
in the titanium oxidation state. Ferromagnetic order at the interface between an antiferromagnet 
and a diamagnet near room temperature would be impactful for studying the evolution of spin and 
orbital degrees of freedom in emergent interfacial phenomena. 

 
6.2. Optically tunable exotic ferroic phases  

 
Recent advances have designed thin-film oxide systems with robust emergent phenomena that 

are sensitive to perturbation via optical excitation. Specifically, the La0.67Ca0.33MnO3 (LCMO) 
system has been shown to demonstrate an emergent charge-ordered insulating phase that can be 
optically excited into a metastable metallic phase205. This has been observed in 30 nm LCMO on 
NdGaO3 (001) substrates. This work claims to hide the low-temperature metallic ferromagnetic 
phase normally present in bulk LCMO below 260 K206,207 by straining it to NdGaO3, which takes 
on the GdFeO3-type orthorhombic structure and therefore imposes anisotropic strain on the LCMO 

Figure 6.5. The evolution of La1-xCaxMnO3 lattice 
parameter as a function of calcium content. Relevant 
substrates are shown for reference. 
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film. The resulting phase at low temperatures is an antiferromagnetic insulating phase, leaving the 
metastable metallic phase accessible via application of a magnetic field. In addition to a magnetic 
field, the metallic phase is also accessible by optical excitation of Mn3+–Mn4+ transitions208–211 
using 1.55 eV pulses.  

In parallel, the electrostatic boundary conditions imposed on ultra-thin ferroelectric layers 
are incredibly important for ferroic order parameters212,213. An interesting direction to take the 
light-induced metal-insulator-transition (MIT) in LCMO is to apply it in the scenario of the most 
well-studied ferroelectric superlattice, (PbTiO3)n/(SrTiO3)n. SrTiO3 typically functions as a 
dielectric layer, with a large resistance that separates polarization between each polar PbTiO3 layer. 
If SrTiO3 is replaced with LCMO, then the behavior of exotic polar phases such as skyrmions and 
vortices could be turned on and off or altered by optical excitation. 

 
6.2.1. Next challenges in emergent charge-ordered insulating phase 

 
There are several challenges in overlapping the (PbTiO3)n/(SrTiO3)n and LCMO systems, the 

first of which is strain. Vortices and skyrmions in (PbTiO3)n/(SrTiO3)n have traditionally been 
epitaxially grown on SrTiO3 and DyScO3, which have larger lattice parameters than NdGaO3 
(3.905 Å and 3.944 Å, respectively, versus 3.86 Å). The lattice parameter of La1-xCaxMnO3 also 
changes according to the variation in calcium percentage214, wherein the lattice parameter steadily 
drops with increasing calcium (Figure 6.5). Using a fixed composition of La0.67Ca0.33MnO3 
(starred, Figure 6.5), strain considerations need to not only consider the difference in magnitude 
of tensile strain from 0.23% on NdGaO3 to 1.39% on SrTiO3, but also the difference in anisotropy 
between pseudocubic NdGaO3 and cubic SrTiO3. The goal with LCMO deposition on SrTiO3 in 
this regard would be to exhibit the same behavior as LCMO on NdGaO3, with a stable 
antiferromagnetic insulating low-temperature phase. To this end, LCMO thin films were grown on 

Figure 6.6. (a) Reflection high-energy electron diffraction intensity oscillations during deposition of 
La0.67Mn0.33O3 on SrTiO3 (001). (b) θ-2θ X-ray scans about the 002-condition show excellent epitaxial 
quality. 
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SrTiO3 (001) with excellent 
RHEED intensity oscillations 
demonstrating persistent layer-by-
layer growth mode. Clear 
oscillations are shown up to 12 unit 
cells of deposition (Figure 6.6a), 
with total growth of 20 nm LCMO 
calculated by the growth rate of the 
first 12 unit cells. 𝜔𝜔 − 2𝜃𝜃 scans 
demonstrate excellent film quality, 
with thickness fringes confirming 
the total film thickness of 20 nm 
(Figure 6.6b).  

Another challenge to note 
is thickness, wherein LCMO films 
with thickness below 30 nm 
becomes more resistive and its 
ability to effectively perform as a 
switchable MIT layer diminishes. 
This is seen in resistivity sweeps to 
low temperature, both at zero-field 
and 2 Tesla (Figure 6.7a) for a 20 
nm LCMO layer on SrTiO3. The 
room temperature resistivity jumps 
about one order of magnitude in 
comparison to the 30 nm LCMO on NdGaO3 reference205, but this could be attributed to a number 

of factors in the growth 
conditions, including a fine-
tuning of a post-deposition 
anneal process.  

With single-layer 
epitaxial deposition 
established, more elaborate 
heterostructures including 
PbTiO3 can be explored. 
Thickness is another challenge 
in multi-layer 
heterostructures, wherein 
PbTiO3 layers are typically 
12-20 unit cells thick (5-8 nm) 
in vortex and skyrmion 
structures. This does not 
easily layer into a superlattice 

Figure 6.7. Resistivity versus temperature measurements with and 
without applied magnetic fields of (a) 20 nm LCMO on SrTiO3 and 
(b) 30 nm LCMO on NdGaO3 [Adapted from Zhang 2016].  

Figure 6.8. (a) Schematic of the SrRuO3 / La0.67Mn0.33O3 / PbTiO3 / 
La0.67Mn0.33O3 / SrRuO3 heterostructure. (b) θ-2θ X-ray scans 
demonstrate excellent heterostructure growth on SrTiO3. 
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system including LCMO because that component needs to be 20-30 nm thick to exhibit the 
optically-induced MIT and the total superlattice thickness would add up quickly, leading to 
potentially relaxed films. A way to circumvent this issue is to use a single heterostructure stack 
instead of a superlattice with tens of repeating units. To this end, I synthesized a multi-layer 20 nm 
SrRuO3 / 25 nm La0.67Mn0.33O3 / 6.5 nm PbTiO3 / 25 nm La0.67Mn0.33O3 / 20 nm SrRuO3 symmetric 
heterostructure (Figure 6.8a), which is particularly useful for analyzing the electronic response of 
the system within the standard framework of ferroelectric capacitor structures outlined in Chapter 
3. This heterostructure exhibits high-quality epitaxy through 𝜔𝜔 − 2𝜃𝜃 scans about the 002-
diffraction condition (Figure 6.8b). No periodic in-plane structures are detected in reciprocal space 
maps about the 002-diffraction condition (Figure 6.9a). Peaks at Qx ≠ 0 would indicate periodic 
in-plane order in the PbTiO3. All layers are epitaxially strained to the substrate as well, confirming 
excellent film quality (Figure 6.9b).  

Beyond structural considerations, LCMO/PbTiO3 heterostructures are positioned to 
explore ultrafast control of skyrmion, vortex, and supercrystal phases. More X-ray characterization 
will be required to study the control of in-plane periodicities in PbTiO3. These should be integrated 
with optical pulses in a optical-pump X-ray-probe format, wherein a relationship between optical 
pulses and exotic ferroelectric phases can be established. This would push the boundary of how 
electrostatic boundary conditions can be designed to result in tunable and/or novel polar phases. 
Further efforts such as near-field microscopy and phase-field modeling can help further this effort 
by providing more insight into the structure-property relationship in this system. 

 
  

Figure 6.9. Reciprocal space maps of multi-layer heterostructures demonstrate (a) no periodic in-plane 
features at the 002-diffraction condition and (b) excellent epitaxial quality at the 103-diffraction condition. 
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Chapter 7 
 

Summary of findings and directions for future work 
 

This Chapter summarizes key findings and features from Chapter 3 to Chapter 6 in the 
understanding of emergent ferroic behavior in oxide materials. Following that, I suggest directions 
for future work. 

 
7.1. Summary of findings 

 

1. RHEED can be used for rapid optimization: I have demonstrated a pathway for optimizing 
PLD conditions of STO in a single growth. Persistent RHEED intensity oscillations rise with 
strontium excess and fall with strontium deficiency. Laser fluence can be tuned in situ to 
fluctuate between rising and falling intensity, with stable intensity at the same level of the 
substrate (also STO) indicative of stoichiometric deposition. This is particularly useful for 
tuning the laser in a PLD system after a laser cleaning or optics change. The benefits include 
time and resources spent in the optimization of high-quality crystal structure, exact 
stoichiometry, and smooth surfaces of deposited materials. The short study described in 
Chapter 3 demonstrates the versatility that RHEED provides in PLD, wherein stoichiometric 
growth is achieved in a timely and effective manner. 

2. Ferroelectric polarization and dielectric permittivity can be simultaneously enhanced: 
Typical ferroelectric materials exhibit either large dielectric susceptibility near a phase 
boundary or large saturation polarization away from a phase boundary. I achieve both large 
ferroelectric polarization and dielectric permittivity by building a superlattice heterostructure 
that simultaneously contains components near a phase boundary (interfaces) and away from 
a phase boundary (away from interface). The composition of each layer is chosen such that 
the composition of the MPB is crossed at every interface, wherein phase-boundary behavior 
stems from repeated interfacial regions in the superlattice structure. Fully-epitaxial 
(PbZr0.8Ti0.2O3)n/ (PbZr0.4Ti0.6O3)2n superlattices with overall film chemistry at the MPB 
described in Chapter 4 contain constitutive layers that retain their bulk properties according 
to the superlattice thickness n (in unit cells). FORC studies reveal separate switching events 
for each of the parent layers in addition to a phase-boundary-like interfacial layer – with the 
FORC intensity of the latter increasing as the superlattice period is shortened. This 
corresponds to the creation of a large volume fraction of phase-boundary-like character at the 
interfaces in these heterostructures such that one can simultaneously achieve large 
polarization (enabled by the parent character in those layers) and large permittivity (enabled 
by the emergent interfacial phase-boundary-like layers). This reveals that deterministic 
creation of artificial superlattices is an effective pathway for designing materials with 
enhanced responses to applied bias. 
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3. Relaxors can be designed from superlattice heterostructures: Relaxor-like behavior, which is 
typically associated with chemical inhomogeneity/complexity in solid solutions, is 
experimentally and computationally observed in atomically precise (BaTiO3)n/(SrTiO3)n (n = 
4-20 unit cells) symmetric superlattices in Chapter 5. Dielectric studies as a function of 
temperature reveal frequency dispersion of dielectric response which increases in magnitude 
as the periodicity decreases. Subsequent Vogel-Fulcher analysis confirms the frequency 
dispersion of the dielectric maxima across a range of periodicities and the presence of relaxor-
like behavior which becomes more robust at shorter periods. BVMD simulations suggest that 
the relaxor-like behavior observed experimentally in the shorter-period superlattices (n = 4) 
arises from temperature-driven size variations of antipolar stripe domains in contrast to the 
more thermally stable dipolar configurations in the longer-period superlattices (n = 6 and n = 
16). 2D discrete wavelet transforms, used to quantify spatial and temporal dipolar 
correlations, reveal that the phenomenological VF freezing temperature marks the transition 
between a relaxor-like phase and one with diagonal antipolar domains. Moreover, the size and 
shape of the antipolar domains are tuned by superlattice periodicity following Kittel’s Law 
thus providing an artificial route to relaxor-like behavior which may expand the ability to 
control desired properties in these complex systems. 

4. The dielectric permittivity of ultra-thin superlattice layers depends on the periodicity: In the 
atomically precise superlattice systems focused on in this work, the repeating unit of a 
superlattice heavily dictates the permittivity. In the case of (PbZr0.8Ti0.2O3)n/ (PbZr0.4Ti0.6O3)2n 
superlattices, this can be attributed to the amount of interfaces that behave like a phase 
boundary. While these structures exhibit uniformly large polarization, there is a significant 
superlattice-periodicity-dependent evolution of the dielectric permittivity and switching 
behavior according to the number of interfaces and therefore the amount of phase-boundary 
behavior.  In the case of (BaTiO3)n/(SrTiO3)n superlattices, both dielectric permittivity and 
tunability can be enhanced by tuning the superlattice periodicity down to shorter periods. In 
this case, temperature-driven size variations of antipolar stripe domains in short-period 
superlattices lead to strong relaxor-like behavior in contrast to more thermally stable dipolar 
configurations in the longer-period superlattices. 

 
7.2. Directions for future work 

 
This section covers a handful of directions for future efforts, primarily focused on destabilizing 
ferroelectric phases to explore novel phases and enhanced properties by using the extra degrees of 
freedom enabled by superlattice design criteria. 

 
7.2.1. Tri-component superlattices 

 
The superlattice systems in this work are almost exclusively two-component systems (not 
including electrode layers). One design parameter that can be expanded on is the number of 
components in the system. The next obvious step is a tri-component system. Tri-layer superlattices 
have previously explored, typically with the goal of enhancing dielectric response and polarization 
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through the breaking of inversion symmetry87,145,215–220. One notable advance in this effort is the 
tri-color BaTiO3/SrTiO3/LaTiO3 superlattice221, wherein unequal interfaces give rise to coexisting 
polar structure and metallicity. 

To expand on the current work on superlattices in the PbZr1-xTixO3 system, future efforts 
could employ a tri-component superlattice. Given the importance of the MPB in this system, a 
logical third component to weave into this system would be the MPB composition, 
PbZr0.52Ti0.48O3. Thus, a tri-component superlattice with PbZr0.8Ti0.2O3/ 
PbZr0.52Ti0.48O3/PbZr0.4Ti0.6O3 layers could directly modulate phase boundary behavior by 
containing entire phase boundary layers. The limit of this would be PbZr0.52Ti0.48O3 layers with 
zero thickness, which would be the current work. Thus, this effort would inherently include more 
phase boundary behavior and likely maintain large dielectric susceptibility. The inclusion of 
PbZr0.52Ti0.48O3 layers could bring about interesting observations in switching, wherein the 
monoclinic phase could assist in bringing down the energy required to switch via multiple 
polarization rotations. This might be akin to previous work on successive switching events in 
(111)-oriented PbZr0.2Ti0.8O3 films222.  

Tri-component systems could also be employed in PbTiO3/SrTiO3 system, wherein an 
intermediate composition in the Pb1-xSrxTiO3 could be introduced between each PbTiO3 and 
SrTiO3 layer to reduce the contribution of polarization gradient energy in system. This sort of 
intermediate composition could lead to larger and less stable polar vortex and skyrmion structures, 
wherein smaller electric fields could elicit a larger dielectric response. When pushed to longer 
periodicities, these exotic phases could lose their in-plane polar order and exhibit more random 
polar order akin to that of relaxor ferroelectrics. 

Instead of adding an intermediate composition to an existing two-component system, the 
third component can be something entirely different. For example, future research efforts can focus 
on PbTiO3/SrTiO3/La0.67Ca0.33MnO3 superlattices205, wherein the exotic polar phases can be turned 
on and off by optical pulses (Chapter 6). The same functionality could be observed without the 
dielectric SrTiO3 layer, but that would need to be explored. Additional consideration needs to be 
taken with a dissimilar third component in growing the material as well, wherein overlapping PLD 
growth conditions would become increasingly cumbersome to achieve even in oxide thin films.  

 
7.2.2. Superlattice asymmetry 

 
The bulk of the current work utilizes superlattice periodicity as the main tool to destabilize 
ferroelectric phases, with a small degree of effort dedicated to tuning MPB behavior via 
superlattice asymmetry (Chapter 4). In asymmetric superlattices, uneven chemical compositions 
and length scales present opportunities to precisely tackle ultra-thin ferroelectric order for studying 
screening lengths, polarization rotations, etc140,215. Superlattices with asymmetric types of 
interfaces such as metal-ferroelectric interfaces15,223–227 also present fertile pathways to studying 
the evolution of ferroic order parameters in ultra-thin layers.  
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One such study that could be further explored is superlattice asymmetry in 
(BaTiO3)n/(SrTiO3)m, wherein previous work has reported enhanced out-of-plane polarization in 
phase-field simulations on SrTiO3 substrates141. There are opportunities to explore the evolution 
of ferroelectric order in this system on a more moderate substrate between the two parent 
components, wherein I have done some preliminary measurements. I designed and deposited 
(BaTiO3)n/(SrTiO3)m with n = 6 and m = 6, 4, 2 on GdScO3 (110) substrates to study how relaxor 
behavior evolves beyond periodicity (Chapter 5). θ-2θ scans about the 002-diffraction condition 
reveal high-quality epitaxial superlattices with an expanding main SL(0) peak with increased 
asymmetry (more BaTiO3). This expansion is consistent with a larger percentage of the larger 
component, BaTiO3 (Figure 7.1a). The dielectric response of the asymmetric n,m = 6,4 superlattice 
indicates an enhanced permittivity (Figure 7.1b), but caution should be taken in further studies, as 
Maxwell-Wagner polarization could be the cause of enhanced dielectric response in this 
asymmetric film due to enhanced low-frequency loss (Chapter 2). Future work in asymmetric 
superlattices in this system could go to study the evolution of relaxor behavior in fitting 
temperature-dependent frequency dispersion to the VF relation30,32,33. Another avenue in this 
system would be to probe asymmetry in the other direction, wherein more SrTiO3 in the system 
would further destabilize polar domains in the BaTiO3. A larger fraction of the dielectric 
component could also be pursued in (PbTiO3)n/(SrTiO3)n superlattices, with a likely similar effect 
of destabilizing polar vortices or skyrmions by increased SrTiO3 layer thicknesses. 

 
7.2.3. Strain control and measurement direction 
 
Another straightforward direction for future work is to take standard ferroelectric systems like 
those in the current work and probe how they behave in superlattices under various other strain 
conditions. Strain is known to be one of the larger factors in the energy landscape, so tuning the 
elastic energy of a superlattice is incredibly important55,228,229. To this end, I have designed and 
realized some preliminary structures. I explored the evolution of relaxor behavior in 

Figure 7.1. (a) X-ray diffraction about the 002-diffraction condition demonstrating high-quality epitaxial 
(00l)-oriented (BaTiO3)n/(SrTiO3)m superlattices on 20 nm SrRuO3/GdScO3 (110) with thickness and 
superlattices fringes. (b) Dielectric permittivity and loss for n,m = 6,4 and 6,6, with larger permittivity in 
the shorter periodicity.  
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(BaTiO3)10/(SrTiO3)10 superlattices with larger substrates SmScO3 and NdScO3 in addition to the 
structures on GdScO3 (110) in Chapter 5. Structures on SmScO3 and NdScO3 (110) substrates 
were grown on 20 nm Ba0.5Sr0.5RuO3 (BSRO) instead of SrRuO3 (SRO) due to its favorably 
smaller lattice mismatch with the larger substrates. θ-2θ scans about the 002-diffraction condition 
confirm strong superlattice peaks for all films, indicative of excellent layer control in the 
deposition process (Figure 7.2a). Dielectric response as a function of frequency at room 
temperature demonstrates larger permittivity with smaller substrates and no sign of Maxwell-
Wagner polarization (Figure 7.2b). Temperature- and frequency-dependent dielectric permittivity 
(Figure 7.2c) and loss (Figure 7.2d) show broad temperature dependence for the larger substrates. 
For the structure on GdScO3, permittivity falls and loss rises at temperatures below 100 K with 
some frequency dispersion, indicative of a relaxor transition (Chapter 5). For the structures on the 
two larger substrates, flat response dominates a large temperature window (150 K – 350 K). Future 
work in this regard should consider in-plane physical properties measurements, wherein larger 
substrates should lead to larger percentages of in-plane polarization. In-plane dielectric 

Figure 7.2. (a) X-ray diffraction about the 002-diffraction condition demonstrating high-quality epitaxial 
(00l)-oriented (BaTiO3)10/(SrTiO3)10 superlattices on NdScO3, SmScO3, and GdScO3 (110) substrates with 
thickness and superlattices fringes. (b) Dielectric permittivity trending upward with decreasing substrate 
size, with corresponding loss tangents. (c) Frequency- and temperature-dependent dielectric permittivity 
from 500 Hz to 1 MHz and (d) corresponding loss tangents. 
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permittivity measurements of superlattices structures should add the capacitance of each layer in 
parallel instead of in series, given that electric fields would be directed in the plane of the film.   
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Appendix A: RHEED-assisted PLD conditions 
 
Pulsed-laser deposition parameters for every system used in this work were optimized for growth 
mode, composition, topography, and desired properties. The optimized parameters for each 
materials system are provided. Most films were grown on a Twente Solid State Technologies 
(TSST) deposition chamber, equipped with a RHEED gun and detector. 
 

Film Substrate(s) Fluence 
(J cm-2) 

Spot 
size 

(cm2) 

Laser 
Freq-
uency 
(Hz) 

Growth 
Pressure 
(mTorr) 

Cooldown 
Pressure 
mTorr or 

atmospheric 

Temp-
erature 
(˚C) 

Thickness 
nm or 
(u.c.) 

Growth 
rate 

(pulses / 
unit cell) 

SrRuO3 GdScO3 (110) 1.15 0.0394 10 100 flexible 700 20 68 

Ba0.5Sr0.5RuO3 
SmScO3 (110), 
NdScO3 (110) 1.15 0.0394 10 100 flexible 700 20 68 

SrTiO3 
GdScO3 (110), 
SmScO3 (110), 
NdScO3 (110) 

2.05 0.0109 5 20 atm 700 (2-20) 50 

BaTiO3 
GdScO3 (110), 
SmScO3 (110), 
NdScO3 (110) 

2.05 0.0109 5 20 atm 700 (4-20) 47 

Ba0.6Sr0.4TiO3 GdScO3 (110) 1.52 0.086 2 40 atm 600 150 - 

PbZr0.4Ti0.6O3 PrScO3 (110) 1.41 0.03 10 100 atm 610 (4-16) 23 

PbZr0.52Ti0.48O3 PrScO3 (110) 1.41 0.03 10 100 atm 610 80 nm 25 

PbZr0.8Ti0.2O3 PrScO3 (110) 1.41 0.03 10 100 atm 610 (4-32) 25 

La0.67Ca0.33MnO3 SrTiO3 (001) 1.27 0.0394 2 200 atm 750 20 38 

LaCrO3 SrTiO3 (001) 1.42 0.03 2 2 2 700 20 165 
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