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ABSTRACT 

Atomic Scale Understanding of Ferroelectricity and Superconductivity in SrTiO3 

by 

Salva Salmani-Rezaie 

 

The central material of interest for this thesis is strontium titanate (SrTiO3).  Doped SrTiO3 

exhibits a wide range of remarkable properties.  The focus of this work is to investigate its 

ferroelectric and superconducting behavior.  We utilize scanning transmission electron 

microscopy (STEM) to understand the role of the nanoscale SrTiO3 structure in these 

properties.  

SrTiO3 is an incipient ferroelectric in unstrained, pure form, but easily becomes ferroelectric 

when subjected to small perturbations.  Understanding the nature of the ferroelectric transition 

in SrTiO3 is essential as it can play an important role in other properties.  A hallmark of order-

disorder transitions is the formation of polar domains above the Curie temperature.  These 

polar regions percolate below the Curie temperature to form a long-range ordered ferroelectric 

state.  Using high-angle annular dark-field STEM and analyzing off-centering of Ti columns, 

we show local polar regions at room temperature in compressively strained SrTiO3 films, 

highlighting the order-disorder nature of the ferroelectric transition in this material.   

Next, we focus on understanding the competition between mobile carriers and polar crystal 

distortions.  Elucidating the nature of this competition is of great interest for polar 

superconductors, which have attracted significant interest for their potential to host 

unconventional superconducting states.  We observe a systematic suppression of the 

nanodomains and ferroelectricity with increasing amount of Sm dopant atoms.  The itinerant 



 

 xiii 

electrons screen polar distortions and disrupt the nanodomains above the Curie temperature.  

The results provide direct evidence that long-range Coulomb interactions, already present in 

the paraelectric phase, are driving the ferroelectric transition and are becoming increasingly 

short-ranged with doping.  Moreover, we show that the disorder caused by the dopant atoms 

themselves presents a second contribution to the destabilization of the ferroelectric state.  This 

disorder destroys the nanodomains at high dopant concentrations. 

The focus of the second part of this thesis concerns the superconductivity of SrTiO3.  Doped 

SrTiO3 is a superconductor whose pairing mechanism is still not fully understood.  

Superconductivity in SrTiO3 occurs in the vicinity of a ferroelectric instability, and recent 

theories suggest a link between two orders.  Here, by using atomic structure imaging, we find 

that the superconducting critical temperature correlates with the length scale of polar order.  

The superconducting transition temperature is enhanced when polar nanodomains are 

sufficiently large.  In these cases, the Cooper pairs reside in a non-centrosymmetric 

environment with strong spin-orbit coupling.  The findings point to the length scale of polar 

nanodomains and spin-orbit coupling as important parameters controlling the 

superconductivity of SrTiO3.  We investigate the robustness of superconductivity to magnetic 

and nonmagnetic disorder and discuss the importance of findings in explaining the 

unconventional nature of superconductivity in this material.  
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Chapter 1 Introduction 

The effect of quantum mechanics in quantum materials gives rise to exotic properties.  

These materials have significant scientific and technological properties.  Strong interactions 

among the electrons of quantum materials and ordered states often emerge in close proximity 

to each other in a given phase diagram.  The appeal of working in the quantum materials area 

is primarily due to the complexity and proximity of different orders, leading to new 

technological development like quantum computation or high-temperature 

superconductors [1,2].  Prediction of the properties is often challenging in this class of 

materials due to the presence of strong electron correlations and the coupling between charge, 

spin, lattice, and orbital degrees of freedom.  Defects, symmetry, and local distortions in the 

lattice can significantly impact the properties of quantum materials.  To better understand the 

origins of their properties at the microscopic level, techniques with atomic resolution should 

be employed.  A common approach to the engineering of quantum materials on the atomic 

scale is to adjust the local symmetry of the crystal.  Knowing the atomic-scale structure and 

how it affects the properties makes it possible to engineer the structures to obtain the desired 

properties.  Transmission electron microscopy techniques are well-suited tools that can be 

used to obtain information about the atomic structure, crystal symmetry, defect content, 

elemental composition, crystal orientation, and phase variation in both diffraction and real 

space.  

 1-1 TEM: Tool to Understand Materials Atom by Atom 

High-resolution transmission electron microscopy (HRTEM) and scanning 

transmission electron microscopy (STEM) are the two main techniques employed for atomic 



 

 3 

resolution imaging.  Figure 1-1 shows the schematics of HRTEM and STEM.  HRTEM uses 

a parallel beam of electrons and forms a coherent interference image.  In the coherent TEM 

image formation, weak phase approximation, the wave function with unit intensity passes 

through the sample and undergoes a position-dependent phase shift.  The scattered wave 

function exiting the specimen passes through the objective lens, introducing additional phase 

shifts depending on the scattering angle and lens defocus.  Therefore, by changing the 

operation condition, different spatial frequencies of the wavefunction can acquire different 

phase shifts, and atom column locations can appear dark or bright.  The coherent nature of 

image formation by HRTEM makes a direct and intuitive determination of atomic structures 

very difficult.  

 

Figure 1-1 Schematic of (a) HRTEM and (b) STEM 

 

Atomic resolution STEM utilizes the convergent beam that is scanned over the sample, 

and scattered electrons form an image pixel by pixel.  The high-energy electrons pass through 

the condenser lens system, where the spot size and convergence angle are set.  The outgoing 

electrons from the condenser system are then brought into focus with the objective lens to 
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form the final electron probe.  The scan coils above the objective lens raster the probe over 

the sample, and electrons scattered to different angles are detected via various sets of the 

detectors.  The bright-field (BF) detector acquires the electrons near the optic axis, while the 

annular dark field detector (ADF) collects the electrons scattered to higher angles.  Images 

formed on a high angle ADF (HAADF) detector are from incoherently scattered electrons 

(i.e., intensities add) and are not subject to contrast reversal and consequently are directly 

interpretable.  According to the incoherent imaging model, the STEM signal at each probe 

position can be obtained by convolution of the point spread probe function and the specimen 

function.  Since the unwanted Bragg scattering is minimized by choosing a detector with a 

hole, the image has a strong atomic number (Z) contrast dependence [3–8].  At a sufficiently 

high angle detector, the STEM image will have Z2 contrast dependency, as stated by 

Rutherford’s formula for scattering from an unscreened nucleus [3].  Based on this simple, 

intuitive interpretation of images where heavy elements appear brighter than light ones in 

HAADF-STEM images, this technique has been utilized to obtain samples’ chemical 

information and determine individual atom’s location and identity [9–11].  Placing 

experimental data sets on the same intensity scale of simulated images, one can extract 

quantitively chemical information on an atomic scale.  LeBeau et al. [12–14] introduced 

quantitative analysis to the HAADF- STEM images by normalizing image intensity to the 

incident beam and initiated the quantitative-STEM (Q-STEM) technique.  

1-1-1 Quantitative STEM 

Q-STEM has been used in the past to obtain 3D configurations of dopants and 

vacancies by measuring the intensity from an individual atom column on an absolute scale 

and comparing it with simulations. Hwang et al. [15] have shown that the Gd dopant location 
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and depth information in SrTiO3 films and obtained full 3D configuration of dopants using 

the Q-STEM technique.  Zhang et al. [16] later improved the technique by using multiple 

HAADF detectors with different angular regimes for detecting changes in electron scattering 

strength through the atomic column.  Because of electron beam channeling along the atomic 

column, atoms lower in the atomic column feel the more focused beam and scatter electrons 

to a higher angle.  Variable-angle HAADF showed better contrast and visibility as well as 

better accuracy and precision to determine 3D dopant depth position.  The same technique has 

later been used to observe the Sr vacancies in SrTiO3 directly  [17].  Detail of the Q-STEM 

experiment is explained in Appendix A. 

1-1-2 Precise Atomic Column Position 

STEM can be used to detect very small lattice distortion and displacement of atoms.  

Image registration [17,18] applied to series-averaged images acquired by the HAADF-STEM 

technique allows for measuring the atomic column with picometer precision.  Fast scan images 

that are sequentially recorded from the same area and aligned using cross-correlation 

algorithms can improve the signal-to-noise ratio while avoiding scan distortion compared to 

single long exposure acquisition.  Atomic column positions in HAADF-STEM images can be 

determined by fitting columns to a two-dimensional Gaussian function.  Subsequent 

refinement of Gaussian peak fitting improves the precision of atomic column position 

determination [19].  Since there is strong electron-lattice coupling in many oxide-based 

quantum materials, the structural deviation alters their physical properties.  For example, 

while the ideal perovskite structure is cubic, it can be distorted by octahedral distortion, B- 

site cation displacement, or octahedral tilt.  Since the lattice distortion affects the properties 

of the materials, it can also be used as a powerful tool to tailor the properties in bulk and 
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heterostructure thin films.  Rare-earth titanates with perovskite structure are a classic example 

of Mott insulators [20].  Structure distortion and rotation of the Ti-O-Ti bond angle away from 

180∘ could promote an insulating state by limiting the charge transfer.  High-resolution STEM 

images have been used to show the strong coupling between metal-insulator transition and 

octahedral rotation of SrTiO3 quantum well grown between GdTiO3 and SmTiO3 layers [21–

23].  The thinnest SrTiO3 quantum wells embedded in GdTiO3 show large octahedral tilts and 

reduced Ti-O-Ti bond angles, which correlates to the onset of the metal-insulator transition in 

these films [21].  Films grown between SmTiO3 do not show structural distortions, and Ti-O-

Ti bond angles are close to 180◦, which correlates with metallic behavior over all the quantum 

well thickness ranges [21,22].  The Ti-O-Ti bond length also has been shown to affect the 

magnetic ordering.  For example, STEM images of (GdTiO3)n/(SrTiO3)13 superlattices have 

shown the reduced octahedral tilt with reducing n, where the structure transitions from being 

ferromagnet to an antiferromagnet [24].  These are few examples showing the entanglement 

of structure and properties and how determining the atomic structure of quantum materials 

elucidates their electrical and magnetic properties.  

1-1-3 Position Averaged Convergent Beam Electron Diffraction  

STEM-based converged beam electron diffraction (CBED), position averaged 

convergent beam electron diffraction (PACBED) patterns, are formed by incoherently 

summing CBED patterns over different probe positions.  Experimentally, PACBED patterns 

can be taken by scanning the probe over the sample while obtaining diffraction patterns on a 

charge-coupled device (CCD) or Complementary Metal Oxide Semiconductor (CMOS) 

camera with a long exposure time [25].  PACBED patterns are formed by incoherent 
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summation and are dominated by elastic scattering.  Therefore, they are less sensitive to drift 

and benefit from high count rates and lower noise than coherent patterns.  PACBED patterns 

are very sensitive to thickness (±1nm) and tilt (less than 1 mrad) and can be used to determine 

TEM foil thickness and small misalignment from the zone axis [25].  Besides, PACBED 

patterns are proven to successfully determine the perovskites’ tilt system and degree of 

octahedral tilt.  Hwang et al.  [26] defined the octahedral distortion of LaNiO3 films by 

comparing the experimental and simulated PACBED patterns.  In the LaNiO3 thin films, by 

changing the nature and amount of the strain and film thickness, one can tune the properties 

from metallic to strongly localized insulating.  Bulk LaNiO3 has a rhombohedral structure and 

is metallic at all temperatures.  The PACBED study of the LaNiO3 layer in the superlattice of 

LaNiO3/SrTiO3 has shown the relaxation of an octahedral tilt toward bulk value and inducing 

metallic behavior [27,28].  

A few examples above show that understanding the subtle changes in atomic structure 

is vital to understanding the observed physical properties in materials with strong structure-

property coupling.  Besides, tracking how structural changes affect the macroscopic properties 

enables the design of new materials with desired properties and performances.  

1-2 Experimental Methods 

Cross-section samples were prepared using an FEI Helios Dual-beam NanoLab 600 

focused ion beam with the final milling voltage of 2-KeV Ga ions.  Plan-view TEM samples 

were prepared by mechanical polishing using a 1.5° wedge angle.  Mechanical polishing was 

done using an Allied multi-prep polisher.  This work used two transmission electron 

microscopes at the University of California Santa Barbara.  For the HAADF-STEM images 

presented in Chapter 4, we used an FEI Titan S/TEM (Cs = 1.2 mm) operating at 300 keV 
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with a semi-convergence angle of 9.6 mrad.  The gun lens was set to standard STEM imaging 

conditions (gun lens = 6, extraction voltage = 4400 V), and a spot size of 10 was used.  

HAADF detector angular range of 60–390 was selected by choosing camera lengths of 100 

mm.  Images were recorded using 20 fast-scan images of 1024×1024 pixels and 2 μsec dwell 

time.  HAADF-STEM images were sequentially recorded from the same area, cross-

correlated, and averaged post-acquisition.  The microscope is equipped with a field emission 

gun and can reach a nominal spatial resolution of 1.3A in STEM.  PACBED patterns were 

taken on a Gatan Ultrascan 1000 charge-coupled device.  For the rest of the studies, we used 

a Thermo-Scientific Talos G2 200× S/TEM (Cs=1.2 mm) at 200 keV with a semi-convergence 

angle of 10.5 mrad.  An extraction voltage of 4150 V and a spot size of 11 was used for STEM 

imaging.  HAADF detector range 48–200 mrad was selected by choosing a camera length of 

125 mm.  20 fast-scan images (2048 × 2048 pixels, 2 μsec dwell time) were sequentially 

recorded and cross-correlated to enhance the signal-to-noise ratio.  The microscope has a 

Schottky X-FEG electron source, and the nominal spatial resolution is 1.6 Å in STEM.  

PACBED patterns were taken on a Ceta 16M CMOS camera.  For room temperature imaging, 

a FEI double tilt holder and for low-temperature imaging, a Gatan analytical double tilt with 

LN2 cooling was used.  Image analysis was performed using a custom algorithm utilizing the 

MATLAB image processing toolbox.  The position of every atomic column in the HAADF-

STEM images was determined by fitting to a two-dimensional Gaussian function.  To obtain 

atom column positions with picometer precision, we performed subsequent refinement of 

Gaussian peak fitting.  In the extraction of the atomic column position from HAADF-STEM 

images, it is essential to take sample tilt into account.  Sample tilt can cause an artifact in 

measuring the distance between the atomic columns due to the electron channeling to adjacent 
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atomic columns [29–31].  Since sample tilt results in an asymmetric intensity distribution 

through the central disk of PACBED patterns, PACBEDs are sufficiently sensitive to reduce 

the sample tilt to less than 1 mrad in the experiments [25].  PACBED patterns were obtained 

along with each HAADF-STEM image and used to reduce the sample tilt to less than one mrad 

from the zone axis, to minimize artifacts in the measured displacements [25,32]. 

All SrTiO3 thin films were grown using a Veeco Gen. 930 molecular beam epitaxy 

(MBE) system.  The films were grown by hybrid MBE.  In this method, the film stoichiometry 

is controlled by the flux ratio of the metal-organic Ti source, Ti-tetraisopropoxide (TTIP), and 

elemental Sr.  Film growth is monitored using in situ reflection high-energy electron 

diffraction (RHEED).  Details of the MBE method have been reported extensively 

elsewhere [33–35].  SrTiO3 thin films in this work were grown on (001) LSAT 

[(LaAlO3)0.3(Sr2AlTaO6)0.7] and SrTiO3 single crystals as substrate.  Growing films on LSAT 

substrate results in ~1% compressive in-plane strain.  A Philips Panalytical X’Pert thin-film 

diffractometer with Cu Kα radiation was used for high-resolution X-ray diffraction (XRD) 

characterization.  The films studied here were grown by Kaveh Ahadi, Hanbyeol Jeong, and 

William Strickland.   

Electrical measurements between 300 K and 2 K were performed in a Quantum 

Design Dynacool system.  The carrier density (n3D) was calculated from the Hall effect at 

300 K.  Measurements below 1 K were carried out in an Oxford Instruments Triton dilution 

refrigerator.  In all superconductivity studies, superconducting critical temperature (Tc) was 

defined as the temperature at which the resistance, R, was 5% of the normal-state resistance, 

RN.  The superconducting upper critical field (Hc2) was defined as the value of the magnetic 
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field (μ0H) when R reaches 95% of RN.  Kaveh Ahadi, Luca Galletti, and Timo Schumann did 

all the electrical measurements in this work. 

Optical second harmonic generation (SHG) experiments were performed using an 

ultrafast laser supplying 40-fs pulses at a 10-kHz repetition rate and a center wavelength of 

800 nm.  The laser spot size was 30 μm, and the fluence was below 10mJ/cm2.  SHG 

measurements are done by Ryan Russell (John Harter group). 

1-3 Outline 

This thesis dissertation is focused on exploring the perovskite oxide SrTiO3.  Chapter 

2 introduces the material system, its properties, and why, despite years of studies, it has many 

unknowns to be uncovered. 

We then focus on understanding the ferroelectric behavior of undoped SrTiO3 in 

chapter 3.  Our focus is to use HAADF-STEM imaging to resolve small lattice distortion in 

strained and unstrained films.  This chapter will present direct evidence on the nature of the 

ferroelectric phase transition of SrTiO3.  Besides, it will show how local lattice distortions 

define the electronic landscape of this material. 

In chapter 4, we use the Q-STEM technique to resolve the number and position of Sm 

dopant in SrTiO3 films.  There, we focus on providing atomic-scale information on how 

dopant atoms cause local relaxations of the surrounding columns.  This information will be 

important for understanding the physical properties of doped SrTiO3.  

Next, we combine the information obtained in chapters 3 and 4 and study the 

competition between polar displacements and itinerant electrons in SrTiO3 in chapter 5.  Here, 
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we also employ HAADF-STEM imaging to determine the influence of disorder in Sm-doped 

SrTiO3 on the ferroelectric transition.  This chapter will explore how correlated polar 

displacements couple to electronic instabilities in SrTiO3 and the competition between polar 

order and itinerant electrons in SrTiO3.  

In Chapter 6, we discuss the connection between superconductivity, ferroelectricity, 

and local inversion symmetry breaking in this SrTiO.  By comparing the room-temperature 

atomic structures in low-doped and highly doped strained SrTiO3 films, as well as unstrained 

films, we will discuss the possible mechanisms for the enhanced superconducting transition 

temperatures in strained SrTiO3 films. 

Finally, in chapter 7, we study the robustness of the superconductivity of SrTiO3 to 

magnetic and nonmagnetic disorders.  One way to evaluate the superconducting nature of 

materials is to understand how they interact with disorders. To evaluate the sensitivity to 

magnetic disorder, we added Eu to Sm-doped SrTiO3 films. To study the role of nonmagnetic 

disorder, we discuss the impact of lattice distortion associated with Sm dopant atoms on 

superconductivity.   

1-4 Permissions and Attributions  

The contents of Chapter 3 have previously appeared in Physical Review Letters, 125,087601 

(2020) [36].  They are reproduced here with the permission of the American Physical Society.  

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.087601 

The contents of Chapter 4 have previously appeared in Physical Review Materials, 33, 114404 

(2019) [37].  They are reproduced here with the permission of the American Physical Society.  

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.087601
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https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.3.114404 

The contents of Chapter 5 have previously appeared in Nano letter, 20,9, 6542-6547 

(2020) [38].  They are reproduced here with the permission of the American Chemical Society 

https://pubs.acs.org/doi/10.1021/acs.nanolett.0c02285 

A part of discussed data has previously appeared in Physical Review Materials, 3, 091401(R) 

(2019) [39].  They are reproduced here with the permission of the American Physical Society. 

https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.3.091401 

The content of Chapter 6 is under review at Physical Review Letters.  A part of discussed data 

has previously appeared in Science Advances, 5, eaaw0120 (2019) [40]. It is reproduced here 

with permission. 

https://advances.sciencemag.org/content/5/4/eaaw0120 

The contents of Chapter 7 have previously appeared in Applied Physics Letters, 118, 202602 

(2021) [41].  They are reproduced here with the permission of AIP Publishing. 

https://aip.scitation.org/doi/10.1063/5.0052319 
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Chapter 2 SrTiO3 Never Ceases to Amaze 

 
This thesis focuses on understanding the properties of SrTiO3, particularly its 

ferroelectricity, superconductivity, and any possible cooperation between them.  SrTiO3 is an 

oxide perovskite and, at room temperature, has a cubic symmetry (𝑃𝑃𝑃𝑃3�𝑃𝑃) with a lattice 

constant of 3.905 Å.  In its pure form, SrTiO3 is an insulator with an indirect bandgap of 3.3 

eV [42].  Free carriers can be introduced by substituting Sr with trivalent rare-earth ions (like 

La, Nd, Gd, Sm), substituting Ti ion with pentavalent ion (like Nb, Ta, Sb), or inducing oxygen 

vacancies.  The lowest electron-doped states are derived from a sixfold t2g manifold.  SrTiO3 

undergoes antiferrodistortive (AFD) transition at ~105 K [43,44].  There is also evidence of 

symmetry lowering from tetragonal to orthorhombic at ~65 K and further lowering to 

rhombohedral ~10 K [45].  These transitions are not theoretically predicted for the 

compressively strained SrTiO3 films [46] but a local and experimental investigation is needed 

to investigate the possibility of the presence of these symmetries.   The ten-fold degeneracy 

of the 3d state is lifted by an anisotropic crystal field within TiO6 octahedra.  The six-fold 

degeneracy of t2g orbital is lifted further by spin-orbit coupling combined with AFD transition.  

The six-fold t2g orbital splits into dxy, dxz, and dyz states with two-fold degeneracy [47,48].  

These three bands are filled consecutively.  The lower band is filled by up to ~1018 cm-3 carrier 

concentration, the second band up to critical carrier concentration of ~1019 cm-3, and the third 

band starts to fill above that [49].  Figure 2-1 shows the phase diagram of (RxSr1-x) TiO3 (R= 

La, Nd, Sm, and Gd).   

Other unique properties include high thermoelectric power [50], high 

permittivity [51], and extraordinarily large Bohr radius that causes metallic conduction and 



 

 15 

superconductivity to persist to very low carrier densities [52,53].  Furthermore, the mobile 

carrier scattering rate has a quadratic temperature dependence even far outside the Fermi 

liquid regime [20,54–56].  The origins of many of these phenomena remain a subject of 

considerable debate in the literature and suggest a need for an improved, atomic-scale 

understanding of doped SrTiO3.  Here, we focus on superconductivity and ferroelectricity.  

 

Figure 2-1 Phase diagram of electron-doped RxSr1-xTiO3 adapted from ref.  [57] 

2-1 Ferroelectricity of SrTiO3 

Bulk and pure SrTiO3 is an incipient ferroelectric—it is believed to remain 

centrosymmetric and long-range ferroelectric order never sets in [58].  Upon cooling to low 

temperatures (T < 10 K), its dielectric constant goes up and plateaus at a very large value (ε > 

20,000) [58–60].  Because it is very close to ferroelectric instability, ferroelectricity can be 

induced by small changes.  Its ferroelectric ground state can be stabilized by the substitution 
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of 16O isotope with 18O [61], the chemical substitution of Sr with Ca or Ba  [62–64], or by 

applying stress [65,66].  Also, epitaxial SrTiO3 films under biaxial compressive stress, e.g., 

grown on (La0.3Sr0.7) (Al0.65Ta0.35)O3 (LSAT) substrates, or under biaxial tensile stress, e.g., 

on DyScO3 (DSO) substrates, undergo a ferroelectric phase transition [67,68]. 

2-2 Superconductivity of SrTiO3 

The first microscopic theory for superconductivity was introduced by Bardeen, 

Cooper, and Schrieffer (BCS)  [69] in 1957 and explains the superconductivity of many 

materials.  In BCS theory, Cooper pairs, which are bound states of two electrons with opposite 

momentum and spin, form via electron-phonon coupling.  The attractive interaction between 

electrons with momenta of 𝒌𝒌 and 𝒌𝒌′ and energies of 𝜉𝜉𝒌𝒌 and 𝜉𝜉𝒌𝒌′  takes the following form: 

𝑉𝑉(𝒌𝒌,𝒌𝒌′) = �𝑔𝑔, 𝜉𝜉𝒌𝒌 , 𝜉𝜉𝒌𝒌′ < 𝜔𝜔𝐷𝐷
0,             𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

Where g is the coupling constant and 𝜔𝜔𝐷𝐷 is the Debye frequency of mediating phonons.  In 

the 60s, the first discrepancies between experimental and theoretical predictions based on BCS 

began to be observed and contributed to an improved superconducting theory.  BCS theory 

does not incorporate the physics of electron-phonon interaction and is inadequate for 

explaining the superconducting state of materials with strong electron-phonon 

coupling [70,71].  Starting from BCS theory, several approaches to the calculation of the 

superconducting properties have been proposed such as Migdal-Eliashberg formalism.  

Migdal-Eliashberg formalism applies the field theory to include deformation potential 

generated by the displacement of the atoms in the crystal and by considering the retardation 

effect, provides a very accurate description of the superconducting state in most 
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superconductors [72–74].  Based on the Eliashberg-BCS theory, electrons, and phonons 

couple to each other through a retarded and short-range deformation potential.  A necessary 

condition for the applicability of this theory is to have superconductivity in the adiabatic 

regime where 𝜔𝜔𝐷𝐷 ≪ 𝜀𝜀𝐹𝐹 (𝜀𝜀𝐹𝐹 is the Fermi energy).  This condition holds for most of the 

conventional superconductors.  One example of material where the superconductivity does 

not follow this condition is SrTiO3.   

Doped SrTiO3 is the first oxide superconductor discovered [75], but the nature of its 

superconducting state is still an open problem.  Its superconducting state deviates from the 

BCS-Eliashberg paradigm, and despite years of investigation, its ground state, the origin of 

superconductivity, and pairing mechanism are under debate.  The first challenge to explain 

the superconductivity of SrTiO3 is its high 𝜔𝜔𝐷𝐷
𝜀𝜀𝐹𝐹

 ratio.  Figure 2-1 shows the superconducting 

dome, which spans between carrier densities of ~ 1017-1021 cm-3.  Fermi energy varies between 

2-60 meV in this density range [49].  The Debye frequency can be substituted by the 

longitudinal optical phonon frequency (𝜔𝜔𝐿𝐿𝐿𝐿) for explaining the superconductivity in doped 

semiconductors [76].  The ℏ𝜔𝜔𝐿𝐿𝐿𝐿 is in the range of 60-110 meV [54,77–79].  These values 

make SrTiO3 a superconductor with the highest ratio of 𝜔𝜔𝐷𝐷
𝜀𝜀𝐹𝐹

 among all superconductors [80].  

Besides having superconductivity in an anti-adiabatic regime, the standard Migdal-Eliashberg 

formalism cannot explain superconducting pairing at low densities.  An essential ingredient 

for low density of states superconductivity is a long-range attractive interaction where the 

range of attractive interaction is comparable to the distance of electrons [81–83].  Therefore, 

alternative models are needed to explain the efficient suppression of Coulomb repulsion in 

superconducting SrTiO3. 
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In many unconventional superconductors, such as iron pnictides [84,85], 

Cuprates [86,87], and heavy fermions [88], superconductivity emerges in the vicinity of 

magnetic order.  As explained in the previous section, SrTiO3 is an incipient ferroelectric [58].  

Proximity to the ferroelectric order of SrTiO3 has inspired new experimental and theoretical 

studies directed to understand if superconductivity is connected to ferroelectricity in this 

material.   

Different theoretical models have been proposed to explain the superconducting 

pairing interaction.  Among those, theories based on dynamical screening of Coulomb 

potential and pairing based on quantum critical fluctuations have gained much attention.  

Dynamical screening of electron-electron Coulomb repulsion in polar materials involves 

bosonic modes (e.g., longitudinal optical (LO) phonons or plasmons) [76].  Based on this 

model, below 𝜔𝜔𝐷𝐷, the dynamical modes reduce the electron-electron Coulomb repulsion, and 

this screening of repulsion plays the pairing mediating role.  The problem arises with this 

model because the pairing interaction itself is frequency- and density-dependent.  Because of 

that, only at high carrier densities (>1021cm-3) the Fermi energy is higher than the frequency 

of optical modes, and the system moves to the antidiabetic regime at lower densities.  These 

models, therefore, only can explain the pairing interaction on a small range of carrier 

densities [82,89].  To overcome this issue, different theories were built on neglecting the 

momentum dependence of pairing interaction and superconducting gap function [83,90].  

Such simplification was later shown to be inaccurate for SrTiO3 [91]. 

Another approach for explaining Cooper pairing is developed based on ferroelectric 

fluctuations.  Theoretical predictions suggest a connection between these two orders by 

proposing a coupling between electrons and fluctuations near the ferroelectric quantum 
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critical point.  Theoretical models also predict an enhanced superconducting critical 

temperature (Tc) with increasing proximity to ferroelectricity [92–95].  Recent experimental 

observations report an enhancement of the Tc by approaching ferroelectric 

instabilities [39,40,96–99].  The next section summarizes the results for tuning 

superconductivity via its proximity to ferroelectricity.  

2-3-1 Connection Between Ferroelectricity and Superconductivity of SrTiO3 

Recent experiments have reported an enhancement of the superconducting transition 

temperature of SrTiO3 through introducing ferroelectric order, regardless of how it has been 

induced. This suggests a critical role of proximity to long-range ferroelectric order for pairing 

interactions.   

Chemical substitution: 

Rischau et al. [100] showed coexistence of superconductivity and a ferroelectric-like 

instability in Sr1-xCaxTiO3-δ bulk single crystals for 0.002 < x < 0.009 and 10-5 < δ < 10-2.  In 

this study, the ferroelectric transition of doped and undoped samples was detected by a 

resistance anomaly and hardening of the soft TO1 mode observed in Raman spectroscopy.  Tc 

increases with increasing carrier density and reaches ~300 mK for samples with and without 

Ca substitution at a carrier density of ~ 3 × 1019𝑐𝑐𝑐𝑐−3.  Within a narrow range of carrier 

concentrations, the superconducting transition occurs at higher temperatures in Ca-substituted 

samples than Ca-free samples.  The enhancement of critical temperature by Ca substitution 

was, however, observed in the vicinity of the quantum phase transition leading to the 

destruction of ferroelectricity.  This study was the first experimental evidence for the 

connection between the ferroelectric order and superconductivity in SrTiO3.  Enhancement of 

Tc was not systematically studied for a range of carrier densities.  
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Isotope substitution: 

SrTiO3 becomes ferroelectric by substitution of ~35% of its oxygen with the isotope 

18O.  In conventional BCS picture, 18O substitution should lead to suppression of Tc.  Edge et 

al.  [92] have proposed that substituting 16O with 18O should, in fact, enhance the critical 

temperature and shift it to lower doping.  Experimental works also showed the enhanced Tc 

for 18O substituted SrTiO3 with oxygen vacancy [96] and La [98] doping.  Doped 18O 

substituted SrTiO3 does not become ferroelectric for carrier densities >1019𝑐𝑐𝑐𝑐−3.  However, 

close to the ferroelectric quantum critical point, Tc gets enhanced, suggesting a strong coupling 

between superconductivity and ferroelectricity in this material [92,96,97].  The 

superconducting dome for the isotope substituted SrTiO3-δ has been shifted in carrier density 

compared to bulk SrTiO3-δ.  The superconducting dome, however, has only been shifted up in 

temperature for the ferroelectric Sr1−xLaxTiO3 samples and the position of the dome with 

respect to carrier density is intact.  A negative isotope coefficient is not limited to SrTiO3 and 

was previously reported for metal Pd-H(D) [101] and high Tc superconductor 

Bi2Sr2Ca2Cu3O10  [102].    

Uniaxial stress: 

Nb-doped SrTiO3 single crystals have been reported to show an asymmetric Tc change 

under applied uniaxial stress  [103].  In this study, Tc enhances when the crystal is under 

uniaxial tensile stress along [001].  Samples are fully detwinned under [001] tensile stress and 

enhancement of Tc is reported to be related to possible softening of ferroelectric mode.  

compressive stress along [001] and [110] caused suppression of superconductivity.  Under 

compressive stress, different domains with different c-axis of the oxygen octahedra 

form [104], and both ferroelectric transition and Tc get suppressed due to the non-uniform 
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nature of strain fields.  

Epitaxial stress: 

SrTiO3 films with thickness below ~200 nm grown epitaxially on (001) LSAT single 

crystal substrate display a ferroelectric ground state below room 

temperature [40,67,68,105,106].  Electron-doped SrTiO3 films (~180 nm) grown on LSAT 

(001) show carrier density-dependent ferroelectric transition [39,57] marked with a sudden 

enhancement of SHG signal at ferroelectric Curie temperature.  The samples which were deep 

into the ferroelectric state showed a factor of two enhancement in critical temperature.  Figure 

2-2 shows the phase diagram of epitaxially strained SrTiO3 films with both superconducting 

and ferroelectric phase boundaries.  It is apparent that enhanced superconductivity appears 

deep inside the ferroelectric state.  The superconducting dome in the strained films appears at 

a similar carrier range of unstrained SrTiO3.  On the overdoped side, the Tc and its reduction 

with increasing carrier density are similar to unstrained SrTiO3.  The only change in 

ferroelectric films is the increase in Tc at optimum doping which has shifted the dome up to 

higher temperatures.  Epitaxially straining SrTiO3 has benefits over other ferroelectric tunning 

methods.  Strains are uniform for the films below the critical thickness.  Dopants introduced 

during the growth process are uniformly distributed as opposed to isotope exchange, which 

relies on diffusion from the surface.  These benefits make strained doped SrTiO3 films a fertile 

field to investigate the connection between the neighboring orders. 
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Figure 2-2 Carrier density-temperature phase diagram of epitaxially strained Sm-
doped SrTiO3  [39].   

 
Regardless of the tuning method used to induce ferroelectricity in SrTiO3, the 

enhancement of Tc suggests a connection between ferroelectricity and superconductivity.  

Understanding the connection between these two orders will likely help understand the pairing 

interactions.  For example, some theories that connect ferroelectricity to superconductivity are 

based on the ferroelectric quantum critical behavior of SrTiO3 and soft phonon modes.  And 

enhancement of superconducting critical temperature is predicted near the quantum critical 

point.  While a few experimental results show an enhancement close to quantum transition 

and away from ferroelectricity, most report an enhancement deep into the ferroelectric state, 

further from quantum critical point [39,40,98,100].  Enhanced pairing at the ferroelectric state 

of SrTiO3 with uniform carrier distribution is at odds with the theory of quantum 

criticality [59,92].  Another main challenge of models based on quantum fluctuations of soft 

modes is to explain the interaction of the soft TO phonon modes with electrons.  While TO 
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phonons cannot couple to electrons, LO phonons never soften in SrTiO3 and finding a 

mechanism to explain the electron-phonon interaction and paring is challenging.  

Furthermore, it is not clear how the dynamics of critical fluctuations impact superconductivity.  

Thus, despite being studied for years, there exist many open questions about the pairing 

mechanism in superconducting SrTiO3, the microscopic origin of electronic coupling to the 

ferroelectric fluctuation, and whether ferroelectric fluctuations can influence the entire 

superconducting dome.  This thesis is focused on understanding how ferroelectricity and 

polarity affect the superconducting state.  To realize this interaction, we focus on the 

ferroelectric state of SrTiO3 for the next two chapters.  

  



 

 24 

 

 

Chapter 3 

Nature of the Ferroelectric 

Phase Transition in SrTiO3  

 

  



 

 25 

Chapter 3 Nature of the Ferroelectric Phase Transition in 

SrTiO3  

SrTiO3 is thought to be a prototype soft mode (incipient) ferroelectric [107,108].  It 

has a very large dielectric constant at room temperature which can be tuned across many 

orders of magnitude.  The dielectric constant rises drastically with lowering temperature and 

plateaus at very large values (ε>20,000) at low temperatures (T<10 K) [58].  The suppression 

of a ferroelectric phase transition in SrTiO3 has been attributed to large ground-state quantum 

fluctuations of the soft phonon modes [109].  Signatures of ordered phase above the Curie 

temperature [63,110–112] questions the nature of ferroelectric phase transition.  The focus of 

this chapter is to provide atomic-scale structural information of strained and unstrained SrTiO3 

thin films to understand the nature of phase transition in this material.  Because of a strong 

connection between ferroelectricity and superconductivity in SrTiO3, understanding the polar 

instability and ferroelectric nature of SrTiO3 and its connection to electronic instabilities can 

aid in understanding the superconductivity in this material.   

3-1 Nature of the Ferroelectric Phase Transition in SrTiO3 

A ferroelectric phase transition involves a balance between the long-range Coulomb 

interactions, favoring the ferroelectric order, and the short-range repulsion of charged ions 

protecting the center of symmetry.  In general, ferroelectric phase transitions are often framed 

within one of two models: displacive or order-disorder.  The displacive model is a classic 

Devonshire model used to explain the ferroelectric phase transition of the most common 

ferroelectrics [113].  Based on this model, the free energy in the paraelectric phase has a single 

minimum at zero polarization.  As the temperature approaches the ferroelectric Curie 
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temperature, the lowest energy soft transverse optical (TO1) phonons harden, and long-range 

polarization occurs instantaneously in a diffusion-less process.  Figure 3-1 shows a schematic 

of the change in free energy with polarization for a displacive phase transition.  

 

 

Figure 3-1 Change in free energy with polarization for the (a) paraelectric and (b) 
ferroelectric phase (c) Low energy soft phonon mode based on displacive model. 

 

Despite the widespread use of the displacive model, local structural distortions in the 

paraelectric phase of many ferroelectric perovskites have been detected experimentally.  

These include observation of strong diffuse x-ray scattering at the paraelectric 

phase [114,115], non-zero frequency of the soft modes at the ferroelectric transition [116], 

and x-ray and NMR structure refinements suggesting the presence of displaced atoms in the 

paraelectric phase [117,118].  An alternative theory, based on an order-disorder 

transition [111,115,119], has been proposed.  A hallmark of order-disorder transition is the 

presence of local symmetry breaking distortion, which forms short-range polarized clusters.  

The symmetry breaking distortions could be dynamic or static [114,120–122].  Based on this 

model, if one B cation shifts from its symmetric position because of strong electrostatic 

interaction between B ions, neighboring atoms will also shift.  As a result, short-range 



 

 27 

nanodomains with correlated lattice displacements exist in the paraelectric phase.   The free 

energy can have multiple minima related to a different polarization direction of domains above 

the ferroelectric Curie temperature.  By approaching the ferroelectric Curie temperature, these 

polar regions percolate and form a long-range ordered ferroelectric state.  Figure 3-2 shows a 

schematic of correlated distortions and free energies above and below Curie temperature.  It 

should be noted that there is no agreement in the literature about the time scale (static or 

dynamic) or length scale (degree of correlation) of displacements.  Order-disorder transition 

does not predict phonon softening near the ferroelectric transition.  Models combining two 

pictures have also been proposed [120,123].  The combined model can predict the coupling 

of lattice distortion to phonon modes, but it does not explain the microscopic origin of the off-

centered displacements.   

 

Figure 3-2(a) Nanodomains with correlated lattice distortion (adopted from Ref. 
[7]).  Free energy curve with polarization for the (b) paraelectric and (c) 

ferroelectric phase based on order-disorder model. 

 

Like other perovskites, the ferroelectric transition of SrTiO3 shows signatures of both 

order-disorder and displacive transitions.  Although the displacive model is generally used to 

describe the ferroelectric transition of SrTiO3, indications of an order-disorder component 
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have also emerged.  For instance, signatures of polar clusters above the Curie temperature 

have been reported for 18O-enriched SrTiO3 and SrTiO3 containing impurities [63,110–112].  

Apart from these observations, a low-temperature phase containing ordered ferroelectric 

regions has been suggested to exist even in pure, stress-free SrTiO3 [109].  Recently, an Ising 

model was the best descriptor of the temperature dependence of optical second harmonic 

generation (SHG) data near the ferroelectric phase transition of compressively strained SrTiO3 

films [39].  Such films also show a residual SHG signal in the paraelectric phase, and one 

possible explanation is the existence of polar regions [39,124].  All these findings suggest an 

order-disorder component in the transition.  

Revisiting the energy curves of Figure 3-1 and 3-2, it is clear that the ferroelectric 

phase is the same regardless of how it has emerged, and the two models differ in the 

paraelectric phase.  Real-space images of polar regions above the Curie temperature can 

provide the most direct evidence for order-disorder transition.  Atomic resolution high-angle 

annual dark-field imaging in scanning transmission electron microscopy (HAADF-STEM) is 

a powerful technique capable of determining the atomic column positions with picometer 

precision [18,125].  Consequently, it can detect regions containing Ti columns that are off-

centered from their non-polar positions.  Utilizing this technique, we study the local polar 

regions at room temperature in compressively strained and unstrained SrTiO3 films. 

3-2 Unstrained and Strained SrTiO3 Thin Films 

For this study, we investigated the SrTiO3 thin films that were grown on LSAT and 

SrTiO3 substrates, respectively.  Figure 3-3 shows 2θ-ω scans around the 002 reflections of 

the SrTiO3 films for unstrained film grown on SrTiO3 and the strained film on LSAT.  Both 

the strained film and the unstrained film exhibit thickness fringes that indicate coherency. The 
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out-of-plane lattice parameter of the film in LSAT is 3.930±0.001 Å, as expected for a fully 

strained SrTiO3 film on LSAT. 

 

Figure 3-3 2θ-ω XRD scans near the 002 SrTiO3 film reflections (a) on SrTiO3 

(b) on LSAT [36] 

 

Figure 3-4 shows the temperature dependence of the sheet resistance (Rs) of the 

strained film, measured between 300 and 1.7 K.  The as-grown films contain oxygen vacancies 

which dope the film, resulting in a Hall carrier density of 3.5×1018 cm-3 at room temperature.  

The sample shows metallic behavior at high temperatures, with a resistance anomaly 

occurring at ~140 K.  This anomaly (a small upturn in resistance) has previously been shown 

to indicate the ferroelectric transition [39].  The temperature of the transition is similar to 

previous reports for SrTiO3 on LSAT [68,124].  While strained films undergo a ferroelectric 

transition at low temperatures to a polar point group (4mm) with the polar axis oriented normal 

to the film plane, the unstrained films remain paraelectric at all temperatures [67,109].  
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Figure 3-4 Rs as a function of temperature for the strained SrTiO3 film grown on 
LSAT [36].   

 

3-3 HAADF-STEM Characterization 

Figure 3-5 shows the HAADF-STEM of both films.  The interfaces are atomically 

abrupt with no extended defects. 

 

 

Figure 3-5 Cross-section HAADF-STEM images of SrTiO3 films grown on (a) 
SrTiO3 and (b) LSAT [36].  
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As discussed in Chapters one and four, electron channeling to adjacent atomic columns 

and sample tilt can cause an artifact in measuring the accurate atomic column position and 

hence displacement vector [32].  We recorded position averaged convergent beam diffraction 

(PACBED) patterns for all the analyzed images to ensure that tilts were less than 1 mrad [25].  

Figure 3-6 show representative PACBED patterns and the corresponding HAADF-STEM 

images of unstrained (a and c) and strained (b and d) SrTiO3 films. 

 

 

Figure 3-6 Experimental PACBED patterns for a region of (a) unstrained and (b) 
strained SrTiO3 films. Corresponding HAADF-STEM images are shown in (c) 

and (d) respectively [36].  

 

Atomic column positions were obtained by iterative fitting to a two-dimensional 

Gaussian function to obtain picometer precision in the Ti-O column displacement 

measurements [112].  We can use the Ti-O column displacement as a measure of ferroelectric 
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polarization.  The displacement vectors are defined as the difference between the center of 

mass of four Sr columns and the actual Ti-O column positions obtained by 2D Gaussian 

fitting.  Displacement components along x (dx) and z (dz) directions show how much Ti atom 

has been shifted in x and z direction and polarization vector is the vector sum of these 

components.  Figure 3-7 shows the placement of the Sr (blue) and Ti-O (orange) atomic 

column positions with the schematic of the polarization vector, dx, and dz.  All images were 

acquired at room temperature, far above the ferroelectric phase transition. 

 

 

Figure 3-7 Cross-section HAADF-STEM images of SrTiO3 film on LSAT and a 
schematic illustrating the polarization vector and its components [36]. 

 

3-3-1 Polar Nanodomains in Strained SrTiO3 films 
 

Figure 3-8 shows the displacement vectors for two representative images recorded 

from unstrained (a) and strained (b) SrTiO3 films, respectively.  The arrows represent the 

displacement vectors, color-coded based on their magnitudes as indicated by the color scale.  

The displacements in the unstrained film are very small.  In comparison, the displacements in 
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the strained film are considerably larger.  The average Ti column displacements relative to the 

unit cell center in these images are 4.2±2.1 pm and 18.1±7.4 pm for the unstrained and strained 

film, respectively.  The presence of small displacement in unstrained films can be related to 

its incipient ferroelectric behavior or because of experimental error resulted from sample 

instabilities, image distortions, and residual sample tilt, which all introduce uncertainty in 

determining the column positions.  The incipient ferroelectric behavior of SrTiO3 will be 

discussed in the next sections.   

 

Figure 3-8 Polarization vectors for SrTiO3 films grown on (a) SrTiO3 and (b) 
LSAT.  The arrows indicate the magnitude and orientation of the polarization 

vectors [36]. 

 

Apart from having displacement with different average magnitude, the polarization 

vectors differ in their local alignments in unstrained and strained films too.  Figure 3-9 shows 

the direction of the displacement vector of the same region overlaid with the HAADF-STEM 

images for the unstrained and strained SrTiO3 films.  The colors reflect the displacement 

vector orientation in 30-degree intervals.  The color scale indicates only the direction of Ti 

column displacements and not their magnitude.  While the displacements are predominantly 
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random for the unstrained film, the Ti-O columns displace in the strained SrTiO3 film along 

the growth direction in a region spanning many unit cells, forming a nano polar region.  It is 

important to note that the HAADF-STEM images cannot detect dynamic polar fluctuations 

because of the long exposure time.  Thus, our observations show static displacements within 

polar regions in the paraelectric phases.  The formation of a locally ordered structure within 

the polar nanodomains reduces the configurational entropy and allows the transition to the 

globally ordered phase.   

 

Figure 3-9 Direction of the displacement vectors overlaid on the HAADF image 
for (a)unstrained and (b) strained films. Each color corresponds to a 30-degree 

interval of the displacement vector directions [36]. 

 

We examined the possibility of nanodomains with different polarization directions in 

the strained films.  Figure 3-10 shows other areas of the strained film that contain domains 

having different polarization directions.  For example, Ti columns displaced primarily in [001] 

direction in the region presented in Fig. 3-10 (a), whereas they tend to displace along [01�0] 

in the region shown in Fig. 3-10 (c).  Fig. 3-10 (b) shows a small [01�0] domain surrounded 
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by the [001] domain.  Figures 3-10 (d-f) show polarization vectors corresponding to [001] 

domain, [01�0]-[001] combination domain, and [01�0] domain, respectively.  

 

 

Figure 3-10 Nanodomains (top row) and polarization vectors (bottom row) 
showing nanodomain with different polarization orientations [36].  

 

In an order-disorder transition, with decreasing temperature, the interaction among 

neighboring atoms grows stronger.  The off-centering, as a result, develops along preferred 

orientations, and the nanodomains grow to form a ferroelectric phase below the Curie 

temperature.  To observe the ferroelectric phase of the strained film below Curie temperature 

of 140 K, we performed cryo HAADF-STEM imaging.  The low-temperature experiment was 

carried out at 110 K, which remained stable throughout the experiment.  Unfortunately, 

HAADF-STEM measurements below room temperature suffer from thermal drift and 

vibration caused by liquid nitrogen, which makes obtaining larger data sets very challenging.  
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Figure 3-11 shows the represented polarization map and polar vectors of low-temperature 

HAADF-STEM.  As expected, the ferroelectric phase is a single domain with the polar axis 

oriented normal to the film plane.  

 

 

Figure 3-11 Polarization map(a) and displacement vector(b) of strained film 
recorded at 110 K [36].  

 

While the polarization is normal to the film plane throughout the entire film below the 

Curie temperature due to the compressive in-plane stress [124], nanodomains with in-plane 

Ti displacements are also present.  In the paraelectric phase, differently oriented polar domains 

and their small size ensure that the fixed polarization charge in the domains remains 

compensated.  This arrangement of nanodomains makes the films appear nonpolar (or exhibit 

only a small remnant polarization) in global measurements, such as second-harmonic 

generation, that average over many domains.  Interestingly, the compressive in-plane stress 

does not produce a uniform aligned dipole in the paraelectric phase, even though it is 

responsible for the ferroelectric transition and the out-of-plane alignment of the polarization 

in the ferroelectric phase.  Charge compensation can be detected in the transport properties of 
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doped films.  At the ferroelectric transition, a fraction of the mobile charge localizes to 

compensate for the polarization charge of the long-range ordered dipoles, which can be seen 

in an anomaly of the electrical resistance as a function of temperature [40,126] (Fig. 3-4) 

3-3-2 Connection Between Ferroelectric Transition and Polar Domains 
 

For better statistics and to understand the representativity of the images, we analyzed 

more than 10,000 Ti columns.  Figure 3-12 shows the statistical distribution of x- and z-

components of displacements in unstrained SrTiO3 on SrTiO3 and strained SrTiO3 on LSAT.  

The displacements of the unstrained film on SrTiO3 [Fig. 3-12 (a)] have a Gaussian 

distribution with an average magnitude of 5.94±3.2 pm centered around zero displacements.  

The distribution is random, without any strong preferential displacement direction.  Columns 

with large displacements could be related to point defects such as oxygen vacancies [17,127].  

In contrast, in the strained film, the average displacement is large (10.74±4.84 pm), and it 

shows bimodal distribution around non-zero values for x and z components.  The presence of 

the double peak in dx and dz resembles the nature of an order-disorder phase transition.   
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Figure 3-12 Magnitude of displacement vector components acquired from 
multiple regions of films on (a) SrTiO3 (b) LSAT [36].  

Our observations of correlated off-centering of Ti ions along the tetragonal axes and 

polar nanodomains at room temperature in the paraelectric phase provide clear evidence in 

support of an order-disorder transition.  In this case, a globally ordered ferroelectric SrTiO3 

film emerges from locally ordered, globally random nanodomains through an order-disorder 

transition.  These findings also show that the strong electrostatic interaction of Ti ions is 

already present in the paraelectric phase.  A purely displacive transition would not exhibit Ti 

displacements in the paraelectric phase. 

To study the effect of charged oxygen vacancies on the stability of nano-polar regions, 

we studied the oxygen annealed strained SrTiO3 film on LSAT.  Oxygen annealing of the 

samples leads to partial strain relaxation.  Figure 3-13(a) shows that the annealed SrTiO3 film 

loses its coherency.  The loss of coherency is evident from the reduced out-of-plane lattice 

parameter and the absence of thickness fringes.  Film relaxation suppresses the formation of 

the polar regions and decreases the magnitude of the displacement in both x and z directions, 

consistent with the absence of a ferroelectric transition in these samples [Fig. 3-13 (b)].  

Interestingly, the distribution of Ti-O column displacements is narrower than in the unstrained 

film on SrTiO3, with an average of the magnitude of 5.18±2.2 pm.  The smaller magnitude 

and standard deviation could be because of eliminating oxygen vacancies, which can cause 

small relaxation of the neighboring Ti columns  [127–129].  Our results show that these 

displacements are random, unlike those of the polar nanodomains in the strained film.   
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Figure 3-13 (a) 2θ-ω XRD scans near the 002 reflections of oxygen annealed 
SrTiO3 film on LSAT (b) Magnitude of displacement vector components 

acquired from multiple regions of films on oxygen annealed strained film [36].  

 

The presence of the nanodomains only in films that subsequently undergo a 

ferroelectric transition at low-temperature rules out the possibility of the formation of 

nanodomains solely based on impurities [111].  Besides, it highlights the importance of 

nanodomain formation in the paraelectric phase for material to undergo ferroelectric transition 

at a lower temperature.  

3-3-3 Incipient Ferroelectric Behavior of SrTiO3 
 

In addition to supporting the order-disorder nature of the ferroelectric phase transition 

for strained SrTiO3 films, our HAADF-STEM findings can address the mystery of the 

incipient ferroelectric behavior of SrTiO3.  Figure 3-14 shows additional polarization maps 

for the unstrained SrTiO3 film from different regions of the sample. Compared to the 
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paraelectric phase of strained SrTiO3, the Ti-O column displacements are more random.  

Despite the small displacements and their random orientation compared to the strained film, 

there appears to be some degree of correlation between the displacements over a very small 

length scale of a few neighboring unit cells, even in the unstrained film.  Signatures of small, 

short-range correlated but randomly oriented displacements in the unstrained film support the 

possibility of earlier suggestions of low-temperature nanodomains even in unstrained, pure 

SrTiO3 [109,130].   

 

 

Figure 3-14 polarization maps of unstrained SrTiO3 film showing correlated 
lattice distortion on a small length scale [36] 
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3-4 Summary  

 
To summarize, we use HAADF-STEM to measure Ti-O-column displacement vectors 

at room temperature in the paraelectric phase of compressively strained SrTiO3 films to 

provide direct real space evidence.  These films undergo a ferroelectric transition below 140 

K.  We directly compared these results with those of unstrained films grown under identical 

conditions, with identical defect and impurity concentrations, but yet were not ferroelectric.  

Our images of polar nanodomains in the paraelectric phase of strained SrTiO3 films show a 

high degree of local order and provide clear evidence supporting an order-disorder transition.  

The observations of polar nanodomains in the paraelectric phase are consistent with a type of 

order-disorder transition originally proposed by Takahasi [119].  In particular, the fact that the 

displaced Ti ions form small, ordered regions within which the displacements are correlated 

points to strong electrostatic interactions among the Ti ions already above the ferroelectric 

Curie temperature.  Recent reports for BaTiO3 show static polar nanodomains and static 

displacement in the paraelectric phase [131–133].  These similarities suggest that a disorder-

order transition might be a more common feature of the perovskite titanates than previously 

thought. 

The results have significant consequences for modeling the ferroelectric transition of 

SrTiO3, which -to date- has been mainly assumed on a displacive transition [59,80,134,135].  

Moreover, theories that link ferroelectricity to the superconductivity of SrTiO3, especially 

those that connect the superconducting pairing mechanisms in SrTiO3 to the soft mode 

behavior, should consider the complexity of the observed ferroelectric transition.  The 

presence of polar distortions and nanodomains above the Curie temperature weakens the case 
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for transverse optical phonon softening and ferroelectric quantum criticality as possible 

explanation for the superconductivity of SrTiO3 
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Chapter 4 

Lattice Relaxation Around 

Individual Dopant Atoms 
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Chapter 4 Lattice Relaxation Around Individual Dopant 

Atoms 

In the previous chapter, we discussed the order-disorder ferroelectric phase transition 

for strained SrTiO3.  Upon doping, SrTiO3 exhibits a wide range of remarkable properties.  

For example, SrTiO3 exhibits a superconducting dome as a function of carrier 

density [136,137].  It has a large Bohr radius that causes metallic conduction and 

superconductivity to persist to very low carrier densities [52,53] and a carrier scattering rate 

that has a quadratic temperature dependence even far outside the Fermi liquid regime [20,54–

56].  Besides, it has high electron mobility [34], high thermoelectric power factor [50], and 

tunable permittivity [51].  This chapter focuses on providing atomic-scale information on how 

dopant atoms can alter the host lattice.   

4-1 Importance of Local Atomic Relaxation 

Besides providing free carriers, dopant atoms can change the local atomic structure 

surrounding the dopant atom.  The local atomic relaxation around individual dopant/point 

defects can then directly influence the electrical properties.  Understanding these local lattice 

relaxations has helped semiconductor science in the past.  For example, the mystery of the 

DX centers was solved after understanding the atomic displacement around them [138,139].  

A DX center is an impurity that is expected to be a shallow donor but that undergoes a large 

displacement and traps electrons instead.  For instance, while O, Si, and Ge act as shallow 

donors in GaN, these atoms locally disturb the lattice by expanding or contracting the 

surrounding bonds and act as DX centers in AlN [139,140].  Despite being essential for 
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understanding the materials’ electronic properties, the origins of dopant-induced structural 

changes are often poorly understood. 

Density functional theory (DFT) calculations have been used to probe the local atomic 

structures, but sometimes experimental evidence and DFT calculations do not match.  For 

example, Janotti et al. [141] found substantial discrepancies between the calculated lattice 

parameter expansion of SrTiO3 with doping and the corresponding experimental values.  The 

discrepancy could not be explained by the size mismatch between the dopant and the host or 

the inverse deformation potential effect.  Similarly, the local atomic configuration around Sr 

vacancies in SrTiO3, imaged by quantitative scanning transmission electron microscopy [17], 

was substantially different from DFT predictions [129,142].  These discrepancies show that it 

is necessary to develop experimental methods to determine the local atomic structure changes 

associated with dopant atoms. 

High-resolution scanning transmission electron microscopy (STEM), along with 

standardless and quantitative STEM (Q-STEM), are powerful techniques that allow for 

determining the three-dimensional location of individual dopant atoms [15,16,143–145] and 

local column displacements [17,125,146].  Applying image registration methods to HAADF-

STEM images makes it possible to determine lattice distortions with picometer precision [18].  

In this study, we use Q-STEM to determine the 3D configuration of Sm dopant atoms and 

investigate the local lattice distortion induced by Sm dopants. 

4-2 Quantitative STEM 

 
For this study, 250 nm thick Sm-doped SrTiO3 films were grown using hybrid 

molecular beam epitaxy (MBE) on (001) SrTiO3 single crystals.  The carrier concentration, 
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and thus the Sm concentration, was determined by the Hall effect and, for the samples 

investigated here, was about 2% and 3%, respectively.  The Hall measurement was done by 

Kaveh Ahadi. An undoped SrTiO3 film served as a reference.  Plan-view TEM samples were 

prepared by mechanical polishing using a 1.5° wedge angle.   

The detail of the experimental procedure of Q-STEM has been described in detail 

before at ref. [12] and Appendix A.  After obtaining Q-STEM images, the position of every 

atomic column in the HAADF-STEM images was determined by fitting to a two-dimensional 

Gaussian function. To determine atom column positions with picometer precision, we 

performed subsequent refinement of Gaussian peak fitting.  PACBED patterns were obtained 

along with each HAADF-STEM image and used to reduce the sample tilt to less than one mrad 

from the zone axis, to minimize artifacts in the measured displacements [25,32].  Absolute 

column intensities, referenced to the incident beam intensity, were determined from Q-STEM 

images.  Atomic column intensities were measured by averaging the intensity over the circular 

region around each column.  Integrating the incoherent HAADF scattering cross-section in 

the vicinity of a single atomic column is an effective way of obtaining quantitative structural 

information.  This approach is robust to experimental parameters such as defocus, 

convergence angle, integration box size, and source coherence [147].  In this experiment, the 

integration disc radius is selected to be a quarter of the lattice constant of SrTiO3.  To obtain 

quantitative information about dopant position, we compared experimental intensity values to 

the simulated ones. 

The Kirkland multislice algorithm [148] was used to simulate HAADF-STEM images 

using the frozen phonon method.  For all the simulations in this chapter, a 4×4 SrTiO3 

supercell was sampled with a 1024×1024-pixel grid.  Figure 4-1 shows the simulated Sr 
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column intensity (ISr) vs. Ti-O column intensity (ITi-O) for undoped SrTiO3 with and without 

thermal diffuse scattering (TDS).  A scaling factor is calculated as a ratio between the intensity 

of the column with TDS and the intensity of the column without TDS [15].  Sm-doped SrTiO3 

simulations were performed without thermal diffuse scattering (TDS) to reduce the long 

computation time for the different dopant configurations.  The intensities of Sm-doped SrTiO3 

simulations performed without TDS were subsequently scaled by the scaling factor.  

 

Figure 4-1 Simulations with and without TDS for undoped SrTiO3 for 
thicknesses between one and ten unit-cells [37]  

 
To unambiguously identify the presence of the dopant atom, we defined the 

experimental noise and error in the undoped SrTiO3 sample and identified the visibility criteria 

for the Sm-doped samples.  HAADF image intensities were placed on an absolute intensity 

scale by normalizing to the incident probe intensity.  Figure 4-2(a) shows experimental and 

simulated ISr as a function of ITi-O for the undoped SrTiO3 with a thickness range of 5 to10 unit 

cells.  ITi-O is the averaged intensity of the four Ti-O columns surrounding each Sr column.  

Background intensity is subtracted from experimental data points to account for the 
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amorphous surface layer or contamination [15,147].  The experimental data spread of the 

undoped SrTiO3 has been used to indicate the experimental uncertainty and error.  The 

experimental error measured here is 6.67×10-5 and corresponds to the standard deviation (Sx) 

of the difference between experimental data points and a linear fit to the data  [17].  The error 

cutoff is shown by the dark line in Fig. 4-2(a) and is taken to be full width half maximum (~ 

2.5 Sx) of the normal distribution of the experiment.  Figure 4-2(b) shows experimental ISr as 

a function of ITi-O for 3% Sm-doped SrTiO3.  Multiple images from different regions have 

been taken, and image intensities were placed on an absolute intensity scale like the undoped 

sample.  The experimental error cutoff lines representing the dopant visibility criteria were 

illustrated based on a standard deviation of undoped samples.  Sm has a higher atomic number 

than Sr, and columns containing Sm will have higher intensity.  Columns with intensities 

above the upper error bound contain Sm dopant.   

 

Figure 4-2 (a) Experimental values for I Sr as a function of ITi-O for undoped 
SrTiO3 after background subtraction (red data points). Multislice simulations for 
thicknesses between 5- and 10-unit cells are shown as squares. (b) Experimental 

ISr as a function of ITi for 3% Sm doped SrTiO3 [37] 
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Figure 4-3(a) is a representative HAADF-STEM image of a Sm-doped SrTiO3 along 

[001] direction.  Two visible brighter Sr columns are marked with A and B, and their 

intensities are highlighted in Fig. 4-2.  The intensity of Sr columns for both columns A and B 

are above the experimental cutoff line, and therefore, the columns contain Sm dopant(s).  The 

presence of the dopant(s) could also be seen by looking at the intensity map.  Figures 4-3(b 

and c) show the intensity maps for the Sr and Ti-O columns, respectively.  Each pixel in the 

intensity map is related to the normalized intensity of the column.  The brighter pixels in Fig. 

4-3(b) refer to the Sr columns with the Sm dopant.  It is important to note that the intensity 

changes with the thickness of the sample.  Therefore, to eliminate the effect of the thickness 

variation, we check the uniformity of intensity for the Ti-O column.  While the intensities of 

labeled Sr columns are higher than their neighbors [Fig. 4-3(b)], the intensities of their four 

surrounding Ti-O columns are relatively uniform [Fig. 4-3(c)], indicating a uniform local 

thickness. 

 

Figure 4-3(a) Representative HAADF-STEM image of the 3% Sm-doped SrTiO3 
film recorded along [001].  Intensity map of (b) Sr columns and (c) Ti-O 

columns. 

 
The method described above to obtain quantitative information about dopant elements 

positions was previously established by Jinwoo Hwang [15] and improved by Jack Zhang [16] 
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by using multiple detectors.  The method was proven to successfully show the 3D 

configuration of Sr vacancies in SrTiO3 and lattice relaxation around them [132].  In what 

follows, we will focus on three representative HAADF-STEM images of undoped, 2% Sm 

doped, and 3% Sm doped SrTiO3.   

4-2-1 3D Sm Dopant Configuration 
 
Figure 4-4 (a-c) shows HAADF-STEM images of undoped (a), 2% Sm doped (b), and 

3% Sm doped (c) SrTiO3.  To eliminate the effect of thickness variation, we analyzed an 

11×11 unit-cell with uniform thickness.  Figure 4-4(d-f) shows experimental and simulated 

PACBED patterns for the images of the three samples analyzed here.  Simulations correspond 

to 9-10 unit cells.  The thick region of the sample dominates the PACBED intensity, and the 

analyzed regions are slightly thinner.  PACBED patterns also show that the sample tilts are 

negligible, and atomic column positions can be determined with high precision.  Figure 4-4 

(g-i) shows the experimental ISr as a function of ITi-O extracted from Fig. 4-4 (a-c) for the 

undoped, 2% Sm-doped, and 3% Sm-doped SrTiO3 respectively.   
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Figure 4-4 HAADF-STEM images(a-c), experimental and simulated PACBED 
patterns (d-f) and experimental ISr as a function of ITi-O (g-i) for undoped (first 

column), 2% Sm-doped (second column), and 3% Sm-doped SrTiO3 films (third 
column)  [37]. 

 

The dark lines indicate our measure of the experimental error, taken to be the full-

width half-maximum of the normal distribution of the experimental data points of the undoped 

sample.  By increasing the dopant concentration, more data points lie above the cutoff line.  

Columns with intensities above the upper bound contain Sm atom(s), consistent with an 

increase in dopant concentration.  Also, note that by increasing Sm-doping, data points are 
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shifting toward the upper bound.  This is related to the fact that columns below the cutoff line 

may also contain dopants.  The experimental cutoff chosen here appears to be too 

conservative, especially for thinner regions, as shown in larger data sets shown in Fig. 4-2.   

 

 

Figure 4-5 (a) Experimental ISr vs ITi-O for 3% Sm-doped SrTiO3 (b) Simulated ISr 
vs ITi-O plot for all possible configurations of single and double Sm-doped SrTiO3 

for different thicknesses [37] 

 
We selected two columns, labeled A and B, from the sample with 3% Sm dopant 

marked in the intensity graph [Figure 4-5(a)].  To estimate the number and positions of the 

dopants, we performed frozen phonon simulations for the SrTiO3 for the cases of Sr columns 

containing either one or two dopant atoms and for all possible combinations of depth positions 

for foil thicknesses between six and nine unit cells.  The positions are given in terms of the 

number of unit cells measured from the entrance surface, i.e., positions 1 and 9 are the top and 

bottom unit cells.  Figure 4-5(b) shows the calculated intensities for different configurations 

of dopants in a column along with experimentally measured intensities for columns A and B.  

The method has been explained in more detail before in refs.  [15,16].  For columns A and B, 
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the experimental data points were compared to all possible dopant configurations in a 9 unit 

cell-thick Sm-doped SrTiO3.  Example calculations for the most probable configurations for 

columns A and B are shown in Tables 1-4 below.  The probability (Pi) of an experimental data 

point corresponding to a calculated configuration is calculated as:  

𝑃𝑃𝑖𝑖 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖(𝑡𝑡)
∑ 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑡𝑡)𝑛𝑛

    (4-1) 

Where t is the distance between the experimental and simulated point, which is normalized to 

the experimental error (Sx), and norm(t) is the Gaussian probability distribution function for 

each distance.  The subscript i represents an experimental point, while n represents each 

dopant configuration.  ∑ norm𝑛𝑛(𝑡𝑡)𝑛𝑛  is calculated separately for 0-2 dopant configurations.  

The probabilities having 0,1 or 2 dopants in the column are calculated using Eq. 4-1, only 

using the most probabilistic column values.  It is evident from Tables 4-1 and 4-2 that columns 

A and B both most probably contain two dopants each, within a 9-unit-cell thickness.   
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Table 4-1 Calculation for the number of dopants in column A.  Two Sm dopants 
in column A has the highest probability. 
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Table 4-2 Calculations for the number of dopants in column B.  Two Sm dopants 
in column B has the highest probability. 

 

 
To determine the depth position of a Sm dopant, we calculate the expectation value 

[Eq. 4-2] and uncertainty [Eq. 4-3]: 

𝜇𝜇 = ∑ 𝑧𝑧𝑖𝑖𝑃𝑃𝑖𝑖𝑖𝑖        (4-2) 

𝜎𝜎 = �∑ 𝑃𝑃𝑖𝑖𝑖𝑖 (𝑧𝑧𝑖𝑖 − 𝜇𝜇)2,     (4-3) 

Where z represents the dopant depth position.  The results of the calculations are shown in 

Tables 4-3 and 4-4.  The depth positions are 2.25 ± 1.07 and 5.85 ± 1.45 for column A and 
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1.47 ± 0.63 and 3.1 ± 0.96 for column B.  Using variable angle HAADF, the precision and 

accuracy of the dopant configuration determination could be improved [16,17]; however, this 

was not the focus of this work.  

Table 4-3 Dopant position calculations for two Sm dopants of column A 
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Table 4-4 Dopant position calculations for two Sm dopants of column B 

 
 

4-2-2 Local Lattice Distortions 
 

After obtaining the 3D configuration of the Sm dopants, we evaluated the possible 

distortion caused by the Sm dopant atom.  Since the position of the Sr column was unchanged 

for the doped and undoped samples, we only evaluated the displacement of the Ti-O columns.  
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We calculated the displacement vector as the difference between the actual position of the Ti-

O columns obtained by Gaussian peak fitting and the center of mass of the surrounding four 

Sr (Sm) atoms.  Figures 4-6 (a-c) show the displacement maps of the Ti-O columns overlaid 

on the images shown in Fig. 4-4.  For clarity, the displacement vectors (yellow arrows) are 

shown magnified by a factor of six.  Increasing the dopant concentration results in the presence 

of larger displacements.  To further understand the structural distortion caused by the dopant 

atoms, we generated a color contour map of the displacement vector [Figs. 4-6 (d-f)].  These 

maps show displacements exceeding the average displacement; the number of distorted 

columns, represented by the red color in the color map, increases with increasing dopant 

concentration. 

 
 

Figure 4-6 (a-c) HAADF-STEM images overlaid with displacement vectors of 
the Ti-O columns (d-e) Color contour maps of the displacement for (a and d) 

undoped (b and e) 2% Sm-doped and (a and f) 3% Sm-doped SrTiO3 [37].   
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The average magnitude of the displacement vector is 9.07±3.03 pm for the undoped, 

9.86±4.81 pm for the 2% doped, and 11.33±4.95 pm for the 3% doped SrTiO3 films.  Figure 

4-7(a) shows a histogram of the Ti-O column displacements for the undoped, 2%, and 3% 

Sm-doped SrTiO3 films.  Noise, image distortions, small residual sample tilt, and other defects 

and disorders lead to the presence of apparent displacements even in the undoped film.  The 

displacements found in the undoped samples were comparable to those in SrTiO3 reported in 

the literature [32].  To distinguish the distortions caused by dopant atoms and other sources 

of distortion, we assigned an experimental error cutoff corresponding to the largest 

displacement found in the undoped sample.  Figure 4-7(b) shows the magnitude of all 

displacement vectors for all three images.  There are no displacements greater than ~12 pm in 

the undoped sample, which defines the error cutoff indicated by the black line.  For distortion 

caused by dopants, we consider only Ti-O columns with displacements above the error cutoff 

line.  

 
Figure 4-7 (a) Histogram of Ti column displacements for the undoped, 2% and 
3% Sm-doped SrTiO3. (b) Magnitudes of all displacement vectors for all three 

images and the displacement cutoff line [37]. 

 



 

 60 

After getting information on dopant configuration and column displacements, we 

focused on local distortion caused by the dopant atom to its surroundings.  Figure 4-8(a) shows 

the displacement vector map for the sample with 3% Sm.  The small squares indicate 

displacements above the displacement cutoff line.  The red and purple squares highlight two 

representative columns of A and B.  The columns were analyzed in the previous section, and 

both contain two Sm dopants but at different depth positions.  The corresponding Sr column 

intensity maps are shown in Figs.4-8 (c, e).  The distortions next to columns A and B are 

magnified in Figs. 4-8(b, d).  In general, we found that the Ti-O columns tend to displace away 

from the Sm dopants.  As can be seen from Figs. 4-8(b, d), the displacement vector fields are 

more complicated than simple, uniform, outward displacements of the four Ti-O columns 

away from the Sm-containing Sr columns.  However, no displacement vectors with a 

magnitude greater than the error cutoff were found pointing toward the Sm-containing Sr 

columns.   
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Figure 4-8 (a) Displacement vectors for the sample with 3% Sm (b, d) Ti-O 
column displacements around columns A and B, (c, e) Sr column intensity maps 

around columns A and B [37]. 

 

Additional results, including for the 2% sample, are shown in Figure 4-9.  

Displacements above the cutoff are indicated by the small squares in Fig.4-9 (a) and (c) for 

the 3% and 2% Sm-doped SrTiO3, respectively.  The corresponding Sr-column intensity maps 

are shown in Figs. 4-9 (b) and (d), respectively.  Crosses highlight the Sr columns with 

intensities above the intensity error cutoff line.  Note the regions indicated by the large squares 

for how Ti columns displace next to Sm containing columns. 

 



 

 62 

Figure 4-9 Displacement vectors for the 3% (a) and 2% (c) Sm-doped SrTiO3. 
Corresponding Sr column intensity maps of the 3% (b) and 2% (d) doped 

films [37].  

 

It is important to note that the measured displacements are projected in the image 

plane.  We performed simulations for different displacement magnitudes to investigate the 

sensitivity of the images to Ti atom displacements.  We carried out the simulations for 9-unit 

cell SrTiO3 with two Sm dopants located at the third- and fifth-unit cell from the beam 

entrance surface.  The error associated with determining the peak position of each atomic 

column in simulated STEM images is 1.5 pm, as determined for the crystal containing no 

displacements, shown as the green dotted line in Fig. 4-10 (a) and simulated image (b).  We 

then displaced the Ti atoms only next to Sm dopants by 10-35 pm and measured the projected 

displacement.  The red squares in Fig. 4-10 (a) are simulations for the case where only the Ti 

atoms next to the Sm dopant are displaced.  Fig. 4-10(c) shows the measured displacements 

in the simulations for 20 pm displaced Ti atoms only around the Sm dopants.  For comparison, 

we also performed a simulation where whole Ti-O columns around the dopants displace.  The 

blue circles are for displacements of the entire Ti-O column around Sm dopant.  The measured 

displacements in the simulations for a 20 pm displacement of the whole Ti column are shown 

in Fig.4-10 (d).  The measured displacements from figures b-d are 1.5 pm, 6.7 pm, and 14.7 

pm. 
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Figure 4-10 (a) Simulated projected displacements as a function of the actual Ti 
displacements around the dopant atom.  Displacement vectors for the (b) ideal 

Sm-doped SrTiO3, (b) 20 pm displaced Ti atoms around the Sm dopant, and (c) a 
20 pm displacement of the whole column [37]. 

Image simulation shows we can detect displacements even if only the Ti atoms next 

to the Sm dopant displace (rather than the entire Ti-O column).  Furthermore, there is a linear 

relationship between the actual displacement and the measured displacement.  The measured 

displacements for the four Ti columns around column A in Fig. 4-8 are 15.7, 16.5, 22.9, and 

13.5 pm.  On the other hand, the experimental error is also large and adds a displacement to a 

certain degree.  For this reason, an error cutoff of 12 pm was chosen based on the largest 

displacement in the undoped sample.  The measured values around column A exceed the 12 

pm value by 3.7, 4.5, 10.9, and 1.5 pm, respectively, and these differential values are more 

realistic to compare with Fig. 4-10 values.   
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4-3 Discussion 

In Sm-doped SrTiO3 samples, we observed displacements of the Ti-O columns away 

from the dopants.  The displacement of the Ti-O columns away from the Sm dopants is not a 

size effect.  The effective ionic radius of the Sm3+ dopant (1.24 Å) is smaller than that of the 

Sr2+ (1.44 Å) it replaces and is therefore electronic in origin.  The displacement vector fields 

found here are also more complicated than simple, uniform, outward displacements of the four 

Ti-O columns away from the Sm-containing Sr columns.  This is in marked contrast to the 

effect of Sr vacancies, which cause a displacement of all four surrounding Ti-O columns away 

from the vacancy-containing columns [17].  It is also different from the uniform expansion 

predicted in DFT calculations for La dopants in SrTiO3 [127].  The same study shows that 

Schottky defects cause more complicated and random outward/inward displacements.  

Schottky defects/ donor combination ( 𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛
° + 𝑒𝑒′ + 𝑉𝑉𝑂𝑂°° + 𝑉𝑉𝑆𝑆𝑛𝑛′′) seem unlikely here since this 

technique can detect Sr vacancies [17], and we did not detect Sr vacancies in the images.   

One possible reason for non-uniform expansion is the high density of dopant atoms in 

the samples investigated here, resulting in overlapping strain fields.  Furthermore, unlike La, 

Sm has f-electrons, whose electronic effects may play a role in the atomic and local 

configuration.  To further understand the dopant induced distortion’s electronic origin, further 

Q-STEM studies caused by dopant atoms with different charge state is needed. 

Regardless of its origin, the structural disorder caused by the rare-earth dopant atoms 

observed here can have implications for the properties of doped SrTiO3.  We reported the 

order-disorder nature of ferroelectric phase transition in the previous chapter.  Dopant atoms 

introduce considerable distortion to the lattice, and preexisting displacements of Ti columns 

in doped SrTiO3 can alter the properties of doped SrTiO3. 
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Chapter 5 Ferroelectricity and Polar Nanodomains in 

Doped Strained SrTiO3 

In chapter 3, we discussed the nature of the ferroelectric transition of strained, undoped 

SrTiO3 films.  Our findings showed that static and correlated symmetry-breaking distortion 

already exists in the film’s paraelectric state.  These polar displacements form nanodomains, 

which grow on approaching the ferroelectric transition to develop a long-range ordered 

ferroelectric state.  These results are solid and direct evidence for a strong order-disorder 

component.  We then showed in chapter 4 that dopant atoms introduce considerable disorder 

in adjacent Ti-O sites.  This chapter aims to understand how polar distortions couple to 

itinerant charge and how local dopant-induced distortion affects the ferroelectric behavior of 

the SrTiO3. 

5-1 Introduction 

The coexistence of ferroelectricity and itinerant carriers within a single material is 

highly unusual.  The emergence of the spontaneous electric polarization in a crystal, i.e., 

ferroelectric transition, requires a precise balance between long- and short-range Coulomb 

interactions.  Free carriers tend to screen the long-range interactions, disrupt the dipole 

interactions, and destabilize ferroelectricity [149–151].  In displacive ferroelectrics, this 

involves unstable TO phonon mode and screening Coulomb interaction by the conducting 

electrons that give rise to the splitting of longitudinal optical (LO) and TO phonons  [150–

152].  Added to this complexity is the fact that the ferroelectric transition of SrTiO3 is not a 

conventional displacive transition driven by the soft transverse optical (TO) phonon mode but 

contains an order-disorder component as discussed in previous chapters.  In particular, we 
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have recently shown that static, polar crystal distortions already exist in the paraelectric phase 

of epitaxially strained, undoped SrTiO3 films, far above the ferroelectric Curie temperature.  

These polar displacements are correlated and form nanodomains that grow and reorient at the 

ferroelectric transition.  Doping such films with trivalent rare-earth ions, such as La and Sm, 

introduces mobile carriers to the ferroelectric phase.  Polar nanodomains are a necessary 

precursor of ferroelectric order in strained SrTiO3 films; hence, they can be used as a gauge 

of the interaction between free carriers and ferroelectric order.  The presence of polar 

nanodomains in the undoped strained SrTiO3 films and itinerate charge in the doped films 

make doped and strained SrTiO3 an intriguing platform for studying the interaction between 

free charge carriers and ferroelectricity, a question first discussed by Anderson and Blount in 

1965 [149].  We study the evolution of polar distortions as a function of dopant concentration 

using the HAADF-STEM technique.  

5-2 Interaction Between Ferroelectricity and Charge Carriers 

For this study, Sm-doped SrTiO3 films with a thickness of about 200 nm were grown 

using molecular beam epitaxy (MBE) on (001) LSAT single crystals.  The bulk carrier 

densities (n3D) were measured by the Hall effect and are 6×1019 cm-3, 1×1020 cm-3, and 3×1020 

cm-3 at room temperature.  Electrical transport and optical second harmonic generation 

measurement were used to study the ferroelectricity of samples.  Electric transport and SHG 

measurements are described in refs [40] and [39], respectively.  Figure 5-1 shows samples 

with carrier densities of 6×1019 cm-3 and 1×1020 cm-3, respectively, that show finite SHG 

signals.  The corresponding ferroelectric transition temperatures are 92 K and 39 K, 

respectively.  In these films, the out-of-plane polarization breaks the inversion symmetry of 

the room temperature tetragonal 4/mmm structure and forms a structure with a polar point 
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group of 4mm below the transition temperature.  Electrical resistivity measurements show the 

SHG signal enhancement coincides with a resistance upturn.  Further increase in the dopant 

suppresses the ferroelectric transition.   

 

Figure 5-1 Temperature dependence of the electrical resistivity and SHG 
intensity of strained SrTiO3 with n3D of (a) 6×1019 cm-3 (b) 1×1020 cm-3 and (c) 

3×1020 (Reprinted from ref. [32] with permission). 

 

5-3 HAADF-STEM characterization 

We quantified atomic-resolution images of all samples at room temperature to evaluate 

the evolution of the nanodomains with doping.  Samples were prepared in cross-section 

geometry and HAADF-STEM imaging was carried out using the Talos microscope.  The 

experimental conditions are discussed in chapter 2.  The polarization (displacement) vector is 

the difference between the center of mass of the four neighboring Sr columns and the Ti-O 

column position obtained by 2D Gaussian fitting.  All images in this study are obtained at 

room temperature.  

5-3-1 Room Temperature Polarization Maps of Doped SrTiO3 

Figure 5-2 shows the directions of the Ti-O column displacement vectors for a sample 

with no dopants (a) and for the three Sm-doped samples with n3D of 6×1019 cm-3(b), 1×1020 
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cm-3 (c), and 3×1020 cm-3(d), respectively.  The color indicates the displacement vector 

orientation in 30-degree intervals, as shown in the color wheel.  Note that the color scale 

assignment reflects the Ti-O column displacement, not its magnitude.  As we have seen in 

chapter 3, Ti-O columns tend to displace in each unit cell at room temperature and unit-cell 

distortions are correlated.  As a result, they form polar nanodomains.  The displacements of 

the Ti-O columns in the undoped SrTiO3 film are along [001] direction, as indicated by the 

red dots.  The preferential displacements of the Ti-O columns in Fig. 5-2(b) are also along the 

[001] direction.  Large clusters of red vectors indicate the formation of nanodomains.  

Increasing the carrier concentration to 1×1020 cm-3 (Fig. 5-2 (c)), the [001] polar nanodomains, 

i.e., red regions, shrink in size and are separated by areas of randomly displaced Ti columns.  

The displacements of Ti-columns become completely random as the carrier density is 

increased to 3×1020 cm-3 (Fig. 5-2(d)).   
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Figure 5-2 Polarization orientation maps of (a) undoped and Sm-doped SrTiO3 
films with carrier concentrations of (b) 6×1019 cm-3, (c) 1×1020 cm-3, and (d) 

3×1020 cm-3 [38] 

 

It is worth mentioning that since the SrTiO3 films are uniformly strained to the LSAT 

substrate, nanodomains are observed throughout the film thickness.  Figure 5-3 shows a region 

close to the surface (a and b) and a region close to the interface (c and d) for the film with 

6×1019 cm-3 carrier density.  Because of the thickness gradients of the TEM sample, the 

thickness increases from the near-surface regions towards the interface.  PACBED patterns (b 
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and d) show the change in thickness of the TEM foil.  Regardless of the thickness of the 

analyzed sample, the nanodomains have formed across the film thickness.  

 

 

Figure 5-3 Nanodomain formation across the film thickness [38]. 

 

These images show that with increasing carrier density, the nanodomains shrink in 

size.  The size of polar nanodomains above the Curie temperature corresponds to the 

correlation length of dipoles and is directly proportional to the ferroelectric Curie temperature.  

The nanodomain size scales with how close the film is to the phase transition temperature.  

Larger nanodomains in the paraelectric phase at room temperature correspond to higher 

ferroelectric Curie temperatures.  Furthermore, it is clear that polar domains in the paraelectric 

phase are necessary for ferroelectricity to emerge at low temperatures, and ferroelectricity 

does not emerge from random distortions.  These results are consistent with undoped film 
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results, emphasizing the importance of nanodomain formation and highlighting the order-

disorder nature of the transition. 

In general, ferroelectricity requires that the depolarization field is negligible.  A small 

critical depolarization factor can explain the significance of domain structure for the 

emergence of ferroelectricity in SrTiO3.  In the paraelectric phase, the small size of the 

nanodomains and their different orientations mitigate depolarization fields, which is essential 

for the emergence of ferroelectricity [151].  At room temperature, doped SrTiO3 is a 

degenerate semiconductor (metal) for carrier densities greater than ~ 1020 cm-3 (kT ~ EF, where 

k is the Boltzmann constant, T the temperature, and EF the Fermi level) [153].  This is quite 

different from polar metals [154–157].   

5-3-2 Effect of Disorder due to Dopant Atoms 

Dopant atoms introduce local lattice distortions.  Using quantitative STEM, we 

quantified the local lattice distortions around Sm dopant atoms in SrTiO3 thin films [Chapter 

4].  Here, we investigate the role of the dopant atom in destabilizing the cooperative Ti 

displacements.  Figure 5-4 shows the magnitude and orientations of the Ti-O column 

displacement vectors for the images shown in Fig. 5-2.  The color contour maps of 

displacement vectors, shown in the top row, visualize the displacements above (or below) the 

average displacements in an image.  It is evident that by increasing dopant concentration from 

left to right, the number of Ti-O columns with larger than average displacements (red colors) 

increases.  The bottom row displays the polarization vectors overlaid on HAADF-STEM 

images.  The vectors are scaled by a factor of 8 for clarity.  The displacement field around the 
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dopant atoms involves moving Ti-O columns away from the Sm dopant, consistent with the 

findings in chapter 4. 

By comparing columns with random displacements in Figs. 5-4 (d-f) with columns 

with large displacements highlighted with red in Figs. 5-4 (a-c), we find a connection.  

Random displacements are linked to columns with large, above-average displacements.  They 

are therefore are associated with the Sm dopant atoms.  Magnified images on the bottom right 

are from the boxed regions in (f) and highlight the influence of the dopants that cause random, 

large displacements (see also red regions in (c)).  With increased Sm density, the strain fields 

of neighboring dopants overlap (red spots in Fig. 5-4(c)) and dominate over polar distortions.  

The displacements due to the Sm dopants only affect their neighboring columns and do not 

form correlated displacements spanning many unit cells.  This is expected behavior from point 

defects [17,37,129,141,158].  We also note that oxygen vacancies can be present in the films.  

Their concentrations, however, are several orders of magnitude lower than Sm, thus making 

Sm dopants the primary point defect of these films.  
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Figure 5-4 Color contour maps (top row) and the displacement vectors (bottom 
row) of Ti-O column off-centering for the three films with carrier densities of (a, 

d) 6×1019 cm-3, (b, e) 1×1020 cm-3, and (c, f) 3×1020 cm-3 [38].  

 

The large and random displacements associated with the dopants can disrupt the 

correlated polar distortions.  Additional images shown in Figure 5-5, obtained from two 

different regions of the film with 1×1020 cm-3 carrier density, further show the role of dopant-

induced distortions on the size of nanodomains.  Figures 5-5 (a and b) show the color contour 

map for the dopant-induced distortion where red corresponds to large distortions caused by 

dopant atoms.  Figures 5-5 (c and d) show the corresponding polarization directions.  Region 

1 contains fewer dopants and few large displacements in the color contour map.  

Consequently, this region includes a large [001] nanodomain shown by red dots in Fig. 5-5(c).  

In contrast, region 2 has more dopants with large dopant-induced distortion [See Fig. 5-5(b)].  

The random displacement of Ti-O columns caused by the dopant atoms disrupts the correlated 
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displacements and breaks up the nanodomains.  Comparing enlarged images from the top and 

bottom row shows that the large displacements coincide with the random distortions 

responsible for breaking the polar nanodomains and disrupting long-range interactions.   

 

Figure 5-5Figure 5-6 Color contour maps of displacement vectors (a, b) and 
polarization orientation (c, d) for two different regions of the film with a carrier 

density of 1×1020 cm -3 [38] 

 

5-3-3 Directionality and Magnitude of Polar Distortions 

Figure 5-6 shows the distribution of the polar displacements with crystallographic direction.  

The displacements in the undoped sample are unidirectional and point to [001] direction.  By 

increasing the density of dopants, the displacements lose their directionality and become more 

isotropic and random.  The polar distortions in the over-doped film (n3D =2.8×1020 cm-3) are 
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entirely random.  It is important to note that the Curie temperature is inversely proportional to 

the randomness of polar distortions at room temperature.  Further, in the limit of completely 

random distortions, the ferroelectric transition vanishes. 

 

 

Figure 5-7 Polar plots of the distributions of displacement vectors as a function 
of the crystallographic direction for the undoped and Sm-doped SrTiO3 

films  [38] 

 

For additional statistical insight, we analyzed a large number of images (more than 

7,000 Ti-O columns) for all three doped films and undoped films as a comparison.  Figure 5-

7(a) shows the distribution of the magnitude of the displacements measured.  The average of 

the Ti-O column displacements in unstrained films is very small (5.6 pm), which serves as a 

measure of the experimental error and small nanodomains in these films [38].  The undoped 

strained SrTiO3 films have the largest polar distortions (10.9 pm) associated with large polar 
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domains and high Curie temperature.  Figure 5-7 (b) shows the extracted average magnitude 

of the polar distortions from Fig. 5-7 (a) along with the ferroelectric Curie temperature.  The 

average magnitude of the polar distortions shown corresponds to the peak of the distribution.  

Increasing the dopant concentration suppresses the average magnitude of polar distortions 

until the displacements due to the dopant atoms themselves affect the distributions.  At this 

point, because of random and complex distortions of Ti-O columns around the high density 

of Sm dopants, the average magnitude of distortions shows an upturn in the over-doped 

sample.  It is important to note that the upturn in the average magnitude of distortions for the 

overdoped film (3×1020 cm-3) is not due to the polar (correlated) displacements.  This film had 

random displacements and was not polar at room temperature.  At high dopant concentrations, 

the strain fields associated with the dopant atoms start to overlap and increase the magnitude 

of the random displacements.   

 

Figure 5-8 (a) Distribution of the Ti-O column displacements at room 
temperature acquired from multiple regions of the films. (b) Ferroelectric Curie 

temperature as a function of the average magnitude of the displacement 
vectors [38].  
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Upon doping, both the size of the nanodomains and the magnitude of the polar 

displacements decrease.  This shows the close coupling of the dipole correlations and the 

magnitude of the displacements.  This finding is direct experimental evidence that long-range 

electrostatic interactions drive the ferroelectric transition, consistent with the modern theory 

of ferroelectrics [151,157,159].  Our result is not compatible with short-range interactions 

where unit cell distortions drive the transition [160].  The TO soft mode picture also appears 

to be insufficient to explain all the results.  Although it is possible that when the TO phonon 

mode becomes very soft, their interaction range can exceed beyond a unit cell, the TO phonon 

interaction length at room temperature is likely negligible and smaller than the nanodomain’s 

size observed.  

5-4 Summary  

In this chapter, we have shown that the emergence of ferroelectricity depends on the 

presence of correlated polar displacements of Ti-O columns above the Curie temperature.  

Additionally, our results show that dopant atoms can alter ferroelectricity by two means, 

introducing free carriers and random (uncorrelated) displacements caused by dopant atoms.  

At low carrier density, long-range Coulomb interactions and free carriers can coexist.  By 

increasing the carrier density, long-range Coulomb interactions are screened out, reducing the 

size of nanodomains.  While the nanodomains and displacements gradually shrink with 

increasing carrier density, which reflects the electronic screening, the disorder caused by the 

dopant atoms themselves gain importance.  The introduction of a high concentration of dopant 

atoms affects the anisotropy and magnitude of polar distortions.  This disorder introduced by 

the dopant atoms acts as a second factor affecting ferroelectricity.  This second factor 

contributes to the destruction of the nanodomains at high doping by frustrating the dipole 
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interactions and completely suppressing the ferroelectric transition.  This study provides a 

clear picture of the interactions among free carriers, disorder, and ferroelectric instability.  

Long-range correlations and unit cell displacements cooperate, and free carriers and disorder 

compete with the ferroelectric transition at different length scales.   

As discussed in chapter 2, doped SrTiO3, which undergoes successive ferroelectric and 

superconducting transitions, is a potential candidate to investigate unconventional 

superconductivity.  Since ferroelectricity is affected by disorder due to the dopant atoms, these 

results raise a question about the role of disorder in suppressing the superconducting transition 

temperature as well.  In the following chapters, we discuss the role of disorder on the 

superconductivity of SrTiO3 and the possible nature of superconductivity in the presence of 

polar domains. 
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Chapter 6 Superconductivity and Polar Nanodomains in 

Doped Strained SrTiO3 

In previous chapters, we focused on the nature of the ferroelectric transition of strained 

SrTiO3 films.  As discussed in chapter 3, polar nanodomains are present at strained SrTiO3 

films far above the ferroelectric transition temperature and that they are an essential precursor 

of the ferroelectric state.  Short-ranged correlated domains on smaller lengths also exist in the 

unstrained films, which do not become ferroelectric.  As discussed in chapters 4 and 5, the 

size of the nanodomains decreases with increasing carrier density until, eventually, the 

ferroelectric transition is suppressed as a result of both the carrier-induced screening and the 

dopant-induced disorder. 

In this chapter, we will focus on the superconductivity in SrTiO3 and its interplay with 

polar nanodomains. Our focus is to understand the controlling parameters to enhance the 

superconductivity and reveal the dominant interactions in the electronic pairing. The 

fundamental question this chapter tackle is whether ferroelectricity is necessary for the 

emergence of enhanced superconductivity.  We previously observed that polar nanodomains 

are a precursor to the emergence of ferroelectricity and ferroelectric transition does not occur 

in samples without large polar nanodomains above Curie temperature.  The presence of 

correlated polar nanodomains, however, does not guarantee a ferroelectric transition [105].  

These samples, i.e., polar nanodomains without ferroelectricity, are key in answering the 

question of whether ferroelectricity is necessary for the emergence of enhanced Tc.  If global 

ferroelectricity is not required, the next question would be whether there is a critical polar 

nanodomain size for the emergence of enhanced Tc.  
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6-1 Importance of Broken Inversion Symmetry on Superconductivity of SrTiO3 

We have briefly discussed the superconductivity of SrTiO3 in chapter 2.  The 

superconductivity of SrTiO3 is puzzling because it does not fit into standard BCS theory, and 

conventional electron-phonon models cannot describe it.  Recent experimental observations 

also report an enhancement of the critical temperature by approaching ferroelectric 

instabilities [39,40,96–99], which has not yet been explained with any of the current theories.  

One reason for the lack of understanding is the low superconducting transition temperatures, 

making it challenging to characterize symmetry breakings at the nanoscale with existing tools.  

As discussed in previous chapters, the ferroelectric state of SrTiO3 can be explained by the 

presence of polar nanodomains at room temperature.   

So far, the models which connect the superconductivity to ferroelectric fluctuations 

lack the explanation for the microscopic origin of electronic coupling to the ferroelectric 

fluctuation, how the dynamics of critical fluctuations impact superconductivity, and whether 

ferroelectric fluctuations can form the entire superconducting dome.  Moreover, the main 

challenge of these models is to explain the interaction of the soft transverse optic (TO) phonon 

modes with electrons.  Recent theories show that in the presence of spin-orbit coupling, direct 

couplings between fermions and the bosonic fields are allowed [161–165].  Polar SrTiO3 

shows Rashba interactions which, due to the small critical temperature of superconductivity 

in SrTiO3, can play a major role in electronic pairing [166].  In this chapter, we want to 

investigate whether ferroelectricity is necessary for the emergence of enhanced 

superconductivity.   
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6-2 Polar Domains in Partially Strain-Relaxed SrTiO3 

 
We studied Sm (films A and C) and La-doped (films B and D) SrTiO3 films grown on 

LSAT substrates.  As shown before substitution of Sr+2 with Sm+3 or La+3 does not change the 

superconducting parameters [40,167].  The carrier density (n3D) was calculated from the Hall 

effect at 300 K and ranged between 6–8×1019cm-3.  The thickness of the films was ~180 nm 

which is near the critical thickness for strain relaxation on LSAT [106].  Figure 6-1 shows 2θ-

ω scans around the 002 reflections of SrTiO3 films with the Sm (A and C) and La (B and D) 

dopant.  The dashed lines show the expected positions of the 002 reflection for a coherently 

strained SrTiO3 film on LSAT substrate and fully relaxed film, respectively.  Film A shows 

pronounced thickness fringes indicating coherency and high structural quality.  Peak shifts, 

broadening, and asymmetry observed in films B-D indicate partial strain relaxation.   

 

Figure 6-1 High-resolution x-ray diffraction patterns of A-D films.  The dashed 
lines indicate the 2θ values corresponding to the out-of-plane lattice parameters 

for fully strained and relaxed SrTiO3 films. 
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Figure 6-2(a) shows normalized resistances (R/RN) as a function of temperature.  All 

samples show superconducting transitions at similar critical temperatures (Tc).  The 

superconducting critical temperatures are 600 mK, 600 mK, 560 mK, and 580 mK for 

samples A-D, respectively.  All Tc values are enhanced compared to unstrained SrTiO3, and 

in line with previously reported values for strained SrTiO3 [40,99,167].  Partial strain 

relaxation of films B-D thus did not have a significant impact on Tc values.  Change in the 

normalized resistance with the applied out-of-plane magnetic field is shown in Figure 6-2 (b).  

Unlike Tc, Hc2 varies between the samples.  The Hc2 values at 50 mK for samples A-D are 

1.75 T, 1.22 T, 0.98 T, and 0.63 T, respectively. The summary of the sample parameters is 

presented in Table 6-1.  Superconducting coherence length is calculated from 𝜉𝜉0 =

�𝜙𝜙0 2𝜋𝜋𝐻𝐻C2⁄ . 

 

 
 

Figure 6-2 Normalized resistance (R/RN) as a function of (a) temperature and (b) 
out-of-plane magnetic field for films A-D.  
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Table 6-1 Superconducting and materials parameters of films A–D 

 
 

 
To test whether ferroelectricity is the key to enhancing superconducting temperature 

and whether all samples with higher critical temperature show a transition to the ferroelectric 

state before superconducting transition, we tested the samples A-D for ferroelectric transition 

using temperature-dependent SHG.  Figure 6-3 shows temperature-dependent SHG intensity 

for samples A-D between 200 K and 10 K.  The SHG signals were normalized to the incident 

laser beam power.  Upon cooling, sample A shows a sharp increase in the SHG response and 

transitions to the globally ferroelectric phase at ~90 K.  A previous SHG measurement of this 

sample showed a similar signal where the electric polarization vector is pointing normal to the 

film plane [39].  In contrast, samples B, C, and D, which are slightly strain-relaxed, do not 

show a ferroelectric transition.  Strong dependence of ferroelectricity to stoichiometry and 

strain has been reported to be the main reason for weak or completely suppressed SHG signal 

of strained SrTiO3 films [124].  The presence of ferroelectric domains smaller than the laser 

spot size would give rise to a speckle pattern that is not observed experimentally.  Instead, in 

all the samples, a weak but finite SHG signal persists to high temperatures, likely due to 

diffuse SHG from the presence of polar nanodomains smaller than the laser wavelength. 
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Figure 6-3 Temperature dependence of the SHG intensity of films A-D. 

 

To obtain information about polar nanodomains, we recorded atomic resolution 

images at room temperature, as described previously.  Figure 6-4(a) shows representative 

HAADF-STEM images of films A-D.  Here, we assigned a Ti-O column displacement 

direction based on the difference between the center of mass of the four neighboring Sr 

columns and the Ti-O column position.  The displacement of the Ti-O column in each unit-

cell is color-coded based on four crystallographic directions of <001>.  For film A, Ti-O 

columns displace primarily along [001] direction and form large polar nanodomains (in red).  

These domains are precursors for a ferroelectric phase transition.  Unlike film A, the other 

samples have domains with polarization directions of [001], [010], and [010].  The larger 

nanodomains are on the order of 8 unit cells with average Ti-O column displacements of ~ 10 

pm for all films.  Figure 6-5 shows other regions of the films where film A has pronounced 

out-of-plane polarization, and films B-D have components of both in-plane and out-of-plane 

polarization.  Nanodomains with different polarization directions average out to an isotropic 

yet finite SHG signal.  While these films show a difference in the phase transition, the 
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inversion symmetry is locally broken in all of them.  Furthermore, all of these samples have 

enhanced superconducting transition temperature, even though they do not show a global 

ferroelectric behavior.  
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Figure 6-4 (a) HAADF-STEM images of films A-D. (b) Polarization map of 
films A-D.  Each pixel represents the displacement of the Ti-O column in that 
unit cell.  The color assignment is based on the proximity of the polarization 

vector to the nearest <001> direction.  
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Figure 6-5 Additional images showing polar domains in films A-D.  Each pixel 
represents the displacement of the Ti-O column in a unit cell.  

 
These images show that polar nanodomains are present in all A-D SrTiO3 films and 

thus all films are locally non-centrosymmetric.  Furthermore, HAADF-STEM images confirm 

that the correlation length of polar distortions depends on the applied strain.  Only the fully 

strained film shows a transition to a long-range ferroelectric state.  Interestingly, since all of 

the films show enhanced superconductivity, the emergence of ferroelectricity is not necessary 

for Tc enhancement.  Enhanced superconductivity emerges in samples with polar 

nanodomains, and global ferroelectricity is not essential for enhanced Tc. 

6-3 Effects of Polar Domains on Tc Enhancement 

The previous chapter shows that enhanced superconductivity emerges in ferroelectric 

samples which have large polar nanodomains above Curie temperature. Here, we observe 

similar enhanced superconductivity emerging in samples that do not show ferroelectricity. 
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Sufficiently large nanodomains can enhance Tc as long as the Cooper pair separation is not 

too large.  To evaluate this premise further, we studied unstrained SrTiO3 films grown on 

SrTiO3 substrate and strained SrTiO3 films with high carrier density where the Cooper pair 

separations are large.  The sample parameters are listed in Table 6-2.  Figure 6-6 shows 

normalized resistance as a function of temperature and magnetic field for unstrained and 

overdoped strained SrTiO3 films.  The unstrained film shows a superconducting transition 

temperature of 227 mK with a superconducting coherence length of 37.5 nm.  The highly 

doped (n3D=3×1020) strained SrTiO3 film also does not show enhanced superconducting 

temperature (160 mK).  The data from the highly doped, strained SrTiO3 film was previously 

reported in reference [40].  Despite being fully strained this sample does not show an enhanced 

Tc.  Interestingly, this sample has very small polar nanodomains, highlighting the importance 

of correlation length of polarization for the emergence of enhanced superconductivity.  It was 

shown that the strain field of Sm dopants frustrates the correlation of polar distortions [40].  

 

 

Figure 6-6 (a) Normalized resistances (R/RN) as a function of temperature and 
(b) out-of-plane magnetic field, respectively, for the unstrained and for the 

overdoped strained SrTiO3 films. 
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Table 6-2 Sample parameters for the unstrained and the overdoped films. 

 
 

Figure 6-7 (a) shows a representative image of nanodomains in the unstrained SrTiO3 

film.  Compared to the nanodomains within strained films, the nanodomains are smaller. 

However, small polar nanodomains are still present and span, on average, 3.9±0.9 unit cells.  

Figure 6-7 (b) shows Ti-O column displacements of each unit cell for the overdoped film.  No 

nanodomains exist at room temperature in the overdoped film.  Small nanodomains might still 

form at lower temperatures since the nanodomains will grow in size as the temperature is 

lowered [36].   

 

 

Figure 6-7 Polar domains in (a) unstrained and (b) overdoped strained SrTiO3 
film. 

 

These results suggest a relationship between the critical temperature of 

superconductivity and the correlation length of polar distortions.  We find that only polar 

nanodomains beyond a critical length could enhance Tc, and the emergence of ferroelectricity 

is not necessary for enhanced Tc.  In the case of a small correlation length compared to the 

separation of Cooper pairs, the Cooper pairs reside on average in a centrosymmetric lattice, 
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which results in low Tc.  In contrast, Cooper pairs reside in a non-centrosymmetric lattice 

when there are large polar correlation lengths and small Cooper pair separations.   

These findings point to the important role of inversion symmetry breaking in the 

superconductivity of SrTiO3.  Our results are remarkably consistent with findings that showed 

a strong correlation between the strength of Rashba spin-orbit coupling and Tc in quasi-two-

dimensional electron gases in SrTiO3 [168]. 

6-4 Summary  

In this chapter, we investigated the role of polar domains in determining 

superconducting transition temperature.  Our observations point to a direct relationship 

between the correlation length of polar distortions and the critical temperature of 

superconductivity.  We observe an enhancement of superconductivity in samples with 

correlated polar distortions regardless of the emergence of ferroelectricity.  For small domains, 

and Cooper pairs with large separations, the Cooper pairs reside in a centrosymmetric 

structure on average, and hence the superconductivity is not enhanced.  Besides, our results 

point to inversion symmetry breaking as the main parameter controlling superconductivity in 

SrTiO3.  It is possible that superconductivity in SrTiO3 requires inversion symmetry breaking.  

As shown previously, ferroelectricity and superconductivity collapse at similar carrier 

densities [39,40], where nanodomains are not present and screened by free carriers and 

distortion caused by dopant atoms [38].   

The presence of nanodomain is not limited to SrTiO3.  Polar nanodomains have been 

discovered in the parent phases of other superconductors, such as tellurides [169–171].  Other 

incipient ferroelectrics have also shown unexpected superconductivity [172].  It is, therefore, 

possible that polar or inversion-symmetry broken regions govern Cooper pairing in a much 
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wider range of materials than has previously been appreciated.  The results should motivate a 

microscopic theory of the role of spin-orbit coupling and dipolar interactions in the 

superconductivity of SrTiO3 and other polar superconductors. 
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Chapter 7 Role of Disorder on Superconductivity of SrTiO3 

In previous chapters, we discussed the local non-centrosymmetric structure and polar 

superconductivity of SrTiO3 in both strained and unstrained form.  One way to evaluate the 

nature of superconductivity is to understand how this phase interacts with disorder.  This 

chapter aims to determine the robustness of the superconductivity in SrTiO3 against magnetic 

and nonmagnetic disorders. Eu and La have been used as magnetic and non-magnetic dopants, 

respectively. 

7-1 Importance of Understanding of the Response of Superconducting SrTiO3 to 

Disorder 

One frequently used test to probe the nature of a superconductor is to study its response 

to disorder [173–175].  The superconducting transition temperature of conventional the s-

wave superconductors is robust against nonmagnetic impurities.  In this case, the transition 

temperature is only affected by the strong scattering in which the mean free path becomes 

smaller than the Fermi wavelength.  This is referred to as the Anderson theorem [173].  

Magnetic impurities, however, strongly reduce the superconducting transition temperature of 

conventional superconductors due to the exchange coupling between the impurity spins and 

those of the conduction electrons [174].  The conventional superconductors vanishes in the 

presence of magnetic impurities [80,176]. 

Unconventional superconductors show a different response to disorder.  For example, 

cuprate superconductors, which are spin-singlet and d-wave, are equally sensitive to 

nonmagnetic and magnetic impurities [177].  The sensitivity has been attributed to the role of 

magnetism in the Cooper pairing  [178] or the anisotropy of the order parameter [179].  A 
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high degree of sensitivity to all kinds of disorders was believed to be a hallmark signature of 

odd-parity superconductors [179–181].  However, recent theoretical studies have shown that 

spin-orbit coupling and/or multiband effects can make odd-parity and topological 

superconductors robust against magnetic and/or nonmagnetic disorder [176,182–184].  

Furthermore, certain kinds of magnetic impurities are believed to offer a route to topological 

superconductivity [185].   

In this chapter, we investigate the effect of magnetic and nonmagnetic disorders on the 

superconductivity of SrTiO3.  To evaluate the role of nonmagnetic disorder, we study the 

effect of distortion caused by Sm dopant atoms on the superconducting transition temperature.  

To understand the role of magnetic disorder, we then introduce Eu atom as a magnetic non-

dopant impurity and monitor the change in the superconducting state.  

7-2 Role of nonmagnetic disorder on superconductivity of SrTiO3 

We have discussed the role of dopant atoms in the ferroelectricity of strained Sm-

doped SrTiO3 films in chapter 5.  We showed that dopant atoms could suppress ferroelectricity 

by introducing free carriers and distortion caused by dopant atoms.  We then discuss the 

connection between ferroelectricity, polar nanodomains, and superconductivity in chapter 6.   

Here we discuss the same films as those studied in chapter 5, and we focus on how 

dopant-induced distortions affect the superconducting critical temperature.  The strained Sm 

doped SrTiO3 films with n3D = 6×1019cm-3, 1×1020 cm-3, and 3×1020 cm-3 transitions to the 

superconducting state at 600 mK, 670 mK, and 160 mK, respectively [40].  Figure 7-1 (a) is 

repeated from Fig. 5-7 and shows the distribution of the magnitude of Ti-O column 

displacement measured from HAADF-STEM images.   
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Figure 7-1 (a) Distribution of the Ti-O column displacements at room 
temperature acquired from multiple regions of the films. (b) Superconducting 

critical temperature as a function of the average magnitude of the 
displacement [38].  

 

Figure 7-1(b) shows the superconducting critical temperatures, taken from 

reference [40] as a function of the average magnitude of the displacements.  The critical 

temperature is inversely proportional to the average magnitude of polar distortions.  Thus, the 

peak of the superconductivity dome corresponds to the smallest polar displacement.  This 

observation may seem in contradiction with previous statements, directly relating polar 

distortion size, spin-orbit coupling and critical temperature of superconductivity.  It is 

noteworthy to mention that the size of correlated polar distortions is not the only factor 

deciding the fate of superconductivity.  The correlation length of polar distortions plays an 

equally important role.  If the strain field near the dopants manage to frustrate correlated polar 

distortions randomizing the polarizations while making them even larger (n3D = 3×1020 cm-3), 

the critical temperature of superconductivity declines.  Finally, the three strained samples in 
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Fig. 7 have different Fermi energies which could complicate a direct comparison based on 

polar distortion size. Samples that become ferroelectric (n3D = 6×1019 cm-3 and n3D = 1×1020 

cm-3) show a doubling in critical temperature of superconductivity, relative to the values of 

unstrained SrTiO3.  It is important to note that the superconducting dome as a function of 

carrier density in the strained films follows the same qualitative trend as bulk, unstrained 

SrTiO3, for which the maximum superconducting temperature also occurs around 1×1020 cm-

3.  Therefore, we speculate that disorder induced by dopant atoms can cause a sudden drop in 

superconducting transition temperature at high dopant concentrations, similar to what we 

observed for ferroelectricity.   

As mentioned above, the critical temperature of superconductivity is not sensitive to 

nonmagnetic defects in conventional superconductors and is suppressed strongly with 

magnetic impurities.  The insensitivity to magnetic disorder could strengthen the case for 

unconventional superconductivity in SrTiO3.  To test this premise further, we evaluate the 

system’s sensitivity to magnetic impurities (Sm and Eu), which we will discuss next.  

7-3 Influence of magnetic impurities on superconductivity of SrTiO3 

Oxygen vacancies, Nb, and La are traditionally used as donor dopants in 

superconducting SrTiO3 [136,186,187].  More recently, SrTiO3 has also been doped with Nd 

and Sm [40,188].  In contrast to La, these dopants introduce localized f-states. 

Superconductivity in SrTiO3, however, shows similar trend with magnetic (Sm) and non-

magnetic (La) impurities [40,188].   To understand the effect of magnetic rare-earth ions on 

the superconducting transition of SrTiO3, we investigate the SrTiO3 films doped with Sm and 

co-alloy these films with different Eu concentrations.  We know that Sm magnetic moments 
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are not detrimental to superconductivity [40,167].  By adding Eu to the films, we can separate 

the effect of the magnetic properties of the impurity ion from its properties as a dopant.  Like 

Sm, Eu has unpaired f-electrons (the electronic configurations are [Xe]4f5 for Sm3+ and 

[Xe]4f7 for Eu2+), but it is divalent and thus does not contribute additional free carriers.   

For this study, coherently strained films of Sm: Sr1-xEuxTiO3 films were grown on the 

LSAT substrate.  Films are n-doped by Sm3+ substitution and co-alloyed with Eu2+ with x 

ranging between 0 and 0.03.  The Sm concentration corresponds to the free carrier density, 

while the Eu concentration was estimated from the flux during the film growth.  The Eu 

concentration was varied in different films while the Sm concentration was kept near the 

optimal doping, i.e., the peak of the superconducting dome.  The Eu-alloyed films were 

slightly underdoped with n3D ranging with the carrier density of n3D=5–8×1019cm-3.  A slight 

variation of carrier density in different samples was unintentional and corresponded to Sm 

doping.  The film thicknesses were 170 nm, 167 nm, and 187 nm for samples with 0.5 %, 2 %, 

and 3 % Eu, near the critical thickness for strain relaxation [106].  Figure 7-2 shows the 2θ-ω 

scans of the 002 reflections of the SrTiO3 films without Eu and samples containing 0.5-3% 

Eu.  The dashed lines show the expected positions for the coherently strained and fully relaxed 

SrTiO3 films on LSAT substrate.  X-ray diffraction for some films shows the onset of a small 

degree of strain relaxation.  Peak broadening and asymmetry observed in Sm: Sr1-xEuXTiO3 

samples could be due to partial strain relaxation, local stoichiometry fluctuation, or lattice 

defects.   



 

 101 

 

Figure 7-2 X-ray diffraction patterns of strained Sm: Sr1-xEuXTiO3 films with 
x=0-0.03 on LSAT substrate  [41] 

 

We have shown before in chapter 6 that film quality can affect the emergence of the 

ferroelectric phase.  We performed second harmonic generation and cross-sectional high-

angle annular dark-field (HAADF) imaging in scanning transmission electron microscopy 

(STEM).  Figure 7-3 shows the SHG response of Sm: Sr1-xEuXTiO3 films as a function of 

temperature from 10 K to 200 K.  SHG signals were normalized to the incident laser beam 

power.  Sample without Eu shows a sharp increase in the SHG response, highlighting the 

ferroelectric phase transition at 92 K.  Due to the small strain relaxation samples with Eu did 
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not show a significant change in SHG signal with temperature (for samples with 0.5% and 2% 

Eu) or showed a suppressed transition (for the sample with 3%Eu).  Since probing the 

paraelectric to ferroelectric phase by SHG is extremely sensitive to defects and stoichiometry, 

this behavior was expected, as discussed in the previous chapter.  While Sm: ESTO samples 

with partial strain relaxation did not show a sharp increase in SHG signal, they all have a 

significant high-temperature residual signal.  The finite SHG signal observed at high 

temperatures can be because of polar nanodomains that form throughout the film.  Domains 

with different in-plane polarization directions are averaged out in the measurement because 

of the large SHG beam spot (30 μm).  We then performed HAADF-STEM imaging to verify 

the presence of nanodomains in the films. 

 

Figure 7-3 Temperature dependance of SHG intensity for Sm: Sr1-xEuXTiO3 films 
with x=0-0.03 on LSAT substrate [41]  

 

Figure 7-4 shows the direction of the polarization vector (in 30° intervals) as indicated 

by the color overlay.  The polarization vector, a measure of the difference between the center 
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of mass of the four neighboring Sr columns and the Ti-O column position, was obtained for 

the Sm:Sr1-xEuXTiO3 films at room temperature.  Nanodomains with preferential 

displacements of the Ti-O columns along [001] (see red vectors) are seen for the film without 

Eu [Fig. 7-4(a)] and are a precursor to the globally ordered ferroelectric phase.  The film with 

3% Eu contains both [001] and [100] domains [Fig. 7-4(d)].  The films with intermediate Eu 

contents show smaller domains with different polarization directions, explaining the less 

pronounced transition seen in SHG.  In summary, structural analysis shows some differences 

in the phase transition between the films.  This difference is associated with the small degree 

of strain relaxation as discussed before and not due to the Eu alloying.  In what follows, we 

will discuss the role of Eu on the superconducting behavior of SrTiO3.  
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Figure 7-4 Cross-section HAADF-STEM images showing the Ti-O column 
displacement directions as indicated by the color overlay [41]. 

 

Figure 7-5(a) shows sheet resistance (Rs) as a function of temperature (T) for samples  

with varying Eu concentrations.  All samples are superconducting at low temperatures 

with superconducting critical temperatures of 596 mK, 545 mK, and 503 mK for samples with 

0 %,2 %, and 3 % Eu concentrations.  The Tc values are greater than unstrained films 

(300 mK), indicating that the partial strain relaxation seen in x-ray diffraction did not reduce 

Tc to its unstrained value.  The Sm dopant concentration varies between 0.3% and 0.5% in 

these samples, causing an unintentional variation in the carrier density.  The change in the Tc 

and n3D is shown in Figure 7-5(b).  Minor variation in Tc is due to the differences in carrier 

density of samples and not Eu atoms.  Thus, the addition of up to 3% Eu does not suppress 

the superconducting order parameter.   

To further illustrate the insensitivity of the superconductivity to the presence of Eu, 

we compare the change in Tc as a function of n3D for the Eu-alloyed films with a more 

extensive data set of Sm and La-doped SrTiO3 films grown on LSAT.  Figure 7-5(c) shows 

how Tc changes for Sm and La-doped SrTiO3, and with different Eu concentrations, by 

changing carrier density.  The trend of Eu-alloyed films is similar to those that contain only 

Sm or La.  The change of carrier density by 2.85×1019 cm-3 between samples with 0.5 and 3% 

Eu leads to a 93 mK difference in Tc.  This is in line with samples without Eu, where on 

average, with the same amount of carrier change, Tc changes by 114 mK.  The data from the 

La-doped samples are from Ref. [167], and the data from the Sm-doped samples (no Eu) are 

from Ref. [40].  Some of the La-doped films were partially relaxed, which lowers Tc.  Our 
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measurements show that Tc in doped SrTiO3 is not sensitive to dopant type or presence of 

magnetic impurity and only changes with carrier density. 

 

Figure 7-5 (a) Sheet resistance (Rs) as a function of temperature (T) for strained 
Sm-doped films with 0.5% (sample A), 2% (sample B) and 3% (sample C) Eu. 
(b) Comparison of n3D and Tc for the three samples (c) Comparison of Tc as a 
function n3D for La and Sm-doped films with no Eu and with Eu-alloying [41] 

 

Figure 7-6 shows that upper critical also has similar behavior to critical temperature.  

Figure 7-6(a) shows the sheet resistance of the Eu alloyed films with out-of-plane magnetic 

fields.  The change in the Hc2 with increasing Eu concentration follows the expected trend 

with carrier density (Fig. 7-6 b).  Similar to Tc, Hc2 values are sensitive to slight variations in 

carrier density but are not affected by the addition of Eu.  Figure 7-6 (c) shows the change in 

the out-of-plane Hc2 values for La and Sm doped along with films alloyed with Eu as a function 

of n3D.  Here, the change of carrier density by 2.85×1019 between samples with 0.5 and 3% Eu 

leads to a 0.5 T difference in Hc2, which is in line with samples without Eu in which Hc2 

changes by 0.57 T via the same amount of carrier change.  The behavior of Eu-alloyed films 

is similar to those that contain only Sm or La.  Magnetic doping of the SrTiO3 films with Sm 

or adding Eu magnetic impurity does not suppress the superconductivity. 
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Figure 7-6(a) Sheet resistance (Rs) as a function of out-of-plane magnetic field 
(T) for strained Sm-doped films with 0.5% (sample A), 2% (sample B) and 3% 

(sample C) Eu. (b) Comparison of n3D and Hc2 for the three samples (c) 
Comparison of out-of-plane Hc2 as a function n3D for La and Sm-doped films 

with no Eu and with Eu-alloying [41] 

 
The insensitivity of the superconductivity to the Eu is apparent in the in-plane Hc2 as 

well.  Figure 7-7 shows in-plane Hc2 values are sensitive to slight variations in carrier density 

but are not affected by the addition of Eu.  Therefore, the most critical factor determining Tc 

and µ0Hc2 is the carrier density, while both parameters are independent of the type of dopant 

used or the presence of Eu.  It is also worth mentioning that the anisotropy of Hc2 is often 

attributed to thin-film geometry.  Here, the anisotropy factor (𝐻𝐻c2||ab
𝐻𝐻c2||c

) varies with n3D.  This 

variation is consistent with our previous observation of anisotropy factor with carrier 

density [167] and does not get affected by the Eu or change in Eu concentration.  
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Figure 7-7 (a) Sheet resistance (Rs) as a function of in-plane magnetic field (T) 
for strained Sm-doped films with 0.5% (sample A), 2% (sample B) and 3% 

(sample C) Eu (b) Comparison of n3D and Hc2 for the three samples [41]  

 
Table 7-1 summarizes the parameters of the samples studied.  The estimated elastic 

scattering length (le) are 6, 9, and 15 nm for the films with 0.5, 2, and 3% Eu, respectively.  

Here, 𝑙𝑙𝑒𝑒 = 𝜈𝜈𝐹𝐹 𝜏𝜏𝑒𝑒⁄ , where 𝜏𝜏𝑒𝑒 is the scattering time, 𝜈𝜈𝐹𝐹 the Fermi velocity and 𝜏𝜏𝑒𝑒 =

(𝜎𝜎𝑚𝑚∗) (𝑛𝑛𝑒𝑒2)⁄ , where 𝜎𝜎 is the conductivity at 2 K, 𝑚𝑚∗ is the effective mass (1.8 𝑚𝑚𝑒𝑒) and 𝜈𝜈𝐹𝐹 =

ℏ𝜋𝜋(3𝑛𝑛3𝐷𝐷)1/3 𝑚𝑚∗⁄  are 1.54 × 105, 1.47 × 105 and 1.3 × 105𝑚𝑚/𝑠𝑠 for films with 0.5, 2, and 

3% Eu, respectively.  This distance is larger than the average Eu-Eu distance (lEu-Eu) for all 

the samples studied here.  Therefore, the residual resistivity in a normal regime is controlled 

by other defects, not the Eu impurities.  The distance between Eu atoms is also smaller than 

the superconducting coherence length, 𝜉𝜉0 = �𝜙𝜙0 2𝜋𝜋𝐻𝐻C2⁄  at what temperature? 

Table 7-1 Summary of film parameters 

Sample n3D (cm-3) TC (mK) Hc2 IP (T) Hc2 oop (T) lEu-Eu (nm) le (nm) ξIP (nm) ξoop (nm) 
0.5 % Eu 8×1019 600 1.4 1 2.3 6 15 18 
2 % Eu 7×1019 550 1 0.6 1.4 10 18 23 
3 % Eu 5×1019 500 0.6 0.4 1.3 15 23 27 
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The strong dependence of Hc2 to the dopant concentration in all samples (as shown in 

Figures 7-6 and 7-7) can be explained based on the superconducting nature of SrTiO3.  In the 

samples we studied here, le is shorter than 𝜉𝜉0, and thus the superconductivity is in dirty limit.  

The dirty limit is consistent with the fact that 𝜉𝜉0 scales with le.  In such a regime, any disorder 

has a distinct effect on superconductivity.  While magnetic impurity scattering is pair-breaking 

in multiband s-wave superconductors, the non-magnetic disorder does not suppress 

superconductivity.  The multiband nature in superconducting SrTiO3 is still under debate, and 

there are multiple pieces of evidence for both single and multiband regimes.  Temperature 

dependence of the upper critical field is a well-suited approach for investigating the multiband 

nature of superconductivity in a dirty limit.  Figure 6-8 shows the change in the 

superconducting upper critical magnetic field as a function of temperature. The concave 

behavior is expected for single-band superconductors.  Multiband superconductors typically 

show a sign change in curvature [189].  Nonetheless, in doped SrTiO3 with carrier densities 

above ∼ 2 to 3×1019 cm-3, three bands cross the Fermi level [49].   

 

Figure 7-8 Dependence of upper critical filed to temperature for Sm-doped films 
with 3% Eu 
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The formation of Cooper pairs with a length scale larger than lEu-Eu and lSm-Sm makes 

electronic pairing susceptible to the ordering of Sm and Eu f-electrons.  Furthermore, the large 

effective Bohr radius of SrTiO3, compared to lEu-Eu and lSm-Sm, could introduce magnetic order 

between localized f-electrons.  Thus, the interactions between the conducting electrons and 

the magnetic impurities, e.g., Ruderman–Kittel–Kasuya–Yosida (RKKY) interactions, should 

be considered.  Nevertheless, our result shows that the superconductivity of SrTiO3 is 

insensitive not only to magnetic dopants, like Sm and Nd but also to f-states introduced by a 

rare earth ion that does not act as a dopant.  The insensitivity to magnetic impurities 

necessarily invalidates the application of any of the models commonly used to describe 

superconductors containing isolated impurities [190–192]. 

In general, the insensitivity of superconductivity to magnetic impurity can be 

explained by Kondo screening, provided that Kondo temperature, TK, is much larger than Tc. 

The Kondo screening should be evident by a logarithmic upturn in resistivity near TK.  Such 

resistivity minimum near TK has previously been observed in SrTiO3 [193].  Here, only the 

sample with 0.5% Eu concentration shows a resistance upturn.  Figure 6-9 shows sheet 

resistance of the Sm doped films with 0.5, 2, and 3% Eu.  While the samples with 2 and 3% 

Eu show metallic behavior down to very low temperatures, the film with 0.5% Eu shows an 

upturn in resistance.  Resistance upturn was previously shown to be correlated with the onset 

of ferroelectricity [39,40].  The resistance upturn in this sample occurs at ~90 K, which is 

much higher than expected TK for Sm or Eu magnetic impurities due to their relatively small 

magnetic coupling strength [194].  Thus, there is no evidence that Kondo screening plays any 

role in the insensitivity of superconductivity in SrTiO3 to magnetic impurities. 
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Figure 7-9 Sheet resistance of Sm doped films alloyed with 0.5%, 2% and 3% 
Eu [41] 

 

The Kondo effect is strongly suppressed with magnetic coupling between the 

impurities like RKKY interactions.  Kondo screening breaks down at a critical strength of the 

RKKY coupling [195], possibly explaining why it is not observed in rare-earth-doped SrTiO3.  

For impurity separations that are smaller than the coherence length, as is the case here, RKKY 

produces weak antiferromagnetic interactions.  As a result, superconductivity is influenced 

only weakly by the impurities [196].  Overlapping of Yu-Shiba-Rusinov (YSR) bound states 

associated with magnetic impurities can also produce a strong antiferromagnetic interaction 

due to hybridization with the superconducting condensate and be ineffective in suppressing 

superconductivity. 

7-4 Conclusion 

This study shows an inverse relationship between the critical temperature of 

superconductivity and the magnitude of polar distortions.  The magnitude of polar distortions, 

however, are not the only deciding factor and the size of polar nanodomains is also equally 

important the fate of superconductivity. Enhanced superconductivity develops only in samples 
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with polar nano-domains with a critical temperature of superconductivity inversely 

proportional to the magnitude of distortions.  Our results confirm that the magnetic nature of 

dopants does not affect the superconducting transition temperature and magnetic and non-

magnetic dopants show similar behavior.  Based on Anderson’s theorem, the critical 

temperature of conventional superconductors is not affected by the nonmagnetic disorder.  To 

evaluate unconventional pairing further, we introduced magnetic disorder (Eu) to the Sm-

doped strained SrTiO3.  Unconventional superconductors tend to be robust against magnetic 

impurities.  We observed that the large concentrations (up to a few percent) of rare-earth ions 

with unpaired f-electrons, such as Sm and Eu, do not reduce the superconducting critical 

temperature and critical fields.  We also conclude that the insensitivity of superconductivity 

in SrTiO3 to magnetic impurities is not due to screening of magnetic impurities, e.g., Kondo 

screening, and it is an intrinsic property of unconventional pairing in the SrTiO3. 
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Chapter 8 

Summary and Outlook 
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Chapter 8 Summary and Outlook 

 

Predicting the properties of complex oxide materials is often challenging due to the 

strong coupling between charge, spin, lattice, and orbital degrees of freedom.  Defects, 

symmetry, and local distortions in the lattice can significantly impact the properties of 

quantum materials.  In this dissertation, I used HAADF-STEM to investigate SrTiO3.  Despite 

having a relatively simple crystal structure, the properties of this material still amaze the 

experimentalist and theorist.  This work aims to direct future experiments and theories by 

providing direct real-space information.  The goal and questions addressed from this thesis 

and future related ideas are listed below. 

1) Order-disorder ferroelectric transition of SrTiO3 

SrTiO3 was believed to exhibit a prototype displace ferroelectric transition.  Order-

disorder and displacive models differ in their paraelectric state.   For an order-disorder phase 

transition, inversion symmetry broken regions are present above the ferroelectric Currie 

temperature.  In contrast, a displacive transition happens spontaneously in a diffusionless 

process.  In this work, we used HAADF-STEM to image paraelectric, strained, and unstrained 

SrTiO3 films.  Images showing polar regions above ferroelectric Currie temperature are direct 

evidence of the order-disorder nature of the transition.  Our results show that for the strained 

films which undergo ferroelectric transition at low temperature, strong electrostatic interaction 

among the Ti ions is present even in the paraelectric state, and correlated displaced regions 

form at room temperature.  The polar domains only exist in films that undergo a ferroelectric 

transition.  The result shows that the ferroelectric transition of strained SrTiO3 is an order-

disorder transition.  Furthermore, we show that correlated lattice distortions are also present 
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in unstrained SrTiO3, only on a smaller length scale, explaining the incipient ferroelectric 

behavior of bulk SrTiO3.  The results have significant consequences for modeling the 

ferroelectric transition of SrTiO3, most of which were based on a displacive transition and soft 

mode behavior. 

Recent theoretical and experimental works show local symmetry-breaking in other 

materials.  Future studies can address the possibility of having local order in different incipient 

ferroelectrics by providing direct evidence.  Materials like PbTe, SnTe, and GeTe, for 

example, are close to ferroelectric instabilities  [169–171].  Using neutron scattering and 

extended x-ray absorption fine structure (EXAFS), previous studies have shown the 

possibility of having a local noncentrosymmetric structure at high temperatures.  As discussed 

before, transmission electron microscopy in both diffraction and real space can provide direct 

evidence of local symmetry breaking.  Atomic resolution imaging of chalcogenide structures 

needs high spatial resolution.  By using an aberration-corrected microscope, it is possible to 

image chalcogenide structures with resolved atomic column information [197] and investigate 

their local order.  Furthermore, the advancement of pixel array detectors made it possible to 

obtain full diffraction information at each scan position and obtain a 4D dataset.  Scanning 

CBED experiments using electron microscopy pixel array detector (EMPAD) has been used 

to reconstruct electric field and polarization in PbTiO3/SrTiO3 superlattices [198,199].  In 

these experiments, (000) spot can be used to reconstruct the electric field, and polarity can be 

extracted from the center of mass of Friedel’s pair.  HAADF-STEM images can directly show 

that the local noncentrosymmetric regions and SCBED patterns can be used to extract 

polarization values.  
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Another aspect requiring follow-up studies is temperature-dependent imaging of 

nanodomains.  In this work, we have performed cryo imaging to show the ferroelectric phase 

of SrTiO3 below its Curie temperature.  Having stable cryo holders with minimum distortion 

and drift evolution of nanodomains with temperature can be studied [200].  

In the process of studying the strained and unstrained SrTiO3, we realized that oxygen 

annealing the strained SrTiO3 leads to relaxation of stress which as a result of that samples 

did not undergo ferroelectric transition, which was another proof for showing the order-

disorder nature of the transition.  Our statistical analysis showed that oxygen annealed samples 

have a narrower distribution of displacement than non-annealed ones.  Oxygen vacancies can 

cause small relaxations of the neighboring Ti columns immediately surrounding the 

columns [129]. Our results show that these displacements are random. While the oxygen 

vacancies themselves do not produce a detectable change in the contrast of HAADF-STEM 

images, they can be detected in a statistical analysis of a large dataset by analyzing Ti column 

displacements in series of samples with controlled vacancy concentration. 

2) Lattice relaxation around Sm dopant atom 

Chapter 2 used Q-STEM to identify the columns containing Sm dopant in SrTiO3 

films, their depth information, and distortion around them.  Our results show that the Ti-O 

columns tend to displace away from the Sm-containing column.  The observed displacement 

is, however, not a uniform outward expansion.  Our study shows that by increasing Sm 

concentration, the average magnitude of distortion and columns with large distortions are 

increasing.  This information shows that dopant atoms themselves can introduce considerable 

disorder to the lattice, directly influencing the electronic properties of doped SrTiO3.  
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Our experiment shows that the lattice expansion around Sm dopant is not a size effect 

and must have an electronic origin.  Besides, Sm3+ has f electron whose electronic coupling 

to the conduction state may play a role in the displacements observed.  Future Q-STEM studies 

of displacements in SrTiO3 doped with elements without f-electrons such as La3+ can shed light 

on the electronic contribution of the observed displacement.  Furthermore, alloying it with 

elements that do not dope the lattice (like Eu+2) makes it possible to understand the role of the 

oxidation state of atoms on lattice distortion.  This experiment then can be used to distinguish 

between oxidation states of atoms based on the distortion they are introducing to their host 

lattice.  

3) Polar nanodomains in doped SrTiO3 

Atomic-scale understanding of the competition between itinerant carriers and polar 

crystal distortions is a problem of longstanding interest and relevance to the development of 

a quantum theory of ferroelectricity.  Elucidating the nature of this competition is also of great 

interest for polar superconductors, which have attracted significant interest for their potential 

to host unconventional superconducting states.  In this work, we studied Sm-doped SrTiO3 

strained films.  We observe a systematic suppression of the nanodomains and ferroelectricity 

with introducing Sm dopants.  The itinerant electrons screen polar distortions and disrupt 

nanodomains above Curie temperature.  The Curie temperature is proportional to the size of 

the nanodomains in the paraelectric phase.  Increasing the dopant concentration affects the 

directionality and the average magnitude of polar displacements.   

Moreover, we show that the disorder caused by the dopant atoms presents a second 

contribution to the destabilization of the ferroelectric state.  The dopant-induced disorder 

completely destroys the nanodomains at high dopant concentrations.  For the first time, this 
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work showed direct evidence of how introducing dopant and free carrier screens the 

polarization and suppresses the ferroelectricity.  

An exciting future direction is to investigate SrTiO3’s sibling, EuTiO3.  EuTiO3 also 

has a perfect cubic perovskite structure with a lattice constant of 3.905Å.  EuTiO3 is an 

insulator with a ~0.93 eV energy gap in pure and stoichiometric form, which is formed 

between Eu 4f and Ti 3d [201].  Despite having a similar structure to SrTiO3, EuTiO3 does 

not become ferroelectric at 1% compressive strain (grown on LSAT), and it needs a high 

compressive strain (2.9%).  It also becomes ferroelectric by 1% tensile strain (grown on 

DSO) [202].  The strain-induced ferroelectric phase of EuTiO3 is an interesting candidate to 

study.  Because of strong channeling, studying EuTiO3 and defining Eu and Ti column 

position with picometer precession requires an aberration-corrected microscope with high 

spatial resolution.  Similarly, rare-earth-doped EuTiO3 [203–205] could also introduce 

different distortions than what is observed for SrTiO3.  We have seen replacing Sr with Sm 

introduce distortion to the Ti-O site.  The dopant-induced distortion and nature of suppression 

of ferroelectricity in EuTiO3 can be investigated.  

As discussed in chapter 5, SrTiO3 is a degenerate semiconductor (metal) for carrier 

densities greater than ~ 1020 cm-3.  In recent years, the concept of polar metals, where the 

metallic conductivity and polar displacements should be decoupled, has gained significant 

attention.  Atomic-scale investigation of polar metals [154] and how they differ from SrTiO3 

can elucidate the nature of intertwined orders.  

4) Superconductivity in Polar SrTiO3 

Strained and doped SrTiO3 film show successive ferroelectric and superconducting 

transitions and is an ideal candidate to study the interplay between polar nanodomains, charge 
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carriers, and strain.  Here, by using the HAADF-STEM technique, we show that doped SrTiO3 

films can exhibit global or local polar order depending on the degree of epitaxial mismatch 

strain, providing a platform to understand how inversion symmetry breaking effects 

superconductivity.  We found a direct relationship between the critical temperature of 

superconductivity and the correlation length of polar distortions at room temperature 

regardless of the emergence of long-range ferroelectric order.  We observed that enhanced 

superconductivity only emerges when polar nanodomains are large.  The findings point to the 

length scale of polar nanodomains as important parameters controlling the superconductivity 

of SrTiO3 and limit the possible superconducting pairing mechanism.  The ability to control 

the size of domains opens up new opportunities for polar control of superconductivity in 

ferroelectric superconductors.   

One possible way of controlling the domains is through doping/alloying with different 

elements.  Alloyed SrTiO3 with Ba is a promising candidate to explore.  (Ba1−xSrx)TiO3 has 

been reported to show local symmetry-breaking elements in the paraelectric phase [206].  And 

because of different sizes of Ba and Sr cations, different Ba/Sr ratios are expected to induce 

different polar regions with different sizes [207].  This can give a platform to tune the size of 

domains in SrTiO3 systematically. 

Recently, other incipient ferroelectrics have also shown unexpected 

superconductivity [172,208,209].  While the interface of (111)-oriented KTaO3 and insulating 

EuO or LaAlO3 show 2D superconductivity, the similar structure at KTaO3 (001) interface 

remains normal.  This can be extended to SrTiO3 films grown in different orientations too.  

Investigating polar domains forming in films with different orientations not only helps with 

understanding the necessity of domains for superconductivity of materials with strong spin-
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orbit coupling but can also induce exotic superconducting states.  Recently, the 

superconducting diode effect was observed in non-centrosymmetric [Nb/V/Ta]n 

superlattice [210].  The superconducting diode has zero resistance in only one direction and 

allows for selective charge transfer.  This is possible when the direction of the current, 

magnetic field and inversion symmetry breaking are orthogonal [211].  Having a tool to 

manipulate the direction of polarization can open up new opportunities in polar 

superconductors.  

5) Role of disorder on superconductivity of SrTiO3 

In this study, we use magnetic and nonmagnetic disorders to gauge the robustness of 

the superconductivity of SrTiO3.  This study shows that critical temperature of 

superconductivity depends on both the magnitude of polar distortions and their correlation 

length.  The magnitude of polar distortions is directly proportional to spin-orbit coupling; 

however, our results show that large and random distortions do not enhance superconductivity.  

We conclude that the magnitude and the correlation length of polar distortions are equally 

important for emergence of an enhanced superconductivity in SrTiO3. To evaluate the 

superconductivity further, we introduced magnetic disorder (Eu) to the Sm-doped strained 

SrTiO3 and observed the insensitivity of superconductivity in SrTiO3 to magnetic impurities.  

We also conclude that the insensitivity of superconductivity in SrTiO3 to magnetic impurities 

is not due to screening of magnetic impurities, e.g., Kondo screening, and it is an intrinsic 

property of unconventional pairing in the SrTiO3.   

Another disorder that can play a role in superconductivity is dislocation.  Dislocations 

are proposed to be the origin of p wave superconductivity in Sr2RuO4 [212,213].  Besides, the 

core of edge dislocations could host Majorana fermions in a topological superconductor [214].  
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Exploring the superconductivity with controlled density of dislocation can provide a way to 

induce odd-parity superconductivity to SrTiO3. 
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Appendix A: Quantitative STEM procedure 

In the following section, I outline the procedure used for the quantitative STEM 

analysis, used in chapter 4 to obtain the 3D configuration of Sm dopants in SrTiO3 thin films.  

To have a quantitative HAADF image, it is important to consider all image formation 

processes, from when electrons hit the specimen to when images are formed on the detector.  

What follows are the main essential steps to obtain Q-STEM images. 

1-ADF detector characterization 

The first important step is to characterize the ADF detector.  Changing the brightness 

and contrast on TEM control software changes the detector pre-amplifier offset.  The 

measured output voltage changes linearly with the brightness.  Generally, the goal is to 

maximize the detector’s dynamic range by controlling the brightness and contrast.  

Experimentally, on an empty region of the sample, get out of diffraction mode to see the 

detector image.  The detector should ideally be at the center.  Use image shift if the detector 

is off-centered.  The detector is going to be centered on the optic axes in the next step.  Check 

the statistics of the detector image.  Blank the beam and, while scanning, set the mean intensity 

readout to <10 by adjusting the brightness knob.  This will set the noise level of the obtained 

image.  Unblank the beam and, while scanning, set the maximum intensity values to just below 

saturation value by adjusting the contrast knob.  The range of intensity of the 16-bit image is 

between 1 and 216-1(65535).  Keep the maximum of contrast below 65535 in order not to 

saturate the intensity of any pixel.  Next, the ADF detector should be well-centered on the 

optic axis to detect the scattering electrons uniformly over the detector.  The zero-beam disc 

is used to find the inner edge of the detector and center it.   
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To locate the inner edge of the detector, in STEM diffraction mode, the zero-beam 

disc is used to trace the edge by using the deflection coils and observing an increase in the 

detector signal.  The center beam image is taken on CCD, and a circle with the size of zero 

beam is drawn on the viewing screen.  The beam is then deflected (using diffraction shift 

knob) until a signal with a mean of 100 was observed on the detector output.  This corresponds 

to the beam striking the edge of the scintillator crystal of the detector.  The beam location is 

then marked with another circle of the same size.  This step will be repeated by moving the 

beam around and marking the edge of the detector until the edge of the detector is defined.  

Figure A1-a shows the small marked circles.  The center of the detector is then found by 

drawing a big circle showing the approximate edge of the detector.  By knowing the center of 

the ADF detector and diffraction shift, we place the center of the detector on the center of the 

optic axis.  The value of the user-defined diffraction shift should be recorded and use as a 

reference.  This step should be repeated if additional camera length is going to be used.  The 

assigned diffraction shift value for each camera length should be used after switching between 

different camera lengths.  After calibrating the detector settings, a blank and detector image 

is recorded to reference the noise floor calibration and detector’s collection efficiency and 

uniformity.  It is essential to take the detector and a blank image with the assigned brightness 

and contrast values with the same exposure and frame time you will be using for your imaging.  

Figure A1-b shows an example of the detector image. 
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Figure A-1 (a) Tracing the inner edge of the ADF detector using the zero-beam 
disc on the CCD camera (b) HAADF-STEM detector after adjusting the 

brightness and contrast 

 

2- Normalization of image intensity 

After calibrating the detector setting, imaging can be done as usual.  After image 

acquisition, the image intensity will be normalized to the incident beam intensity to have a 

quantitative image.  Each pixel can be normalized based on 𝐼𝐼𝑥𝑥𝑥𝑥���� = 𝐼𝐼𝑥𝑥𝑥𝑥−𝐼𝐼0
𝐼𝐼𝑝𝑝−𝐼𝐼0

 , where 𝐼𝐼𝑥𝑥𝑥𝑥���� is the 

normalized intensity, 𝐼𝐼𝑥𝑥𝑥𝑥 is the measured intensity, 𝐼𝐼𝑝𝑝 is the incident probe intensity and 𝐼𝐼0 is 

the blank beam intensity (applied detector offset).  The incident beam intensity is obtained by 

averaging the signal over 2 times the inner angle.  This is to counterbalance the lower detector 

sensitivity near the inner edge of the detector, where most of the scattered electrons are 

detected [215,216].  All image analysis is done using custom MATLAB scripts.  Figure A2 

shows an example of detector image, ROI elliptical mask corresponding to the desired detector 

region, and detector image with the applied mask.  Averaged intensity over the masked 

detector image is used as incident probe intensity (𝐼𝐼𝑝𝑝) and the average of blank image intensity 
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has been assigned to 𝐼𝐼0.  Normalized images could then be used for direct comparison with 

image simulation without scaling.  

 

Figure A-2 (a) detector image, (b) ROI elliptical mask corresponding to the 
desired detector region (c) detector image with the applied mask 

 

3- Multislice simulation 

Probe channeling is one consequence of the dynamical scattering of the electron beam.  

Due to the probe channeling, the intensity oscillates throughout the depth of the sample, and 

therefore HAADF image intensity is sample dependent.  Dynamical scattering is complicated 

in actual materials, and consequently, image simulation should be performed to obtain 

quantitative intensity information from HAADF-STEM images.  The electron probe, sample, 

and detector are the only component of the microscope that needs to be modeled.  Image 

simulation could be done based on the Bloch waves method or multislice method.  Bloch wave 

approach is based on the periodicity of the specimen.  It involves expanding crystal potential 

as Fourier series and electron wavefunction to components (Bloch waves) that match the 

underlying specimen lattice periodicity (Bloch’s Theorem).  The exit wave function then will 

be obtained by the linear superposition of the different Bloch waves.  Solving the wave matrix 

is numerically involved and can efficiently be used only for a smaller number of Bloch 
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waves [217].  In this work, we simulated the HAADF-STEM images based on the multislice 

simulation method.  

The multislice method, first developed by Cowley and Moodie [218], is numerically 

more efficient than the Bloch wave approach.  The basics of this method is based on physical 

optics.  Figure A3 shows a graphical representation of multislice simulation.  In this method, 

a specimen is divided into many thin slices.  Each slice has a transmission step followed by a 

propagation. 

 

Figure A-3 Graphical representation of multislice simulation adopted from ref.  [196] The incident 
beam transmits and propagate between slices through the vacuum. The beam in an x, y plane is 

transmitted through a slice and propagates along z. Every point on position z generates wave, which 
propagates to the position of z +Δz and interferes with one another 

 

The wavefunction in the x and y plane at height z is alternatively transmitted and 

propagated along z-direction through the vacuum to the next slice at z + ∆z.  Wave function 

at z propagates to z + ∆z, and the outgoing waves interfere with each other (Fresnel 

diffraction).  For ∆z→ 0, the multislice is a solution of the Schrödinger equation.  For thin 

slices, each slice can be represented by phase object approximation with object transmission 

function of    

𝑞𝑞𝑛𝑛(𝑥𝑥𝑥𝑥) = exp [−𝑖𝑖𝑖𝑖𝑉𝑉𝑛𝑛(𝑥𝑥𝑥𝑥)] 
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Where 𝑖𝑖 is the interaction function 𝑖𝑖 = 𝜋𝜋
𝜆𝜆𝜆𝜆

 .  The propagation can be explained by Fresnel 

diffraction.  The propagation function over the thickness of ∆z is  

𝑝𝑝(𝑥𝑥𝑥𝑥) = exp [−𝜋𝜋𝑖𝑖(𝑥𝑥2 + 𝑥𝑥2)/∆𝑧𝑧𝑧𝑧] 

The wave function after the n-th slice is 

Ψ𝑛𝑛(𝑥𝑥,𝑥𝑥) = [Ψ𝑛𝑛−1(𝑥𝑥,𝑥𝑥) ∗ 𝑝𝑝𝑛𝑛−1(𝑥𝑥,𝑥𝑥)]𝑞𝑞𝑛𝑛(𝑥𝑥𝑥𝑥) 

Alternating multiplications and convolutions form the final exit wave function.  The 

effect of Fresnel diffraction is considered by convolution of the wave function with 

propagation function, and the transmitted wave function is obtained by multiplication of wave 

entered the slice by object transmission function.  In multislice simulation, each slice along 

the beam direction does not have the same thickness or follows the original specimen's 

periodicity.  This makes simulation of structures with dopant or defect possible.  The 

important parameters that should be specified correctly are specimen parameters (e.g., atomic 

coordinates and sample thickness), instrumental parameters (e.g., defocus, aberration, 

apertures, angular detector range), sampling size (i.e., number of pixels in the image and slice) 

and slice definition.  Usually, the slices should correspond to the existing atomic layers in the 

specimen. If the slices are too thick, then the total integrated intensity will decline too much.   

The structures with dopant atoms are created by Vesta (.xtl) files, and all-atom 

positions are generated in a fractional coordinate file (.xyz).  HAADF-STEM simulation codes 

are available from “Advanced computing electron microscopy” by Earl. Kirkland [219].  The 

program for simulating STEM images is stemslic program.  It generates the focused probe at 

each position, transmits the wave function through the sample, and integrates the electron 

density of the detector.  The effect of thermal diffuse scattering (TDS) could be incorporated 
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into multislice simulation by offsetting the position of the allowed diffraction spot on 

reciprocal space using a Gaussian distribution (Frozen phonon method).  TDS of electrons 

lead to diffuse background intensity.  The program display is used to read the simulated ADF-

STEM file and convert it to readable ASCII data to obtain the absolute intensity.   

Figure A4 shows two SrTiO3 structures with a thickness of 5-unit-cell.  Both structures 

contain two Sm atoms.  The top structure has two Sm at 1st and 2nd unit cell of where the 

beam enters the sample.  The bottom structure has two Sm atoms at 4th and 5th unit-cell.  The 

effect of channeling has been explained in chapter 4 and references [15,16].  Dynamical 

scattering causes the incident beam to be channeled along the atomic column.  As a result, 

atoms down the column see a more focused probe and scatter to a higher angle.  The difference 

in the intensity of these two-dopant depth setups can be seen in simulated STEM images and 

extracted Sr and Ti-O intensities.  

 



 

 128 

 

Figure A4 Structure and simulated HAADF-STEM images of SrTiO3 (5-unit 
cell) with two Sm dopant at 1st and 2nd unit cell(a) and at 4th and 5th (b) unit 
cell.  ISr-I Ti-O plot shows the difference in intensity of column containing Sm at 

different depth 

For accurate comparison between experiment and simulation, knowing the thickness 

is critical. PACBEDs have been used for thickness determination. PACBED patterns are also 

simulated by the Kirkland simulation package. Program probe calculates a focused probe 

wave function, which is transmitted through the specimen and forms the convergent beam 

electron diffraction pattern. Program probe calculates the incident probe wave function, 

autoslic program transmit the wave function through the specimen and program image 

calculates the diffraction pattern from the exit wave function.  Sumpix program creates the 

averaged CBED image over several positions (PACBED). Figure A5 shows how the 

PACBED pattern evolves by changing the sample thickness. 
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Figure A6. Simulated PACBED patterns for different thicknesses of SrTiO3 

crystal along [001]. Thickness values are written in nanometer. 
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Appendix B: Strain Relaxation of TEM Foil 

In this work, we compared the polar distortions and nanodomains in strained and 

unstrained films.  All the studied samples were in cross-sectional geometry, and hence they 

were still attached to the substrate.  To evaluate whether TEM foil removal from the sample 

has not released all the strain, we compared the in-plane and out-of-plane lattice constant of 

strained and unstrained films.  Figure B-2 shows the ratio of out-of-plane lattice constant to 

in-plane lattice constant and magnitude of out-of-plane lattice constant.  The lattice constant 

of unstrained SrTiO3 is 3.905 Å.  The out-of-plane lattice constant of the strained film is 3.93 

Å, and the in-plane lattice constant is 3.86 Å.  One common problem with HAADF-STEM 

imaging is the time that beam is flying from the end of one scanned line to the beginning of 

the following scan.  Electron microscopes are set to have an optimum fast flyback time without 

introducing artifacts due to hysteresis in the scan coils.  The slow scan direction suffers more 

from this distortion, and it appears compressed [220,221].  This effect can be observed in the 

unstrained data of Fig. B2.  Lattice constant in the out-of-plane direction is suppressed.  The 

average magnitude of the lattice constant is measured to be 3.898±0.005 Å which is 0.17% 

shorter than the nominal lattice constant.  To compare the lattice constant of strained film, we 

have kept the in-plane lattice constant same 3.86 Å to calibrate the pixel size.  The out-of-

plane lattice constant and their ratio is presented in Fig.B2.  The average of out of plane lattice 

constant is 3.924±0.005 Å.  These values show only a small strain relaxation and a clear 

difference between strained and unstrained films.  



 

 131 

 
Figure B-2 shows the ratio of out-of-plane lattice constant to in-plane lattice 

constant and magnitude of out-of-plane lattice constant 
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