
 

 

ABSTRACT 

Eldred, Tim. Quantification and Visualization of Ordering, Displacement, and Defects in 

Complex Oxides using Electron Microscopy. (Under the direction of Dr. Wenpei Gao). 

 

Ferroelectric materials are an industrially relevant family of materials with broad 

applications. The key to understanding the materials' ferroelectric properties is studying the 

formation mechanisms of the polarized domain structures. These structures range in size from 

the nanometer to micron range; however, the local fluctuations at the unit cell level give 

information about the phase transitions responsible for the spontaneous formation of domains.  

This course of study was designed to examine two perovskite ferroelectric systems using 

multiple methods to gain insight into these phase transition mechanisms. Scanning transmission 

electron microscopy (STEM) provides characterization tools with a range of precision, 

sensitivity, and calculated information. Annular dark-field STEM, four-dimensional STEM, and 

differential phase contrast (DPC) methods were used to demonstrate the changes in local 

structure on the unit cell level that control the electronic properties of the bulk. 

By examining barium titanate above the Curie temperature using an advanced 4D-STEM 

method, fluctuation of the polarization at the unit cell level in the [011] direction was 

demonstrated. The local fluctuation was attributed to compositional changes in differing <011> 

displacements from column to column. Analysis of larger sampled regions showed that the 

observed polarization became tetragonal as more unit cells were averaged. 

The 4D-STEM method was contrasted with atomic resolution low angle annular dark 

field (LAADF) and used to analyze the local correlation length of the unit cell polarization in 

potassium tantalate and potassium tantalate niobate (KTO, KTNO). Both material systems 

showed a local correlation between the polarization vectors in preferential directions relative to 

the overall polarization. These materials' paraelectric room temperature phases were investigated, 



 

 

revealing locally coordinated nanoregions indicative of an order-disorder phase. The reduced 

displacement magnitude in the KTO compared to the KTNO system indicates a higher degree of 

randomization of the polarization. Cooling the KTNO sample to liquid nitrogen temperatures 

maintained the preferential correlation direction while not significantly changing the correlation 

length.  

Local beam damage mechanisms from the high-energy electron beam were studied at the 

atomic scale as a potential method for engineering the local structure of the material. Preferential 

potassium migration was demonstrated, along with tantalum site reconstruction, followed by a 

reduction to metallic tantalum. When the potassium sputtering is sufficiently localized, the result 

is a 2 unit-cell wide linear defect that propagates through the TEM foil.  
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Chapter 1 : Introduction to Ferroelectrics 

1.1 Motivation: 

There is an impulse in microscopy and characterization methods to push for the highest 

resolution, the highest precision, or the newest mapping technique. However, material properties 

aren’t dependent on one single property, or one length scale, and so a more nuanced approach to 

technique selection is required. Bulk properties ranging from hardness to bandgap to carrier 

concentration and more depend on features ranging from the millimeter down to the picometer. 

Additionally, characterization mechanisms and ideal spatial resolutions range over a similar 

regime, from XRD with high precision but limited spatial resolution down to atomic resolution 

STEM with the highest spatial resolution mapping but less overall measurement precision 

compared to XRD. To fully understand a system, careful selection of a characterization method 

is required, along with an evaluation of the methods available to extract different types of 

information necessary to fully characterize these materials. In this thesis, individual 

characterization methods suitable to examine fluctuations from the nanoscale, to the unit cell, to 

tparticularual atomic column scale will be utilized and contrasted towards understanding the 

fundamental material problems in these complex materials.  

 

1.2 Piezo and Ferroelectrics: 

An example of material systems that demonstrate the importance of understanding the 

impact of nanoscale fluctuations on bulk material properties are piezo and ferroelectric materials. 

Piezoelectric materials encompass non-centrosymmetric systems whose spontaneous polarization 

changes as a function of induced strain.1 Ferroelectrics, a subset of piezoelectric materials, 

possess multiple equilibrium polarization states that can be changed through application of an 
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external electric field. These electronic materials are industrially important, seeing use in systems 

as broad ranging as sonar systems and wearable electronics. Quantum paraelectric materials in 

comparison, are a subset of piezoelectric materials that have their ferroelectric transitions 

damped by quantum effects. SrTiO3, for example, possesses paraelectric character until 

perturbed through strain, doping, vacancies, or other defects. Some materials also possess 

paraelectric phases that transition to piezo or ferroelectric phases upon cooling through their 

Curie temperature. These piezo/ferro/paraelectric material systems are characterized by their 

changing polarization in response to strain, and vice versa. The piezoelectric charge coefficient 

dxy, relates the applied stress in direction y to the induced polarization in direction x. The 

piezoelectric volt coefficient gxy relates the strength of the generated field in a similar fashion. 

The electronic coupling kxy relates the efficiency of converting mechanical energy into electrical 

fields. 

 

1.3 Domains: 

Perovskites (ABX3) are a material system with a wide range of electronic properties, 

many of which fall into the piezo- or ferroelectric subsets. In this work, we will specifically be 

discussing barium titanate (BTO), potassium tantalate (KTO) and potassium tantalate niobate 

(KTNO). These materials see use in a wide spectrum of electronic applications, including, but far 

Figure 1.1: Left) Energy curve for a typical ferroelectric showing two equivalent energy states with differing 

polarization.1 Right) Typical ABO3 perovskite, showing the 1/5 and 2/4 configurations of A and B site. 
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from limited to speakers, sensors, and biocompatible generators. As with other ferroelectric 

materials, spontaneous polarization in these materials occurs along the crystallographic 

directions where this polarization results in the lowest free energy. These regions of uniform 

orientation are collectively referred to as ferroelectric domains. The orientation of these domains 

with respect to adjacent domains leads to a large variety of properties under the application of 

strain, both physical and electrical. While initial ferroelectrics were randomly poled, the advent 

of intentional poling, first reported by Gray, allowed these materials to have a designed 

polarization.2 An intentionally poled sample may have multiple domains that all share a similar 

polarization vector. In a sample not intentionally poled, the domains often result in a sample that 

has local polarization however no net polarization, depending on the mechanism of the phase 

transformation resulting in the piezo/ferroelectric phase. These domains can be broken down as 

well. In the case of BTO, for example, further investigation via X-ray and neutron scattering, as 

well as NMR, showed that the apparent polarizations consist of a combination of Ti4+ positions 

displaced along the [111] directions, as shown in Figure 1.2.3–5 For example, in the case of a 

tetragonal domain, instead of a shift of the Ti4+ along the [001], the Ti4+ energy wells are 

actually the [111], [-111], [-1-11], [1-11] directions. These local nanoregions form into the larger 

domains, which define the overall polarization of the structure, and fluctuate at the unit cell level. 

 

1.4 Phase Transitions: 

Due to the importance of domains in ferroelectric materials, understanding the 

mechanical nature of the transitions that form them is also critical. In the case of a paraelectric to 

ferroelectric phase transition, a system possessing no long-range correlation of polarization will 

transition to coordinated regions of shared polarizations, often taking the form of domains. The 
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two major types of transition covered in this work are order-disorder and displacive transitions.6 

Experimentally, these two transitions primarily differ in the correlation between adjacent dipoles 

in the ferroelectric material above the Curie temperature. As shown in Figure 1.2, in the case of 

displacive transitions, the elevated temperature phase experiences symmetry breaking vibration 

around a centrosymmetric position.7,8 The average position observed over time for a given unit 

cell would be centrosymmetric. Order-disorder transitions in ferroelectrics assume unit cells with 

random displacements above the Curie temperature shifting between local potential wells 

without long-range correlation.6,9,10 Observing a single unit cell over time would potentially, 

therefore, appear polarized as the atoms vibrate inside the potential well. As noted by Salmani-

Rezaie, et al., the presence of nanoscale coordinated regions above the transition temperature is a 

strong indicator of an order-disorder transition.11 As the sample cools through the Curie 

temperature in an order-disorder transition, the energy to move between sites is no longer 

available, and nearest neighbor interactions force the nanometer sized regions of polarization 

observed above the transition to begin to grow and dominate the entire polarization.8  

 

 

Figure 1.2: Left) Simplified example of order disorder and displacive high temperature phases showing the 

positional averages of the non-centrosymmetric atom.7 Right) Diagrams showing the equivalent energy positions 

for each crystallographic phase of BTO.3 
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1.5 The Impact of Point Defects: 

In addition to the structural dependence on these nano- and microscale features, piezo- 

and ferroelectric material properties depend on atomic level reconstructions, defects, 

dislocations, and interfacial reconstructions. These point, 1D, and 2D defects can cause large 

changes in the properties of the electronic materials and devices. In the case of electronic 

devices, etching and lithography techniques can cause damage and reconstruction from on the 

order of individual layers to nanometer thick regions.12,13 In perovskite systems, oxygen 

vacancies cause a large variety of property effects. For example, in KTO, a paraelectric 

perovskite, Ar+ plasma bombardment of the surface, a common sample cleaning method, was 

shown to result in additional oxygen vacancies, allowing tuning of a photoelectric response 

previously demonstrated in STO.14 Additionally, Koirala, et al., provide evidence of a change in 

stoichiometry through TEM analysis on the surface of Ar+ bombarded TEM foils.15 In the case of 

Koirala, they reported amorphous regions under a more prolonged plasma milling process. 

Further characterization of the oxygen vacancy induced electronic properties by Wadehra 

suggested a dipole-induced change in behavior along the surface.16 Tong, et al., reported 

evidence of high temperature dielectric relaxation reliant on oxygen vacancy migration, hindered 

by grain boundaries in polycrystalline samples.17  Koirala also performed annealing on the 

samples, showing that at temperatures above 500/600 C they were able to form crystalline 

potassium deficient islands of K6Ta10.8O30. 
15  Kaswan et al., however, suggest the formation of 

KO agglomerations on the surface due to potassium migration at temperatures above 773 C, 

rather than the Ta2O5 regions predicted prior.18 Traditionally, etching has been used to remove 

the amorphous regions, however, with KTO care must be taken to ensure that the highly reactive 

potassium ions are not preferentially removed, which can lead to Ta2O5 regions on the surface.19 
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Electron coupling at interfaces can lead to exceptional properties as well, as Liu, et al. 

demonstrated with superconductivity at KTO interfaces with EuO and LAO.20 The spatial 

resolution of these phenomena ranges from pm to micron, which makes TEM an ideal method 

for interrogating them at different ranges by utilizing a variety of techniques.   
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Chapter 2 : TEM and STEM Review 

2.1 TEM Basics: 

Microscopy is inherently limited by the Rayleigh criterion which relates beam 

wavelength to the size of the smallest resolved object: 21 

𝛿 =  
0.61𝜆

𝜇𝑠𝑖𝑛𝛽
 

Where λ is the radiation wavelength, µ the refractive index and β the semi convergence 

angle of the magnifying lens. For green light (λ~ 550 nm) this amounts to a spatial resolution of 

approximately 300 nm. This spatial resolution is adequate for imaging larger domains, but not 

for finer structures and individual atomic columns. In the TEM this relationship can be 

simplified and expressed as ~1.22λ/β. Following application of the de Broglie equation to 

electrons, as in the case of transmission electron microscopy (TEM), we can see that the 

wavelength of electrons is on the order of picometers, bringing the theoretical limit of spatial 

resolution down into the atomic regime. 21 

𝜆[𝑝𝑚] =  
ℎ

√2𝑚0𝑒𝐸∗ 
=  

1.23 ∗ 103

√𝐸(1 + 9.78 ∗ 10−7𝐸)
 

𝑣[𝑚/𝑠] = 𝑐√1 − (1 +
𝑒𝐸

𝑚0𝑐2
)

−2

= 3.00 ∗ 108√1 − (1 + 196 ∗ 10−6𝐸)−2 

This theoretical resolution limit in the picometer regime has yet to be attained due to the 

impossibility of creating perfect magnetic lenses, but it speaks to the goals of TEM. Further work 

with these small wavelength beams has demonstrated their applicability for high resolution 

imaging.22–24 
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Before covering the scattering mechanisms and optics of the microscope, it is important 

to define a few key terms and angles. In Figure 2.1 we show the multiple key angles we will be 

using in this work: α, the semi-convergence angle of the beam as it intersects the specimen, β the 

radius of the collected beam, and θ a general angle relative to the initial beam direction.  

In conventional TEM, an electron source or gun generates a high keV accelerated beam 

of electrons which are then collimated and focused on a sample. In this case the α is kept to a 

minimum for a parallel beam. The electrons interact with the sample in a multitude of ways, 

including Bragg diffraction, inelastic scattering, X-ray generation, secondary and backscattered 

electrons, electron/hole pair generation, and more.25 When we talk about the formation of 

diffraction patterns, we primarily think about Bragg diffraction, formed in the back focal plane of 

the microscope. This diffraction mechanism forms the basis of most image formation 

mechanisms in a conventional TEM, as well as offering structural information in and of itself.26 

Early TEM diffraction analysis dates back to as early as the 40’s with B. K. Vainshtein in the 

then Soviet Union.27 For the purposes of this work, we will be focusing on the direct beam and 

Figure 2.1: Ray diagram 

demonstrating the fundamental 

geometries of beam interaction with 

the TEM foil and scattering angles.21 
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scattered electrons (both elastic and inelastic), but each of the other interactions can be used for 

analytical purposes of their own. 

Derivation of the Ewald sphere will remain outside the scope of the scope of this work, 

however a brief summary is as follows. The Ewald sphere is a representation of the sphere of 

reflection in reciprocal space with a radius of 1/λ.28,29 Each intersection of the Ewald sphere with 

the reciprocal lattice results in a diffraction spot as the coherent interference satisfies Bragg’s 

law. Each g vector in the diffraction pattern is associated with a crystal plane (hkl) and contains 

crystallographic information about spacing and orientation.30 Due to the broad and parallel 

nature of the beam, this results in a large cross-sectional area being illuminated, which can result 

in difficult to interpret diffraction patterns as multiple grains and orientations are sampled. 

Insertion of a selected area aperture into the image plane allows the formation of a diffraction 

pattern consisting of just the electrons in a given area.26 The localization is limited by the 

physical size of the selected area aperture. The size of diffraction spots is directly proportional to 

the α, or semi-convergence angle. As the beam is converged from a parallel state, the discs 

formed in the pattern grow with a radius of the convergence angle. This also reduces the cross-

sectional area sampled by the beam without the use of a selected area aperture. Converging the 

beam in this matter allows localization of the signal to a point limited only by the microscope’s 

optics.  

Additionally, converged beam electron diffraction (CBED) patterns contain additional 

structural information not available from the spot diffraction generated by the parallel beam. 

These include local thickness, improved precision lattice parameter calculation, crystal 

symmetry, and more.31–34 Symmetry can be evaluated from the diffraction pattern in multiple 

ways.3,35,36 For the purposes of TEM, we can summarize Friedel’s law to infer that for a given 
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mirror plane in a crystal, the intensity of a diffraction spot on one side of the crystal will be equal 

to the intensity of the diffraction spot reflected over the mirror plane.3 In the case of CBED, 

increasing the sample thickness generates dynamic diffraction contrast which can be used to 

differentiate symmetry beyond the limits of Friedel analysis, including the differentiation of 

rotation from mirror planes.37 

 

2.2 STEM Basics:  

Before discussing the image formation and data collection tools we will be applying in 

this work, it is important to first understand the fundamentals of scanning transmission electron 

microscopy (STEM). In STEM, contrasted with TEM, the lensing of the microscope focuses the 

beam to a condensed probe; this probe is then rastered across the sample, as shown in Figure 2.2. 

The probe size for this converged beam is determined by a combination of the convergence angle 

and the effects of aberrations in the lens. The advent of the aberration corrector increases the 

complexity of the microscope, by generating an electromagnetic lens to counter the aberrations 

formed in the probe by the other lenses in the scope.38 With a high convergence angle and 

aberration-corrected beam probes can be formed in the sub angstrom regime.  Highly precise 

tuning is required for these lenses to form a probe down of the size needed for atomic resolution 

imaging. To this end, we define the Ronchigram as the geometrical shadow of the sample in the 

condensed probe as shown in Figure 2.3, from Pennycook et al.39  The Ronchigram can be used 

to evaluate the aberrations in the beam, which are then corrected in the aberration corrector.40 

After the probe interaction with the sample, experiencing multiple forms of scattering, the 

scattered electrons can then be collected by either an annular detector or a pixelated camera, 

generating the STEM dataset.  
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Since STEM requires a converged beam to form the probe, the diffraction patterns 

generated are CBED patterns. Due to the localization of these probes to less than a unit cell, the 

information contained is heavily dependent on the probes position in a unit cell.41 By averaging 

together multiple scanned positions, we can generate a position averaged converged beam 

electron diffraction or PACBED pattern.42,43 These incoherent patterns are sensitive to tilt, 

polarization and thickness and allow precise determination of these properties. By comparing the 

PACBED patterns to multislice simulations (Covered in more depth in Appendix A), precise 

thickness determination (<1% uncertainty) can be achieved.44 

Figure 2.2: STEM and 4D-STEM/Scanning diffraction acquisition schematics. In the case of traditional 

STEM any number of annular detectors to select different scattering angles. 
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2.3 Annular Detection Imaging: 

Annular detection methods utilize a ring-shaped detector to gather the electrons scattered 

to a given angle range. Different collection angles yield different contrast mechanisms based on 

the nature of the scattered electrons at that angle.39 Bright field (BF, 0-20 mrad) and low angle 

annular dark field (LAADF, 20-40) are generated from coherent scattering that is diffraction 

dependent. There is some contention on the angle ranges from 40-70 mrad, with some 

publications referring to it as LAADF, and others MAADF. As the range increases, the 

dependence on diffraction decreases and the dependence on Z-contrast increases. High angle 

annular dark field (HAADF) utilizes almost exclusively incoherently scattered electrons resulting 

in Z-contrast, where the intensity is dependent on the atomic number of the elements present, as 

well as the thickness of the sample.45 Additionally, the scattering cross-section as a function of 

the sample thickness varies based on the collection angle.46 In general, HAADF is more sensitive 

to heavier elements, but for light element imaging such as the oxygen in a complex oxide 

Figure 2.3: Formation mechanism for the Ronchigram, containing phase information as well as 

momentum transfer at focus condition and projected images at a defocused condition.39 
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perovskite BF, LAADF, or an advanced technique like integrated differential phase contrast 

(iDPC) is necessary. Unlike TEM/HRTEM, even the coherent scattering imaging mechanisms 

remain directly interpretable as dark columns in BF and bright columns in LAADF/HAADF. 

 

2.4 Four-dimensional STEM/Scanning Diffraction Imaging: 

Four-dimensional scanning transmission electron microscopy (4D-STEM) utilizes the 

advances in pixelated detectors to offer a new method of collecting and interpreting diffraction 

data in the microscope.47 This technique goes by many names in literature, 4D-STEM is the most 

widely used, but papers referencing nanodiffraction, diffraction imaging, microdiffraction, and 

scanning electron nanodiffraction all refer to equivalent techniques. The primary difference 

between STEM and 4D-STEM, is that rather than collecting a single datapoint from an 

integration across a detector (as in HAADF, ADF, BF and iDPC methods) an image of the 

diffraction pattern is captured and stored at each probe position. This data-intensive collection 

Figure 2.4: PACBED comparison between simulated 

and experimental datasets at multiple thicknesses of 

PbWO4.44 
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method allows extensive post processing to extract any type of data that can be interpreted from 

diffraction, including strain, polarization, phase mapping, orientation mapping, thickness 

mapping and more. The earliest experiments utilizing this type of technique were performed to 

measure Lorentz diffraction.48 High resolution ptychography has also been enabled by the 

introduction of better signal to noise detectors and processing algorithms.49–51 As with traditional 

STEM, varying the convergence angle modifies the area sampled, and the localization of the 

data. However, in 4D-STEM, the adjustment of the convergence angle also determines the types 

of post-processing that can be accomplished due to the nature of CBED patterns. For example, 

strain mapping requires non overlapping discs in order to allow for the g vectors to be calculated, 

therefore limiting the convergence angle to the Bragg angle, as with all other methods requiring 

non-interfering discs.52,53 

While this probe size/convergence angle relationship can be limiting, it also enables the 

localization and delocalization of information collection. For charge density mapping, high 

convergence angle data has been used to map the electron density and field at sub-unit-cell 

levels.54,55 However, at lower magnifications where a single unit cell may not be sampled 

multiple times, this can lead to a large impact on the measured field and density depending on 

where in the unit cell the probe is located. Multiple methods can be used to average out this 

contribution and denoise the data; however, delocalization of the beam minimizes the need for 

those methods.56 

Detector selection is a critical consideration for 4D-STEM experimental design. There is 

a wide range of detectors operating off different technologies. Charge-coupled devices are very 

commonly used as cameras for TEM acquisition. These detectors commonly trade off refresh 

rate (< 60 frames per second) for good electron sensitivity. Active pixel sensors (APS) consist of 
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complementary metal oxide semiconductor (CMOS) chip coupled with a doped layer. These 

designs have very high electron sensitivity due to the signal boost received from the doped 

epitaxial layer. APS detectors tend to have a fast readout speed, but suffer from a decreased 

dynamic range.47 Hybrid pixel array detectors (PAD)  use an array of photodiodes bonded to an 

integrated circuit.57,58 PAD devices such as the EMPAD have been optimized for sensitivity and 

dynamic range allowing the capture of thermal diffuse scattering in the same reference as the 

direct beam.59,60  In addition to sensitivity, the resolution and refresh rate of the detectors greatly 

impact the practical design of the experiment. Due to the large number of patterns per dataset, an 

increase in pixel count in the detector directly leads to an increase in file size. Refresh rate 

corresponds directly to the dwell time and therefore the overall experimental time. A longer 

dwell time not only contributes to an increase in experimental time, but also increases the impact 

of drift directly. 

 

2.5 Momentum Transfer Imaging 

Also known as phase contrast imaging methods, momentum transfer imaging techniques 

utilize the deflection of the electron beam due to the electronic environment of the sample to 

generate information about the electronic, magnetic, and structural properties of the sample. As 

the probe in STEM is rastered across the sample, the electron distribution shifts in relation to the 

electronic and magnetic fields present. The fundamental concepts of these techniques are not a 

recent introduction, with fundamental works dating back to 1974, where the first applications of 

a technique used for optical microscopy were introduced to STEM by Dekkers and de Lang. In 

1979, Waddel and Chapman expanded the concept with a divided detector and demonstrated that 

the momentum transfer is linear with the gradient of the phase in the sample.61,62 From the late 
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1970’s to early 2000’s, differential phase contrast (DPC) was primarily used as a characterization 

tool for magnetic samples. In 2010, Shibata introduced the 4 segmented detector, and a 

simplified schematic is presented in Figure 2.5, from Shibata et al.63 At lower magnification and 

larger length scales, this has been used to map the electronic field across pn junctions, magnetic 

skyrmion domains, and along nanowires.63–65 At higher magnifications these techniques have 

been used to identify and image lighter atoms, to explore the charge density distribution at the 

atomic level, and recently to image the antiferromagnetic structure of a steel alloy on the unit cell 

level.66,67  

For the purposes of this work, we will be focusing on two major techniques in this group 

of methods; segmented detector differential phase contrast (DPC), and 4D-STEM center of mass 

(COM). 
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In DPC, the deflection of the beam intensity is measured using a segmented detector, as 

in Shibata et al.63 Multiple data maps are collected, one for each component detector in a similar 

method to HAADF detection. When the beam deflects left to right, for example, a decrease in 

detector signal on detector A is measured, alongside a corresponding increase in detector C. The 

A-C and B-D signals can then be used to generate a map of the overall beam deflection (an 

example of which is shown as Figure 2.5). These maps are correlated to the local electric field at 

the probe position, limited by probe size and sample thickness. 

In COM, a pixelated detector is used to evaluate the full distribution of intensity across 

the Ronchigram. A shift in this distribution can be directly tied to a change in the beam’s 

Figure 2.5: Schematic of A) the detector/sample alignment B) intensity profiles of the 

component images, C,D) the experimental DPC components contrasted with E,F) 

Simulated DPC and ADF images.63 
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momentum. Additionally, Caspary et al. demonstrated the magnitude of this momentum shift can 

be quantitatively and linearly tied to the electric field using the following equation56: 

𝐸⊥ = −〈𝑝⊥〉
𝑣

𝑒𝑧
 

Where E⊥ is the electric field component perpendicular to the beam, and p⊥ is the 

momentum shift perpendicular to the beam. Studies using GaN as a model material showed that 

the electric field potential around the columns could be effectively mapped using this technique 

as shown in Figure 2.6. Momentum resolved STEM has been utilized to map charge density in 

real space across perovskite interfaces.54 By integrating the momentum shifts over Voronoi 

shapes to calculate the overall polarization of the cell, Caspary developed a technique for 

increasing the signal to noise at the cost of spatial information.56  

 

 

  

Figure 2.6: Left) 4D-STEM momentum resolved imaging schematic, calculating the momentum transfer from the recorded 

ronchigram.56 Right) A) iDPC, B) dDPC, C) HAADF and D) ABF Images of GaN showing the phase, charge distribution, Z 

contrast, and light element imaging.68 
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2.5.1 iDPC: 

Designed to visualize the positions of light elements that were previously problematic to 

image, integrated center-of-mass imaging (iCOM) avoids the pitfalls of other methods by 

interpreting the divergence of the vector field at a given point in the COM component maps.. 

Lazic and Lazar then demonstrated that an approximation of iCOM could be achieved using a 

segmented annular detector and DPC components, resulting in iDPC, or integrated differential 

phase contrast.68,69 As shown in Figure 2.6 from Lazac the iDPC images of GaN show clear 

resolution of both the heavy gallium column and light nitrogen column while the HAADF and 

ABF images show no nitrogen contrast, or are problematic to interpret. Both COM and DPC 

imaging methods require very thin samples to satisfy the weak phase approximation required to 

directly correlate beam shift and electric field, which is a material dependent threshold. One of 

the primary benefits to iDPC as opposed to COM imaging is the use of an annular segmented 

detector. This allows the use of a HAADF, and even BF detector simultaneously to acquire 

multiple forms of contrast over the same probe positions. This can be used to correlate the charge 

density and light element mapping of iDPC with the Z-Contrast sensitive mapping of HAADF.70 

 

2.6 Drift Correction: Rigid and Non-Rigid Methods 

With the importance of high signal-to-noise ratio images for interpretation, two options 

are generally considered: long dwell time imaging and stacking of multiple low dwell frames. 

Due to the susceptibility of thin TEM samples to beam damage, as well as the increased effect of 

drift with longer dwell times, the stacking of multiple low-dwell time frames is the preferred 

method for samples that require low beam doses. Averaging/summing these datasets requires 
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precise subpixel alignment of the component images, referred to as frames. Approaches to 

aligning these frames fall into two main categories: rigid and non-rigid methods.  

Rigid methods assume that each pixel in a given frame is a uniform translation from the 

corresponding position in a different frame. The potential of these methods was demonstrated by 

Kimoto et al., utilizing a cross correlation method to align their image stacks of TmFeO3.71 

However scan distortions from electronic and instrumental noise, as well as irregularities in the 

fly back travel lead to non-uniformity in the translation function from pixel position to position. 

Non-rigid registration techniques, such as revSTEM and the NRR algorithms put forward by 

Berkel et al. provide methods for correcting each pixel using a non-constant translation. 72,73 

 

2.6.1 RevSTEM:  

LeBeau et al. put forward a technique in 2014 for correcting scan distortion without the 

use of a known ground truth image to correct to.72 By rotating the scan directions 90 degrees 

between acquisitions, and acquiring multiple rapid scanned images, the resulting datasets could 

be processed to correct for distortion caused by fast/slow scan direction fly back issues, drift, and 

more. The general scheme is shown in Figure 10 below. The benefits of this method are that it 

requires no additional hardware, greatly improves the SNR, while also correcting for drift and 

scan distortion. The drawbacks are the requirement of integrating a new acquisition software to 

control the scan coils of the microscope, as well as careful calibration acquisitions in order to 

precisely and accurately calculate the scan distortions. This technique has been applied to 

multiple material systems to boost the SNR and correct for distortions, including work on STO 

and III-N materials.11,74 Ophus et al. also demonstrated a method of revolving data frame 

acquisition, requiring only two orthogonal data sets to solve for the drift vector.75 
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2.6.2 Berkel Match-Series: 

First implemented on atomic resolution images of zeolite structures, Berkel et al designed 

the match-series algorithm to automatically stack and correct the scan distortion of STEM image 

stacks for increased SNR.73,76 Similar to revSTEM, this method utilizes multiple low-dwell time 

image frames to minimize the drift of the sample. The ability, to process data stacks acquired 

without changing scan directions allows a broader set of use cases. The match-series algorithm 

evaluates the image stacks at different levels of detail from coarse to fine, solving for the 

transformation function to map a given image frame onto a different frame. Crucially, this 

method removes the need for human input. This method was later refined to remove the scan 

distortions and applied to evaluate the accuracy of lattice positions mapped in the dataset.76  

 

2.7 Peak Position Determination: 

With the increase in spatial resolution offered by the advancement of probe correction 

technology, a corresponding push for increased precision in methods of column positioning has 

ensued. Multiple sub-pixel detection techniques have been put forward, including methods by 

Voyles and LeBeau.77,78 Both methods utilize high SNR images and filtering, followed by the 

application of 2D Gaussian fits to each column in order to locate the column center. Successive 

Gaussian fits along with a linear regression are used to achieve sub pixel precision with an 

absolute precision in the single picometer regime. Column detection and measurements can be 

indexed using a matrix approach defining two axis of the structure as the i and j components of 

the matrix as shown in Figure 11.78 From the coordinates of the 2D Gaussian fit and matrix of 

their relation to the other columns, calculation of unit cell parameters, strain, and displacement 

are all achievable.   



   

22 

 

Chapter 3 : Polarization Analysis of BTO3 with Coherent CBED Analysis 

3.1 Background and Motivation: 

The mechanism of domain formation through the phase transition from cubic to 

tetragonal symmetry is critical to understand, and BTO is an ideal model material to study it. 

Traditionally thought of as a classic displacive transition, recent studies have shown that it could 

be the result of an order disorder transition or a mixed character transition. Multiple studies have 

shown the classic image of tetragonal symmetry to be a subset of rhombohedral symmetry unit 

cells, with the Ti ions displaced along the [111] directions rather than the [001]. Barium titanate 

(BaTiO3, BTO), the first perovskite demonstrated to possess ferroelectric configurations at room 

temperature, is a well-studied system with over 70 years of investigation. Discovered in 1941, 

the early research into BTO is obscured by the timing due to the second World War. The push at 

the time for new piezo/ferroelectric materials led to BTO being discovered nearly simultaneously 

in the United States and Russia.79,80 Over the course of the 1940’s the structure, domain 

evolution, and ferroelectric switching was studied by von Hippel et al..81 With the increasing 

push to reduce the use of lead based piezoelectric materials, BTO and its variations are facing 

renewed interest. Crystallographically, the spontaneous polarization of BTO results from the 

shift of its Ti and O ions away from the center of the cell and faces respectively, as defined by 

the A sites. This results in a unit cell level dipole, referred to from here on as ps or the 

spontaneous polarization. 
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BTO experiences multiple thermally driven phase transitions, from cubic to tetragonal 

400K, from tetragonal to orthorhombic at 273K and from orthorhombic to rhombohedral at 

183K. The corresponding lattice parameter shifts with these transitions are presented in Figure 

3.1.82 During the cubic transition to tetragonal, spontaneous polarization appears oriented along 

the [001] direction of the cell. In the orthorhombic phase, the polarization appears along the 

[011], and finally in the rhombohedral phase the spontaneous polarization is along the [111] 

direction. 

 

Given the importance of the domain structure in ferroelectric materials and the 

nanoregions that can compose domain structures, mapping the local structure at different critical 

Figure 3.1: Left) Lattice parameters and permittivity as a function of temperature for BTO. Right) Crystallographic 

representations of the four phases of BTO showing the overall Ti4+ shift relative to the Ba.82 
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length scales can often reveal different information. TEM has been a classic method of imaging 

domain structures and distribution allowing visualization of the distribution of these large 

polarization regions at length scales from nanometers to microns.83,84 Due to the relatively large 

(0.5 um) domain sizes observed in BTO, optical characterization methods can be used to 

understand the relationships and distribution on even larger length scales. In the case of probing 

the phase transition methods, and characterizing the distribution of the local polarization, a 

technique is needed that can localize data to the unit cell regime, the smallest unit of symmetry 

and polarization in the structure.  

The method proposed takes advantage of the fact that the internal structure of a CBED 

disc resulting from dynamic diffraction remains constant regardless of convergence angle. That 

is to say, the inner 2 mrad of a 4 mrad convergence angle diffraction disc contains the same 

information as a 2 mrad convergence angle diffraction disc. Given the relationship between 

convergence angle α and probe size, as shown in Figure 3.2, it can be observed that small 

increases in the convergence angle in the microprobe regime can result in large changes in the 

probe size. Prior CBED analysis for symmetry focused on experimental conditions where the 

convergence angle was less than the Bragg angle for the closest reflection, resulting in non-

overlapped discs.3,85 This limited the probe size to the order of 0.8-1 nm, which samples multiple 

unit cells per probe position. However, the proposed method masks out the small overlapping 

regions resulting from a 4 mrad convergence angle allowing us to reduce the probe size to 0.4 

nm, sampling single columns of unit cells at a time. This probe size also has the advantage of 

delocalizing the signal to minimize the dependence on the probes position in relation to the unit 

cell. With a highly converged beam, a PACBED pattern is needed to extract just the incoherent 

scattering and position dependence. 
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3.2 Experimental: 

All STEM samples were prepared using mechanical polishing from single crystal 

samples. Initial material was a single crystal wafer oriented [001] to the surface. Final thinning 

was performed in a Gatan PIPS II under LN2 temperatures to minimize surface roughness. The 

final TEM foils had regions along the leading edge with thicknesses below 20 nm, and in some 

areas below 10 nm. In order to mitigate and prevent cracking in samples with such thin regions, 

the samples were brought back to room temperature over a 20 minute period and allowed to 

equilibrate for 24 hours under vacuum before imaging in order to minimize carbon 

contamination from residual solvents trapped under the TEM grid. All imaging was performed 

on a probe-corrected FEI Titan operated under a 200 keV probe. Nanoprobe imaging was 

performed using a 19.3 mrad convergence angle, and microprobe imaging performed using 2 and 

4 mrad convergence angles. 4D-STEM data was acquired using an EMPAD direct electron 

Figure 3.2: FWHM for simulated electron probes under low angle 

conditions. 2, 3, 4 mrad probe shapes inset. 
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detector, obtaining 128 x 128 patterns with a 1 ms dwell time. Presented data in this work was 

obtained using a 0.24 nm step size per sampling position. 

Post processing of all data, real and simulated, was performed using python scripts 

written for the project. The spacing and direction of the spots was first calculated and averaged 

to locate the masking regions. A simple annular true false mask was generated for each 

diffraction spot to mask out the overlapping regions outside of the desired angle range. This filter 

was used to filter the images and then the process is repeated for each pattern in the dataset, 

resulting in a filtered 4D-STEM dataset containing only the non-overlapping information for 

storage or calculation. This process is demonstrated in Figure 3.3 

 

Figure 3.3: A) Schematic of experimental data acquisition for 4D-STEM 

data. B) A representative partially overlapping CBED pattern acquired at 

4 mrad convergence. C) The remaining dynamic diffraction information 

from the overlapping CBED pattern after masking. D) Calculation of the 

displacement vector using the integrated intensity from Friedel pair 

diffraction. 
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Simulated data was then prepared using two methods. The Bloch wave method in 

EMAPS86,87 was used to rapidly generate a thickness series of CBED patterns with varying 

degrees of rhombohedral offset and thicknesses from 4 to 40 nm as shown in Figure 3.4. Cubic, 

tetragonal, centered tetragonal and rhombohedral BTO unit cells were simulated for comparison. 

Multislice simulations to map the incoherent scattering effects more precisely were performed 

using MULTEM 88at 2, 3, and 4 mrad convergence angles. In order to minimize the impact of 

finite frozen phonon configurations on the final results, a convergence series was performed, 

generating a dataset at multiple FPC settings. The level of fluctuation from the average pattern 

was used to estimate the minimum number of configurations required to generate a reliable 

Figure 3.4: Example Bloch wave simulated CBED patterns at 3 mrad showing the effects 

of thickness and symmetry changes in BTO. 
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dataset, and 200 configurations was chosen, resulting in a ~ 1% variance level per pixel. These 

simulations were performed with 20 sampling positions per unit cell for a step size of ~0.02 nm. 

From these datasets, PACBED were calculated, averaging the full unit cell to remove positional 

dependence on the intensity.  

 

3.3 Results: 

The simulated datasets were masked and normalized by direct beam intensity and the 

results compared between the 2 mrad dataset and the 4 mrad dataset masked to 2 mrad. These 

results can be seen in Figure 3.5. The difference between the masked and unmasked datasets is 

below 1% in magnitude, and more importantly there is no clear structure to the noise. This 

implies that the difference between masked and unmasked datasets is almost entirely related to 

the uncertainty from the frozen phonon configurations, rather than a difference in the scattering 

or probe size. From this, the conclusion that the masked datasets are equivalent to the lower 

convergence angle datasets can be drawn. 

Probe sizes were calculated for a range of convergence angles from 0 to 10 mrad using a 

c3 of 5 um and a c5 of 1mm. The FWHM of these probes were presented in Figure 3.2. A 

convergence angle of 2 mrad, necessary for non-overlapping discs in BTO, results in a probe size 

on the order of 7 ang, with a 4 mrad convergence angle resulting in a probe size on the order of 

3.6 ang. With a unit cell in BTO of 4.09 x 4.09 ang, use of a convergence angle with slightly 
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overlapping diffraction patterns, allows sampling of individual columns of unit cells, as opposed 

to a 2x2 or 3x3 set of unit cells with the larger probe.   

Different methods for calculating the polarization direction and phase were considered. 

Work by Shao demonstrated cross correlation methods of determining the symmetry of a pattern. 

This method was rejected ultimately due to the high sample thickness required to generate 

sufficient internal disc structure to evaluate the mirror planes. At thicknesses under 20 nm, the 

tetragonal, rhombohedral and cubic datasets were too similar to be differentiated reliably using a 

cross correlation coefficient approach. Tsuda et al., utilized unequal intensity in Friedel 

Figure 3.5: Simulated CBED patterns for a 19 nm sample using 2 mrad and 4 mrad convergence angles 

before(A,B) and after (C,D) masking. The intensity distribution is equivalent in the retained information 

within 1% of the intensity. 
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diffraction pairs to demonstrate breaks in symmetry. In a centrosymmetric crystal, Friedel pairs 

of diffraction spots have equivalent intensity, with any break in symmetry correlating to a change 

in the integrated intensity of the two discs. These ratios between discs, as shown in Figure 3.3, 

can be combined to generate an overall displacement vector with magnitude M and angle theta. 

Theta for this purpose, is defined as angle between the displacement vector and the [001] 

direction. The {002} and {020} families of discs were selected for this analysis, due to the 

inconsistent intensities from the {001}and {010} discs due to changing forbidden reflection 

criteria between cubic, tetragonal and rhombohedral symmetry. 

The M and theta can then be compared with simulated data to draw conclusions about the 

symmetry and overall polarization of the sampled location. Since at 4 mrad, the FWHM of the 

probe is on the order of a single unit cell, this allows a more localized view, able to visualize 

fluctuations in this displacement vector on the order of unit cell by unit cell basis. From 

simulation and theory, in a tetragonal phase, only a projected displacement along the [001] 

direction is expected. Therefore any overall [011] displacement vectors indicate the presence of 

either stacked tetragonal phases or rhombohedral displacement.  
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Applying these calculations to the simulated datasets, it was observed that the 

displacement vector M and theta values were consistent between the 2 mrad and 4 mrad masked 

datasets, giving further confirmation to the validity of the assumptions for the masking. In the 

cubic datasets, the {002} and {020} discs showed equivalent intensity, resulting in a LR and UD 

vector of magnitude 0, as expected for 4 fold symmetry. In the tetragonal datasets where the Ti 

ion was displaced along the [001] direction, equivalent intensity was reported in the {020} discs, 

with inequivalent values in the {002}, resulting in a LR vector of 0 and UD != 0, reflecting the 2 

fold symmetry of the unit cell. Finally the rhombohedral unit cell showed inequivalent values in 

Figure 3.6: Experimental CBED patterns obtained with 2 mrad and 4 mrad convergence angles from a 

35 nm thick sample. The intensities  from both masked (A,B) and unmasked (C,D) patterns have been 

normalized using the max intensity in the undiffracted disc. 
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the {020} pair as well as the {002} pair, resulting in a non-zero vector in both LR and UD 

directions. The rhombohedral does show two-fold symmetry along a {110} mirror plane, with 

the {020} and {002} values equivalent, as well as the {0-20} and {00-2} values. Analysis of 

different thicknesses of simulation demonstrate that while the magnitude of the overall 

displacement vectors change, for the uniform composition simulations, the theta remains 

consistent. For tetragonal, theta = 0, for rhombohedral theta = 45, consistent with the polarization 

direction of the unit cell. With this method the overall polarization for any unit cell where the 

polarization is strictly dependent on symmetry breaks due to offset can be calculated. 

The experimental data was acquired with sub unit cell sampling. The data was then 

binned at 3x3 and 5x5 sampling and presented as Figure 3.7. Since the polarization and the local 

electric field are linked, COM calculations were utilized to calculate the local field at each probe 

position. This calculation was performed on a 16 nm thick sample and is presented as Figure 3.7 

to contrast with the structural displacement mapping calculated using the Friedel intensities.  
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Datasets were acquired from regions with estimated thicknesses of 19-35 nm from TEM 

foils as described previously. Comparison of 2 mrad convergence angle and 4 mrad convergence 

angle patterns from regions of equivalent thickness (Figure 3.6) show comparable structures in 

the masked region, with deviations attributed to slight changes in beam position. From the 

masked experimental datasets, the Friedel intensities were calculated, and a map of the 

displacement vectors generated, as shown in Figure 3.7. At this position, the TEM foil had an 

estimated thickness of 19 nm, and the data was obtained with a sampling step of 0.23 nm. For 

ease of visualization, left trending displacement vectors were indicated with blue, and right ward 

vectors with red, as shown in the colormaps. 

Figure 3.7: Analysis of polarization using the calculated displacement vectors from Friedel pair 

analysis A) as acquired, B) binned 3x3 to simulate a 0.8 nm FWHM, and C) binned 5x5 to simulate 

a 1.2 nm probe. D) Pair distribution function for positions with a nominally left composition. 
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An overall polarization in the [001] is evident in the polarization vectors, however 

coordinated nanoregions on the nanometer scale with [011] direction are evident. The abrupt 

changes in directionality in Figure 3.7.A show abrupt transitions between rhombohedral columns 

with the same [001] direction but opposing [010] components. These observations support the 

presence of rhombohedral polar nanoregions making up the overall tetragonal polarization as 

well as the importance of localizing the probe to single unit cells. The binned data at 3x3 and 5x5 

regions effectively approximate a 0.8 nm and 1.3 nm FWHM probe. From the 3x3 data itd can 

observe that the overall rhombohedral regions remain visible, but the abrupt transitions lost 

visibility and give the impression of a gradient transition rather than an abrupt 90-degree 

boundary between adjacent cells. In addition, the fluctuations in measured vectors inside a polar 

region are damped in the larger probe size data, minimizing the information able to be extracted 

from the dataset. Eventually with the 5x5 dataset the averaging of larger regions reduces the 

visibility of the [010] components of the displacement vectors. The vectors become closer to 

[001] in orientation, further emphasizing the importance of localizing the sampling of data. 

The binned data is in good agreement with prior Friedel pair analysis performed with the 

lower convergence angle, with 4-10 nm sized rhombohedral regions. The original data was then 

filtered into [010] and 0-10] regions and the pair distribution function (PDF) calculated. This 

PDF was compared to a PDF calculated for the 5x5 data showing that even the damped [010] 

components of the binned data have similar distributions with lower visibility. 

Given the relative sample thickness when compared to the size of the regions observed 

and the abruptness of the transitions, a series of simulations were performed in order to 

determine how the composition of the projected column with respect to single unit cell 

displacements affects the polarization. If 4-10 nm projected coherent regions were expected, 
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there can also be an assumption that the regions are coherent along the same length scale in the 

[100] direction, through the sample foil. With a thickness of 20 nm, there could reasonably be 2-

5  nano regions passed through at each position. In addition, the projected displacement vector 

doesn’t take into account the [100] component of the [111] displacement of the Ti ion. 

To address the composition question, Bloch wave simulations were performed on a range 

of sample thicknesses from 3 to 35 nm. For each thickness, the PACBED was calculated using a 

range of compositions from 100% [111] to 50% [111] 50% [1-11]. The displacement vectors 

were calculated for each combination of thickness and composition and are plotted in Figure 3.8. 

From this data, several observations were made. Firstly, for a range of thicknesses from 6 

to 26 nm, the displacement vector was expressible as a function of composition. Above and 

below those values, the theta angles became unreliable due to thickness effects in the diffracted 

intensity. In the case of the 3 nm simulation, insufficient diffraction intensity in the [020] discs 

led to noise dominating the measurements. In the case of the thicker samples, dynamic 

diffraction effects cause unreliable LR vectors. 

Secondly, the data allows a reasonable explanation of the fluctuation of the vectors in the 

experimental data. From comparison between the experimental PACBED and the simulated 

thickness series, the thickness of the data set was estimated to be 19 nm. The majority of the 

measured theta values were between +- 30 degrees, which at this thickness value, correlates to a 

composition range between 60 and 40% [010] components. This necessitates a change of only 

20% of the total column composition to effect a change of 60 degrees in the displacement vector. 
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From this data, the conclusion that the distribution of scattered rhombohedral nanoregions with 

abrupt transitions is a result of relatively small fluctuations characteristic of multiple nanoregions 

projected through the thickness of the foil can be made. The change in the displacement vector is 

the result of nanosized domains in three dimensions.  

COM calculations were performed on a 4D-STEM dataset and compared to the 

displacements measured from Friedel pair analysis. This data is presented in Figure 3.9The 

electric field measured by the 4mrad probes shared the [001] component of the Friedel pair 

analysis while showing lower theta values, indicating less sensitivity to the [010] component. 

This was attributed to the distribution of the electron population in the direct beam primarily 

being dependent on both the local and long-range coulombic interactions. In the case of the 

Friedel pair analysis, the integration of the discs removes that distribution, yielding a method 

dependent on the local structural fluctuations. The coupling of the CBED analysis and the COM 

analysis could yield a method of decoupling the short-range field resulting from the 

displacements and the long-range overall domain field.  

Figure 3.8: Calculated theta for the displacement vector as a function of 

thickness and composition. 
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3.4 Conclusions 

By masking the beam to include only the non-interfering regions of the CBED, data 

equivalent to a lower convergence angle pattern while maintaining the spatial resolution of a 

higher convergence angle beam can be collected. This method, combined with Friedel pair 

analysis, allows us to observe fluctuations in the displacement vector without sampling 

additional adjacent unit cells, allowing the localization of signal. The data demonstrates 

fluctuations in the displacement and therefore the local polarization in 1-5 nm regions which is in 

reasonable agreement with the literature which predicts that the tetragonal symmetry regions are 

composed of locally correlated rhombohedral symmetry regions. In addition, the nanometer 

regime rhombohedral symmetry regions break down on the unit cell level with abrupt transitions. 

By binning the sample to simulate 0.8 and 1.3 nm probe sizes, as required if the data is Bragg 

angle limited, the unit cell level fluctuations decrease until eventually when a large enough 

region is sampled together the polarization trends toward a homogeneous tetragonal population 

of displacement vectors. Mapping these fluctuations and understanding the population 

Figure 3.9: Polarization and orientation mapping performed on a 20 nm thickness sample contrasting A) masked Friedel pair 

analysis and B) COM momentum analysis of the masked center beam. 
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distributions and correlation is critical to assemble a full picture of the phase evolution across 

multiple critical length scales.  

Taken together, this suggests that masked Friedel pair analysis of nanobeam diffraction 

data fits in the analytical toolbox as a method suitable for larger fields of interest than HAADF, 

where polarization and symmetry mapping on the unit cell level is still necessary. The primary 

drawbacks to the method are the slow acquisition speeds due to the long dwell time on many 

commercially available pixelated 4D-STEM detectors. In the case of the EMPAD used for this 

study, a single 512x512 dataset requires ~4.5 min. In comparison, a 2048x2048 HAADF/iDPC 

dataset requires 41 s with a prolonged 10 us dwell time. One of the incidental advantages to the 

nanobeam diffraction technique is that from the same dataset, PACBED patterns can be 

generated and compared to simulation to determine local thickness, as well as ensure that the 

specific local regions studied are sufficiently on zone. Both measurements are crucial for 

analyses of this type, as this method is very tilt sensitive. In bent samples, it can be impossible to 

decouple the shift in diffracted intensity from the Bragg conditions from the symmetry breaks, so 

evaluation of the tilt ex-situ is necessary. An additional advantage to this method is while this 

does require an advanced acquisition, this method does not benefit from a probe corrector, 

relying as it does on very low convergence angle data and can in theory be performed using any 

standard TEM camera with varying data quality.  
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Chapter 4 : In-situ and Ex-situ Polarization analysis of KTO3 and KTNbO3 

4.1 Motivation: 

Potassium tantalate and potassium tantalate niobate (KTO/KTNO) are perovskite systems 

of interest for TEM study. KTO is an incipient ferroelectric with a bandgap of 2 ev, under study 

since the 60’s and considered an ideal system for the analysis of the soft mode phonons thought 

to be the source of many ferroelectric phase transitions.89 In the case of KTO, the structure 

remains paraelectric at temperatures into the millikelvin regime. This behavior has been 

theorized and studied extensively from the 2000’s onward, with Kvyatkovskiœ examining the 

quantum effects responsible in KTO and other quantum paraelectric materials such as STO.90 

Ang et al., demonstrated a high degree of tunability of the electric field of KTO as a dielectric 

material with a low dielectric loss.91 The presence of ferroelectric microdomains in KTO were 

predicted by Greneier et al as well, in both doped and undoped KTO.92 In these microdomains, 

an oxygen vacancy is thought to be part of the mechanism for collapsing the quantum 

fluctuations damping the ferroelectric behavior. 

The ferroelectricity and properties of KTNO vary based on the concentration of niobium 

incorporated into the system. Even relatively low amounts of niobium incorporated into the 

system can result in the presence of a ferroelectric phase transition, with results as low as 1-2% 

Figure 4.1: Potassium Tantalate structural information. 
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Nb reported by Uwe et al.93 The exact mechanism of these ferroelectric phase transitions were 

exploited by Fontana et al, to determine whether low Nb transitions appear more as a dipolar 

glass or ferroelectric transition.94 NMR studies performed by Rod et. indicated a static nature to 

the displacements at low temperatures supporting an order-disorder mechanism. 95 Studies on 

doped KTO have shown substantial changes in the behavior of this quantum paraelectric.  

KTO is predicted to remain a paraelectric material at temperatures approaching absolute 

zero. KTxN1-xO on the other hand has a Curie temperature controllable by the niobium 

concentration. In the case of KT75N25O, that temperature is predicted to be roughly 173K.96 In 

order to examine and compare the correlation lengths at these two temperature regimes, in-situ 

atomic resolution cryo STEM was selected as the tool to investigate the polarization at the unit 

cell level. Due to the quantum paraelectric nature of KTO, displacements were predicted of 

minimal displacement of the B sites relative to the A sites in random uncorrelated directions, as 

the displacive model should apply rather than an order-disorder model. Path-integral quantum 

Monte Carlo (PI-QMC) simulations predict correlation in the KTO ranging from 1-5 unit cells 

longitudinal to the overall polarization direction.97 In contrast, we predict the ferroelectric phases 

of KTNO would have coordinated correlated displacements aligned with a common [001] 

direction. By investigating with a high-resolution localized method like LAADF STEM, we 

intend to interrogate the local fluctuations and polar nanoregions present at the range of 

temperatures. By applying a statistical approach to the data, we can gather information about the 

correlation length of the polarized unit cells to compare to the atomistic simulation results 

published by Akbarzadeh. Additionally, the measured features can be contrasted with the 

correlation lengths observed in 4D-STEM to look at the effect of larger probe sizes on the 

observed polarization. 
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4.2 Experimental: 

TEM foils of KTO and KT75N25O were prepared using the method discussed in Chapter 3 

for BTO. Extended low pressure polishing with silica nanoparticles (0.05 um diameter) was 

performed to minimize the generation of pressure induced dislocations visible in the BTO 

samples. Due to KO/Ta2O buildup on the surfaces of the samples, samples were plasma cleaned 

and re-ion milled periodically to maintain a smooth surface.  

Initial imaging of the samples was performed on an FEI Titan microscope, operated at 

200 and 300 keV as noted in the following data. Additional 4D-STEM datasets were taken at 4 

mrad convergence angles using the EMPAD detector on the FEI Titan. Cryo experiments on 

KTNO samples were performed at the facilities of MIT.nano, using a FEI Themis and a Mel-

Build holder. For those samples, HAADF and iDPC data series were taken at room temperature, 

followed by imaging at 200K, and again at 100K. SAED patterns were acquired as well and 

compared to observe changes in lattice parameters as a method of tracking the phase transition. 

Due to the prolonged dwell time required for the detector and the drift of the sample, 4D-STEM 

datasets were not acquired at cryo temperatures. Additionally, increased carbon deposition at 

room temperature necessitated that only minimal datasets were collected before cooling to cryo 

temperatures.  

 

4.3 Data Analysis: 

To map the local polarization in the atomic resolution images, high signal-to-noise ratio 

images are required in order to accurately locate column positions. Prolonged dwell times lead to 

highly skewed image frames due to an amplification of sample drift. To compensate, multiple 

fast (500 ns) dwell time images were taken and combined to boost the SNR in both LAADF and 



   

42 

 

iDPC images. Drift correction was accomplished using two methods. The data from the FEI 

Titan was acquired using revSTEM. For these images, 20 frames were taken, then after 

acquisition the datasets were filtered for out of focus frames, then post-processed using the 

method detailed by LeBeau and Sang. In the case of the Themis acquired data, revSTEM 

acquisition was unavailable and so different drift correction techniques needed to be evaluated.  

 

To that end, we compared the inbuilt DCFI method from Velox, Gatan drift correction 

and pyMatchSeries NRR on a dataset. The DCFI method is prone to shifts of single or multiple 

unit cells due to the cross-correlative nature of their approach to periodic images when 

attempting drift correction, and was removed from consideration. For processing speed, two 20-

frame datasets were processed using the Gatan and NRR methods. The NRR required between 

10 and 40 hours of processing time depending on how rapidly the algorithm reached 

convergence, while the Gatan method took <10 s to process the same amount of data. As shown 

in Figure 4.2, the rigid registration approach was able to successfully correct the drift; however, 

fluctuations in the scan distortion at the top and bottom of the reference frame lead to blurred 

columns and only roughly a third of the image being useable. The NRR algorithm compares each 

frame to the frame before for distortion correction. This far more computationally expensive 

Figure 4.2: Left) The single frame data, with noisier distorted columns. Middle) Dataset processed by Gatan’s rigid registration 

drift correction. Right) Dataset corrected through pyMatchSeries. All datasets presented prior to high bandpass filtering to 

remove low frequency noise. 
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method results in a useable frame with a consistent lattice, with the exception of the boundaries 

of the image. This results in an overall usable region greater than 80% of the frame. From this 

testing, the decision was made to use NRR processing for any dataset that required locating 

atomic columns such as the cryo LAADF data, with Gatan being used on datasets where only 

simple stabilization was needed. The distortion and drift correction was calculated using the 

LAADF data sets and then those corrections applied to the DF4 and A-C, B-D component 

detectors as well. Finally the iDPC data was calculated from the corrected components. Atom 

column indexing using the LeBeau/Sang methods was used to map the column positions for the 

Ta/Nb columns and the K columns.78 The positions of the Ta columns were compared to the 

center of the adjacent K columns, and vice versa to look at the projected displacements of the A 

and B sites relative to one another as shown in Figure 4.3.  

 

Once the directional maps were generated, a statistical approach was implemented to 

evaluate the correlation between unit cells as a function of distance and direction relative to 

Figure 4.3: Example of processed LAADF and iDPC data with the method for polarization calculation (Right) 
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polarization. Each unit cell was compared to the surrounding unit cells within 5 B sites of the 

original cell. The percentage of unit cells that are oriented within a certain threshold angle yields 

information about the correlation length and the directional preference of the correlation. If we 

assume a threshold angle θ, the probability that a random angle is within that angular threshold is 

2θ/360. Below that cutoff, we can assume no correlation.  

 

4.3.1 LAADF/iDPC Complications 

Due to initial difficulties with being able to accurately fit a 2D Gaussian curve to the faint 

and often broad potassium signals, a hybrid method of mapping the unit cells was originally 

performed. The potassium columns were located using the iDPC data set and the tantalum from 

the LAADF. When better fitting methods resulted in being able to precisely map the LAADF 

positions of the potassium, the data was compared and the iDPC data showed a clear change in 

the mapped polarization and the column locations despite the data being acquired in a single scan 

at the same probe positions. Investigation into this irregularity is presented in a later chapter and 

included here for completeness. An example of the discrepancy from the peak fitting is presented 

in Figure 4.4. 
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4.3.2 Room Temperature Mapping: 

Initial mapping was performed at room temperature to observe differences in the 

correlation length between the two nominally nonpolar phases. This data was taken on the Titan, 

at 300 keV using revSTEM for drift correction with 20 frames per dataset. In the case of KTO 

data, the average polarization was in the [0-1-1] direction as shown in Figure 4.5. The sample 

was estimated using PACBED of being 16-20 nm in thickness. Small, correlated regions with 

fluctuations in the [110] direction and uniform [0-1-1] directionality were observed. The 

magnitudes of the displacement were between 0 and 15 pm, with the average displacement being 

5.1 pm evaluated over 800 columns. Plotting the scatter of the displacement vectors as well as 

Figure 4.4: Example map of the difference between polarization calculated using iDPC and 

HAADF locations. Relatively small differences in the peak position result in large changes 

in the polarization vector. (inset) Scatter plot of the displacements.  
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the histograms of the magnitude as shown in Figure 4.6, the population distribution of the 

vectors shows a [011] distribution with an average magnitude of 9.8 pm. In the room temperature 

KT75N25O dataset, the displacement vectors showed overall polarization along the [011] 

projected direction as well with an average magnitude of 15.8 pm. Example vector and 

magnitude maps are shown in Figure 4.5. The magnitudes of the displacements were larger than 

the KTO datasets, from 0 to 15 pm, with the average at 8 pm.  

 

The correlation calculations for the room temperature KTO, as shown in Figure 4.7, 

showed larger correlation lengths parallel to the polarization direction. The overall correlation 

length when the angular threshold is set to 22.5 degrees shows 50% correlation in direction at a 

distance of 1 unit cell, decaying to statistically random over a range of 5 unit cells. In the case of 

the KTNO room temperature data, the correlation occurs at a greater distance in directions 

Figure 4.5: A) Source LAADF images for KTO with polarization (B) (displacement scatter plot inset), C) Magnitude of the KTO 

displacements. D,E,F) KTNO Dataset, including polarization, vectors, and magnitude. 
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orthogonal to the overall polarization. This correlation extends to a much greater degree, with 

50% correlation at 2-3 unit cell ranges.  

 

 

4D-STEM datasets from regions of equivalent thickness on both KTO and KT75N25O 

were processed using the Friedel pair analysis method laid out in chapter 2. The Friedel pair 

displacement vectors from the 4D-STEM dataset are compared to the displacement vectors from 

the atomic resolution STEM analysis and presented in Figure 4.8. In the case of the KTO data, 

large scale coordinated regions were observed in the [010] and [001] directions, indicating large 

polar regions. In the KT75N25O data, 1-4 nm coordinated regions were observed. Similar 

turbulence in displacement vectors were observed in the 4D-STEM and LAADF data. Additional 

datasets on KTO and KT75N25O regions showed similar results to those presented here. 

 

Figure 4.6: Histograms of the magnitude of the displacement vectors for A) room temperature KTO, B) room temperature KTNO 

and C) Cryo KTO. 

Figure 4.7: Correlation maps for displacement vectors of A) room temperature KTO, B) room temperature KTNO and C) Cryo 

KTO with overall polarization overlayed. 
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4.3.3 Cryo Data: 

Cryo KT75N25O datasets were processed using the methods set out in chapter 1 and the 

room temperature datasets. These datasets, obtained on the FEI Themis, were processed using 

the NRR drift correction method. The enhanced SNR of the Themis data allowed direct 

measurement of the K column positions in the LAADF datasets, allowing us to directly compare 

column locations without changing imaging methods. The displacement vector maps from the 

KT75N25O data obtained at cryo temperatures shows clear polarization and correlated regions. An 

example of the overall polarized regions is presented in Figure 4.9. In dataset A, overall 

Figure 4.8: A,C) STEM polarization maps for room temperature KTO and KTNO. B,D) 4D-STEM Friedel pair analysis of a 

nearby region. 
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polarization is in the [010] direction, with a distribution of [001] components. The average 

displacement across the cryo datasets of KTNO was 14.76 over the 4000 unit cells mapped. The 

correlation length for the cryo datasets was similar to the room temperature datasets, with the 

longest correlation direction orthogonal to the overall polarization with 50% correlation at one 

unit cell length decaying to a random orientation at 5 or more unit cells in radius.  

 

4.3.4 Intermediate Temperature Diffraction: 

Since the Mel-build holder has a heater to allow temperature control at intermediate 

temperatures, the sample was held at 200K to attempt to gather information about the predicted 

intermediate phase. Vibrational and drift instability at 200k prevented atomic resolution imaging 

under these conditions. However, selected area electron diffraction was performed on the sample 

at RT and 200K to measure the lattice parameters and c/a rations. The g vectors at RT were  

5.35+- 0.02 and 5.36 +- 0.03 nm-1, with a c/a ratio of 0.998. The g vectors at 200 K were 5.35 +- 

0.04 and 5.37 +- 0.03 nm-1 with a c/a ratio of 0.998. This indicates no change in the lattice 

parameters or ratios indicative of a phase transition. 

 

 

Figure 4.9: A) Source LAADF images for CRYO temperature KTO with polarization (B) (displacement scatter plot inset), C) 

Magnitude of the KTNO displacements. 
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4.4 Discussion: 

As predicted, the room temperature KTO samples showed lower overall polarization 

magnitude, more characteristic of an order-disorder model paraelectric phase with limited-to-no 

local correlation between polarization vectors on the 5+ nanometer regime. This lack of polar 

nano-regions is expected for a paraelectric phase. While overall polarization in the KTO is not 

immediately expected from a paraelectric material, the QMC results reported  by Akbarzadeh 

indicate the likely appearance of longitudinal correlated regions, in agreement with the KTO 

data. Additionally, there are regions of lower magnitude displacement for the Ta positions that 

correlate with higher intensity regions of LAADF intensity delocalized from the column 

positions. This is indicative of the amorphous surface regions from metal migration to the 

surface. These amorphous regions blur the columns underneath, resulting in a broader Gaussian 

profile to the peak and therefore a damping effect on the measured displacement. This could 

indicate that the overall polarization magnitude for the KTO is higher than measured by LAADF. 

The 4D-STEM microprobe data indicates larger correlation regions in KTO than measured by 

the LAADF, with more consistent displacement vector magnitude. In the diffraction data, an 

amorphous region on the surface would result in an elevated background in a ring-shaped region, 

increasing the overall noise.   

The KTNO room temperature LAADF data showed a higher magnitude of overall 

polarization and larger correlated regions with 50% correlation over a nanometer from the origin. 

The KTNO samples experienced similar surface reconstruction to the KTO and exhibit the 

column blurring from surface amorphization. A change in the correlation direction relative to the 

polarization indicates that the origin of the paraelectric phase in the KTNO may differ from the 

quantum fluctuations predicted to be responsible for KTO.  
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One critical difference in the polarization observed in the KTO and KTNO is the 

presence of 180 degree opposed regions in the same region of interest. In the case of the KTO 

data, observations on the quiver plot and scatter of the displacement vectors show vectors in the 

[011] and [0-1-1] directions in the same dataset; each dataset of KTO at RT exhibits this type of 

behavior. In the KTNO data, the vectors range from the [001] to the [010]. While there is local 

coordination on the nanometer regime, and low magnitude average polarization, this indicates 

that there isn’t a strong poled behavior, similar to the behavior of ferroelectrics. 

 

4.4.1 Cryo Temperatures: 

The cryo-temperature KTNO samples showed similar results to the room temperature 

with regards to the overall polarization. The overall polarization of this dataset is in the [010] 

direction, indicating a phase transition as the overall polarization has changed consistently for the 

room temperature and cryo samples. The magnitude of the polarization is in good agreement 

with the magnitude of the room temperature data. This, along with the correlated nano-regions at 

room temperature, supports an order-disorder mechanism due to the displaced Ta moving 

between the low energy positions at room temperature. While the correlation length remains 

consistent, the overall polarization shifts from the [011] family to the [010], indicating an overall 

tetragonal polarization at that temperature range.  
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Chapter 5 : Defect and Damage Mechanisms in KTO Probed by STEM 

5.1 Motivation: 

While investigating the effects of cooling on the local polarization in KTO/KTNO 

systems, it was noted that multiple damage mechanisms occur at the atomic scale that modify the 

local structure and properties. Prior studies on KTO show a tendency for potassium to migrate 

out of the system at elevated annealing temperatures, as well as the formation of oxygen 

vacancies through the application of Ar+ plasma.14,15 Potassium migration under high annealing 

temperatures have been involved in other research studies, however the exact mechanisms and 

the resulting structures are poorly characterized. In these studies, we observed potassium 

migration at relatively low temperatures in the microscope, induced by beam current. Potassium 

vacancies have been studied as a mechanism for allowing proton conduction.98 While random 

potassium vacancies were not shown to be the lowest energy method through DFT, it is possible 

that engineering vacancy distributions could modify these properties. These observations are 

particularly relevant to electronic materials that may undergo e-beam lithography, where 

understanding the surface reconstruction of the material will be critical to building smaller and 

smaller devices. These studies, as well as the extensive series of studies of the impact of 

vacancies on the electronic properties of perovskite materials demonstrates the criticality of 

understanding damage mechanisms.99 In the case of the studies presented here, multiple damage 

mechanisms observed during other KTO/KTNO studies are investigated as a method of 

understanding the surface reconstructions that can greatly influence the material properties.  

Through investigations of damage and defects in the material during their formation, we 

can gain insight into the kinetics of the diffusion mechanisms governing their formation. In 

perovskites, oxygen anion diffusion generally occurs at substantially higher rates than cation 
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diffusion.100,101 However, in KTO it has been observed that potassium migrates out of the system 

readily, leaving behind Ta2O5, meaning potassium has to migrate out at twice the rate of oxygen. 

Two mechanisms are considered for the migration of the cations; interstitial, and vacancy 

diffusion. In vacancy diffusion, a cation migrates into an adjacent vacancy either of the same site 

(A or B) or the opposing. In an interstitial vacancy mechanism, the cation would migrate to a 

nearby interstitial, the largest of which in the perovskite system are located on the edge centers. 

These mechanisms are critical to understand for electronic devices, where the diffusion of ions 

can act as charge carriers for the system.   

 

5.2 Experimental: 

KTO and KTNO single crystal samples were prepared through mechanical polishing with 

diamond lapping films, followed by silicon nanoparticle polishing. Final thinning was 

accomplished using a Gatan PIPS II ion mill using Ar+ plasma. HAADF and iDPC imaging of 

the samples was conducted in an FEI Titan microscope and FEI Themis microscope, both 

operated under probe correction. Observations were taken under 200 and 300 keV as noted in the 

results. For atomic resolution imaging on the Titan, the convergence angle was 19.3 mrad, with 

the beam corrected to a minimum flat phase of 25 mrad. The instrument when operated under 

these conditions is predicted to achieve a spatial resolution of ~0.7 ang. Dwell times for 

acquisition were 500 ns/pix to minimize beam damage from knock-on and radiolysis. 
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5.3 Results: 

5.3.1 Surface Roughening: 

The simplest example of beam damage on the KTO and KTNO samples is surface 

roughening as the result of repeated imaging. As shown in Figure 5.1, nanometer regime 

intensity fluctuations appear on the surfaces of samples after repeated imaging. These are 

consistent with two factors, the observations in other studies of KO and Ta2O5 formation on the 

surface and knock-on damage/sputtering causing reconstruction. The lack of visible lattice in the 

lighter regions indicates that this may also be an increase in the observed layer of amorphous 

potassium deficient KTO that can be observed on the edge of the material. In the cases of the 

larger scale studies, prolonged annealing at high temperatures resulted in hundred nm to micron 

sized islands of KO.  In the case of beam driven reconstruction, the observed particles are on the 

order of 1-20 nm, rather than hundreds of nm. This can be attributed to the lower duration of the 

energy increase. In the column of the TEM, sample temperatures may be elevated but do not 

generally exceed an increase of 10-20 C, far below the annealing temperatures of 500 C. 

 

Figure 5.1: HAADF images of a region before and after one minute of acquisition. Line profiles (inset) 

normalized to the bulk column intensity to show pits and islands resulting from beam damage. 
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 In addition to the relocation of material to the surface, knock on damage generates 

regions of lower intensity, observable in Figure 5.1, where a region of sample is shown with the 

same region after prolonged imaging side by side. The line profile across the regions presented in 

Figure 5.1 show the change in intensity caused by damage to the sample. The before image 

shows a decrease in the intensity that is smooth and corresponds to the change in thickness, 

whereas the after image shows a rougher profile where the overall thickness profile can be 

observed, however local increases and decreases in the intensity well over the noise level can 

also be observed. The pits formed in this process exhibit a 15-25% decrease in intensity from the 

profile around them, and the islands exhibit a 5-35% increase in intensity. At these sample 

thicknesses that corresponds to approximately a 2-4 nm pit depth and a 1-5 nm island height. 

 

5.3.2 Linear Defect Observations: 

 

Figure 5.2: Left) Clusters of defects grown using the electron beam in KTO. Defects were observed at a max density of 5*1014 

cm-2. Right) Examples of partially and completely propagated defects under HAADF and iDPC imaging methods. 



   

56 

 

During room temperature imaging on KTO at 200 keV, linear defects were observed to 

form, as shown in Figure 5.2. These defects occupy a 2x2 unit cell region and are observed both 

completely traversing the sample as well as partially formed. iDPC imaging showed an apparent 

loss of the potassium columns in the affected cells, while the oxygen between Ta sites remained 

in a Ta-O-Ta configuration. These defects are stable and remain in the sample for months of 

storage at room temperature. 

Data series were taken during the formation of these linear defects at 200 keV, showing 

the apparent propagation through the sample. Using the HAADF data series, the intensity of the 

base and defect Ta positions were tracked through the transformation as shown in Figure 5.3. A 

10-frame rolling average was taken to increase the SNR of the component frames. The intensities 

were normalized against the intensity of columns located the bulk of the material, and then the 4 

defect and 4 bulk sites averaged. In this data series we observe faint signals in the defect 

positions initially, that grow in intensity as the bulk site intensities decrease. This supports a 

growth mechanism that starts on a surface, either the top or bottom of the foil, before 

propagating through the sample, as shown in Figure 5.4. Since sputtering is the most probable 

Figure 5.3: Left) Integrated peak intensity as a function of time during acquisition showing both the individual 

and mean tantallum positions showing the transfer of intensity from bulk site to defect.  Right) schematic of 

bulk and defect positions in the tracked defect. 
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interaction for the potassium, defect formation from the bottom of the foil propagating up the 

beam direction is the most likely direction.  

Some linear defects observed continued through the sample to the completed 

configuration, while some stopped partially through. By observing the relative intensity of the 

bulk and defect tantalum positions we can see that these defects stop growing at different relative 

depths, ranging from 20% through the sample to near complete transition.  

 

By performing ACI mapping on the tantalum sites, we calculate the strain and 

polarization in the cells surrounding one of the defects, shown in Figure 5.5. From this data we 

can observe compression up to 1.5% in the lattice parameters around the defect. Polarization of 

the sample is in the [001] direction and shows no systematic polarization either towards or away 

from the defect. Examination of other defects shows similar results, without coordinated 

polarization affects from the presence of the defect. 

Figure 5.4: Schematic of the propagated defect from the bottom surface of the TEM foil through the material due to the loss 

of potassium. Right) Key frames in the series acquisition showing the initial state, a state where the defect intensity is faint 

due to the defect being partially propagated and the terminal state where the defect growth stopped. 
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EDS and EELS on these defects is problematic due to the nature of the defect formation 

mechanism. Since the defects are formed by the electron beam, prolonged exposure for EDS 

burns holes in the sample, or pushes the transformation further to metallic Ta, as shown in a later 

section. Due to this, as well as the 20 keV threshold for potassium ion sputtering, a different 

method for corroborating the loss of potassium during the mechanism was considered. For this, 

we considered the other visible damage mechanisms present in the KTO samples. 

 

5.3.4 Reconstruction around holes: 

During imaging of a KTO foil on the FEI Themis at 200 keV, holes in the thin sample 

form readily with prolonged beam exposure. At smaller diameter, the holes favor edges along the 

{100} and {110} crystallographic directions. A data series (Figure 5.6) was taken of one such 

hole over the duration of a minute and analyzed to look at the mechanism of reconstruction along 

the surfaces.  

Figure 5.5: Strain and polarization maps in the area surrounding a grown defect showing 

compressive strain on the surrounding unit cells and minimal impact on the local dipole orientation 

of the unit cells. 
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Initially, a tantalum column shifts to the interstitial position, as observed in the linear 

defect, either from an adjacent position or the removed Ta from the hole. Over several frames, 

there is a relaxation into a pentagonal 5 membered cell with similar structure to the relaxation 

observed around the linear defects. The hole facing sites still align with the {110} planes of the 

bulk crystal. As the data series continues, additional cells undergo the transformation as the hole 

expands by one unit cell. 

 

Additionally, the HAADF intensity of the potassium column inside the unit cell decreases 

as the reconstruction continues, indicating potassium loss from the system. This can be 

confirmed by observation of ABF images of the same region shown in Figure 5.6. Before the 

hole is formed, decrease in visibility of the potassium columns is first observed. Further exposure 

to the beam results in hole formation, which is paired with the relaxation mechanism described 

previously. Given the spacing similarities between the 5 membered cells in the larger damage 

Figure 5.6: Left) HAADF dataset of an beam damage induced hole in the sample, showing 5 tantalum reconstructions. Right 

Top) ABF Image showing the loss of potassium sites in the region prior to hole formation. Right Bottom) ABF of hole region, 

showing potassium deficient region nearby as the second hole forms. 
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mechanism and the linear defect, this gives us an insight into the formation mechanism: First a 

loss of potassium, then a shift in tantalum columns to the relaxed position.  

This type of relaxation has also been observed along the leading edge of TEM foils. From 

iDPC in those regions, shown in Figure 5.7, Ta-O-Ta chains are observed between the two outer 

Ta columns in the pentagon. The final structure appears to be a 5 Ta-O-Ta triad ring with a 

single diffuse column of potassium or oxygen in the center. The lack of HAADF intensity in the 

center, as well as the lack of visible potassium columns in adjacent unit cells in iDPC indicate 

that the potassium along the edge has migrated to the surface, or the columns are now so 

disordered that they no longer appear in the iDPC as anything but amorphous noise.  

 

This observation of Ta-O-Ta pairing without the corresponding K positions, combined 

with the evidence of potassium loss, allows us to determine our elemental assignments to the 

phases of the defect formation, as shown in Figure 5.8.  

Elemental assignments are presented for one unit of the four reconstructions in the cell. 

First a loss of potassium from the central position occurs, followed by a shift of the tantalum to 

an interstitial site, whose projected position lies between the oxygen and potassium columns. The 

Figure 5.7: Potassium deficient reconstruction on the edge of the TEM foil with Z contrast (Left) and iDPC to visualize oxygen 

positions (right). 5 membered reconstructed cell indicated in iDPC. 
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oxygen also shifts, to a position above the tantalum column in the layer below. The potassium 

vacancies continue to form, growing the defect through the TEM foil. 

 

5.3.5 Tantalum Metal formation: 

The third damage mechanism to be discussed is the final product of beam damage. After 

the potassium migrates out through one of the other diffusion methods to the surface, we observe 

the formation of metallic nanoparticles inside some of the holes in the sample, as shown in 

Figure 5.9. These appear to be the result of the reduction of TaO to metallic tantalum. These 

particles align with the B sites in the surrounding matrix, aligning their [110] direction with the 

[100] direction of the perovskite matrix. EDS, as shown in Figure 5.9 was used to show the 

Figure 5.8: Elemental assignment for the defect sub-cell. Potassium migration is followed by tantalum shifts to the interstitial 

position, resulting in a rotated center cell and the 5 Ta reconstruction. 
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particles were almost entirely absent of potassium, with trace amounts of oxygen from the 

surrounding material.  

 

5.3.6 Single Column Vacancies: 

Observations of single columns of potassium vacancies were recorded at room 

temperature in KTO samples on both the Titan and Themis at 200 keV. One example is shown in 

Figure 5.10. These columns showed a near complete lack of atoms in the iDPC as well as a 

decrease in HAADF intensity lower than the surrounding O columns. Notably, the oxygen 

positions adjacent to the column were intact, and showed no notable relaxation towards the 

vacant region. Further images taken of the same position at t = 60s showed a migration of atoms 

into the vacancy column, as shown in Figure 5.10. The final image at t = 120s showed a higher 

Figure 5.9: Left) Tantalum nanoparticle formed in a hole induced by beam damage. Right) EDS showing the absence of 

potassium in the nanoparticle. (spectrum on bottom) 
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HAADF intensity than the nearby potassium columns, indicating at least partial antisite Ta 

composition of the resulting column. While the highly reactive potassium is understood to 

diffuse, this suggests that Ta ions can also diffuse through the material at least into adjacent 

vacancies, providing an additional method of charge transfer. Additionally, the iDPC signal from 

the column was faint and broader in the final state, potentially indicating a less ordered column, 

therefore having a broader peak in the electronic field/phase dependent measurements. 

The refilled defect remained stable, with images at 540s still showing a fluctuating in the 

e-field around the column. The stability of this non-stochiometric column indicates either a 

change in oxidation or a charged region balanced by vacancies in the surrounding columns. 

Using DPC, we can interrogate the local field potentials to gain insight into the electronic 

environment around the column.  

From the DPC image we can determine a qualitative picture of the relative field strength 

surrounding the vacancy. The calculated projected field from DPC showed an increase in the 

strength of the field on the vacancy side of the adjacent atoms. The beam momentum 

displacement and therefore the field around this vacancy column was higher in intensity than the 

field generated by the local changes in electron density around the oxygen columns. As shown in 

Caspary et al, the local field observed by a probe at any given position can be considered an 

additive combination of the local polarization from the overall unit cell and the contribution from 

the electron density from the atomic column.  To this we can also add Lorentz distortion from 

magnetic fields, and other contributions. Traditionally, the dominant signal in the vicinity of an 

atomic column is the contribution from that column, as close to the center of the atom the field is 

orders of magnitude higher than the overall spontaneous polarization of the material. Therefore, 
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this suggests that the increase in local field around this column of vacancies is on the order of the 

electronic field around individual atoms. 

This offers potential insight into the tantalum filling of the vacant A site. Due to the 5+ 

charge of the tantalum ions and the lower Van der Waal (VDW) radius of the ion, tantalum 

would be favored to migrate into the adjacent site under the potential difference from the 

electronic field. Once an atom makes the jump from an adjacent site into the column, the 

increased field potential would confine the tantalum ion effectively to traveling in a single 

direction, keeping it from migrating back to the B site position it came from. The vacancy 

Figure 5.10: HAADF, iDPC, DPC field vectors and Magnitude for (A-D) Initial vacancy site, (E-H) partially filled, and (I-L) 

Stable filled conditions. 
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generated in the bulk would then be filled by an entropy driven diffusion, resulting in the 

consistent HAADF intensity we observe in the datasets. 

 

5.3.7 Controlled Growth of Defects: 

Further observations under 300 keV showed a decrease in the apparent formation of 

linear defects with an increase in the frequency of the defect and damage mechanisms listed 

below. This indicates there are competing mechanisms at work; potassium depletion as a 

function of radiolysis as well as knock on damage, where the prior is favored at lower beam 

energies and the latter under higher beam energies. 

 

By parking the 200 keV beam for durations between 5 and 20 seconds, linear defects 

were able to be started at controlled locations. Before and after of one such defect is presented in 

Figure 5.11.  Shown in the figure, there is no substantial damage outside the region targeted for 

growth. The control was limited, as the knock-on damage onsets rapidly with a stationary beam. 

Defects formed from a parked beam are also characterized by a decrease in Ta column intensity 

Figure 5.11: HAADF images before and after targeted defect growth. Intensity of the columns outside of the defect position show 

no measurable difference. 
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around the defect indicating a hole is starting to form. At 300 keV, limited linear defects were 

formed, with a higher likelihood of formation with a slow dwell time in the millisecond regime 

rastered over multiple unit cells. Additionally, HAADF images of the regions around the linear 

defects formed under 300 keV showed a decrease in column intensity near the defect indicating 

broader knock-on damage, this behavior was not observed under the 200 keV. Examination of a 

line profile taken across the defect shows a clear thinning of the sample around the damaged 

area. 

 

5.4 Conclusions 

All these defect mechanisms taken together show an overall mechanism where potassium 

leaves the system to the surface, either through high heat or beam energy. Additionally, the data 

indicates an interstitial mechanism as the primary cation diffusion pathway. This provides the 

mechanism for potassium diffusion to the surface under thermal or electronic input, resulting in 

the defects observed, the interstitial diffusion is likely followed by an increase in vacancy 

diffusion, due to the increase in vacancy concentration caused by the loss of potassium from the 

system. This is followed by reconstruction, either along the edge of a hole or the surface of the 

film. If the beam energy is kept low so as not to burn a large hole, eventually the resulting TaxOy 

is reduced to metal nanoparticles, that grow to fill the surface of the hole. This potentially is a 

pathway to metallic wires or nanoscale contacts grown through the wide bandgap KTO if the 

process can be localized and controlled. These damage mechanisms additionally demonstrate the 

relative ease of potassium migration as a mechanism for charge transfer, and vacancy generation. 

The energy levels of these potassium vacancies and new states require further study, potentially 

involving DFT simulation to confirm the proper structure. 
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The linear defect is of particular interest. Other reports of linear defects in perovskites 

have shown a change in oxidation, potentially resulting in a metallic linear path through what is 

otherwise a wide bandgap (2 ev) semiconductor. Future studies with lower energy EELS will be 

necessary to further characterize the oxidation state of the tantalum present in the defect. In the 

bulk, tantalum exists in the 5+ oxidation state, and Ta2O5 shares that oxidation state, however 

reports of other oxidation state tantalum oxides exist with novel properties. Ta2O3 for example is 

predicted to behave as a Quantum Anomalous Hall Insulator at room temperature.102 Different 

phases of TaO2 with oxidation state of Ta4+ are predicted to vary between a bandgap of 1.0 eV 

and a metallic phases. If a metallic linear defect were able to be grown with a controllable 

position and distribution it would potentially present a pathway for 2 atomic width nanowires 

with a length of 10’s of nanometers. The reduction of KTO to metallic tantalum may also unlock 

new methods of electronic material design. 
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Chapter 6 : Uncertainty in iDPC Peak Measurements as a Function of Experimental 

Uncertainty 

6.1 Motivation: 

The observations of differing polarization and column locations when comparing 

HAADF and iDPC data in the KTNO studies led to questions about the impact of tuning 

uncertainty as well as the general applicability of iDPC as a method of precisely locating atom 

columns. Due to the subtractive nature of the measurement method, any irregularity in the 

sensitivity or offset of a detector segment can lead to a large change in the measured electron 

intensity and calculated beam deflection. We have been unable to find a systematic treatment of 

the impact of these irregularities in microscope tuning upon the resultant images and measured 

peak locations. 

 

Figure 6.1: KTO Dataset showing A) Calculated iDPC showing distortion along the B-D direction B) A-C component C) B-D 

Component D) Detector orientation relative to the image E) Histogram of intensities from A-C and F) Histogram of intensities 

from B-D 
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Shown in Figure 6.1is an iDPC dataset taken of KTO with a convergence angle of 19.3 

mrad at 300 keV. The A-C and B-D histograms and statistics are presented in the figure. From 

these figures it can be observed that the means are within 3% and modes within 10% of each 

other. The resulting iDPC image shows clear visibility differences between vertical and 

horizontal signals when looking at the oxygen columns. iDPC also suffers from an acute 

dependence on sample tilt. Minute changes in the crystal orientation lead to drastic changes in 

measured beam deflection. This is due to the overlap of the diffraction spots with the center 

beam at high convergence angles. As any crystalline sample tilts, a change in the intensity 

distribution between diffraction peaks results from the change in the Ewald sphere interaction 

with the reciprocal lattice. The impact of this is a change in intensity from one side of the beam 

to the other. This impact can be seen in Figure 6.2, a DPC map from BTO where a dislocation 

was observed 20 nm away from the imaged region. The left and right sides of the image show a 

pronounced change in the calculated field due to the tilt in the structure. The iDPC shows a 

reshaping of the column profiles as the structure tilts, leading eventually to a blurring of the 

entire column. 

 

Figure 6.2: A) DPC field map of BTO showing the effects of tilt on observed field B) iDPC map calculated from the DPC 

components, showing substantial blurring of the columns at the edge of the frame C) HAADF dataset showing minimal blurring 

from tilt 
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Even in cases without substantial tuning issues, the HAADF and iDPC columns can 

present different profiles and calculated positions. Shown in Figure 4.4 the calculated column 

positions of tantalum measured from iDPC and HAADF datasets ,vary by 10’s of pm. In a 

measurement where the estimated total displacement is in that same range, this leads to a large 

impact on the uncertainty and reliability of the measurements.  

As reliance on iDPC for analysis of light elements increases, the need to understand the 

built in uncertainty of the technique when it comes to peak positions also increases in 

importance. HAADF imaging has long been the standard for precise column positions, as the 

incoherent nature of the scattering allows for direct interpretation of the image, however, as 

noted earlier in this work, HAADF is insufficient for imaging lighter elements. BF imaging 

allows for light element analysis but it is heavily defocus dependent and problematic for direct 

interpretation. The observations of irregular image formation combined with the vast potential 

for iDPC as an imaging technique led to investigating the impact of these tuning, thickness, and 

beam position irregularities on the observed column locations.  

 

6.2 Experimental: 

MULTTEM simulations were performed using 300 keV, 50 fpc, 1.5x unit cell, 20 pA per 

pixel, 19.3 mrad convergence angle, 256x256 reciprocal space, one slice per nm from 3 to 10 

nm. KTO and AlN data sets were computed. Virtual segmented detectors were used to generate 

iDPC datasets from each and then those datasets modified to simulate an improperly tuned 

microscope. The sensitivity and offset for opposing detectors were swept over a range to mimic 

the effects of poor tuning in the microscope. The resulting HAADF and iDPC datasets were 

interpolated using FFT prior to peak finding using 2D Gaussian fit, as per prior chapters. Peak 
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positions in the iDPC were compared to the corresponding HAADF positions to calculate the 

change in position from the actual column locations. 

 

6.2.1 Simulation Considerations: 

To generate the DPC and iDPC images, virtual detectors were applied to the simulated 

KTO datasets. A great deal of precision has to be applied in these virtual detectors since errors as 

low in magnitude as a single pixel shift in the alignment of the virtual detectors to the center 

pixel of the direct beam can cause measurable impact on the measured fields, as will be shown 

later. The math of most simulation packages generates a direct beam with an odd number of 

pixels in width due to the need to have a 0,0 pixel at the center of the disc. However, on a space 

map that is an even number of pixels, this necessitates that the detectors be offset a pixel since 

the center of an even numbered array is a fraction of a pixel, rather than a pixel center. This leads 

to a dataset that at high camera lengths (high magnification in reciprocal space) can have 

measurably inequal signal at the edges of the detector. Additionally, the vectors determined from 

measurements from the segments of the detector may need to be rotated to the proper 

vertical/horizontal reference frame.  

 

6.3 Results: 

6.3.1 Impact of Gain: 

The gain was altered using the following formula: IB = IB*g, where IB is the integrated 

intensity value from the B virtual detector, and g is a scalar variable ranging from 0.01 to 1.99 in 

.01 increments. This had the effect of scaling the sensitivity of the mapping of a single detector 

by a linear amount, as if the gain were improperly tuned in the microscope. The B-D maps 
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retained their qualitative appearance, however the values changed wildly. Effectively, the maps 

went from -D to 2B-D, greatly affecting the magnitude of the signal in the vertical direction. This 

can be observed in Figure 6.3 where we show the normalized DPC magnitude for the tantalum 

peak (field strength) superimposed with the field vectors in white with the iDPC below for a 

range of values. In the case of the well-aligned and well-tuned beam, the projected field behaves 

as expected, with no net polarization in the potential wells between atoms and 0 projected field 

in the center of the column. As can be observed in the datasets where the gain is changed, there 

is a large change in the field in the potential wells, and an overall polarization is introduced. 

When the gain is reversed the overall field flips and the 0 point of the magnitude shifts almost 

the full width of the peak in the 0.01*B and 1.99*B.  

A mistuning of this magnitude however would be very easily noticeable while operating 

the microscope. A more reasonable amount of mistuning would be in the range of 10% gain as 

observed in the experimental data. From the 0.89*B and 1.11*B datasets we can observe a shift 

of +-0.5 pixels for the peak center in the DPC field, and an overall shift in the vertical 

Figure 6.3: Top Row) DPC field vectors and vector magnitudes for a range of gain adjustments. Bottom Row) iDPC maps for the 

corresponding DPC components. 
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polarization from the 1*B map. While the peaks appear qualitatively similar at a glance, by 

taking a line profile across a tantalum peak in the B-D direction and fitting a polynomial to the 

peak to find the peak center, a shifting in the intensity distribution can be observed which causes 

a measurable shift in the peak location as presented in Figure 6.4. Additionally, a flattening of 

the peak intensity can be observed at the lower overall component values.   

 

6.3.2 Impact of Baseline Offset:  

The baseline offset for the detector was then altered using the formula IB = IB+IBmean*o 

where IBmean was the average value of the unshifted dataset, and o ranged from -1 to 1. The result 

was a change in offset on the order of the signal itself In the DPC a similar trend to the gain 

shifting was observed, with the necessary shift in mean to effect a noticeable change was roughly 

equivalent as a function of total intensity % with even a 2-3% chance in the offset producing a 

similar map to the 3% gain change. At the higher percentage shifts, the DPC mapping becomes 

entirely monodirectional with only the magnitude fluctuating. Unlike the gain offset however, 

Figure 6.4: A) Line profiles for the Ta peak as a function of the change in the gain. B) Peak shift as a function of the shift in gain. 
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the iDPC maps, presented as Figure 6.6, were visually and quantitatively identical for each shift 

in the baseline intensity.  

 

6.3.3 Impact of Descan/Diffraction Alignment: 

Finally, the effects of diffraction alignment were examined. The detectors were shifted in 

relation to the beam to simulate beam drift in the microscope with representative maps shown in 

Figure 6.6: Top Row) DPC field vectors and vector magnitudes for a range of baseline adjustments. Bottom Row) iDPC maps for 

the corresponding DPC components 

Figure 6.5: Top Row) DPC field vectors and vector magnitudes for a range of 

beam misalignments adjustments. Bottom Row) iDPC maps for the 

corresponding DPC components. 
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Figure 6.5. By shifting the beam a single pixel (1.5 mrad), the structure of the DPC map changed 

entirely due to the severe offset in intensities resulting from the displacement of the beam.  

The iDPC datasets were visually similar at low shifts, however the line profiles show 

substantial changes to the peak shape as the beam moves. Both the peak position and the skew of 

the distribution change as the beam is shifted along the B-D direction.  The iDPC peaks 

experienced a shift with a linear relationship to the beam displacement. This magnitude of beam 

displacement is entirely reasonable to occur in the scope if the beam is rastered over a larger area 

without perfect descan compensation. To raster the beam across the sample, the scan coils move 

the probe position to the appropriate locations. This introduces a shift in the diffraction pattern 

that is magnified by the optics of the scope. Descan compensation shifts the beam back to 

remove this diffraction shift, however at lower magnifications where the beam needs to be 

rastered over areas ranging hundreds of nanometers to microns, descan often is inadequate to 

compensate fully. In these larger region scans, the beam displacement can be on the magnitude 

of 1-20 mrad observed in the scope. This results in DPC maps where the entire dominant field 

Figure 6.7: A) Line profiles for the Ta peak as a function of the change in the beam position. B) Peak shift as a function of the 

beam shift 
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measured is from the beam displacement.  

 

6.3.4 Thickness Effects: 

The AlN datasets were processed to generate HAADF, LAADF, and unbiased iDPC 

images at a range of thicknesses. Example images at a range of thicknesses are presented in 

Figure 6.8. These simulated images show substantial column reshaping due to the collapse of the 

weak phase approximation in iDPC, and phase contribution in LAADF. Line profiles across an 

AlN dumbbell are plotted in Figure 6.9. In the HAADF data, the relative intensity between Al 

and N columns changes at higher thicknesses, likely because of channeling effects. In the case of 

the ADF, peak position shifts slightly in both the Al and N columns. Finally, the iDPC shows a 

complete inversion of intensity between the Al and N columns and a diffuse cloud rather than 

gaussian peak for the Al at higher thicknesses. Gaussian fits were applied to the Al and N 

Figure 6.8: Example HAADF, LAADF, and iDPC 

images from simulation demonstrating the peak 

reshaping effects of thickness 
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columns and the measured distance between the positions plotted below in Figure 6.10 The 

HAADF showed consistent Al-N distances at all thicknesses; the 107 pm distance is in good 

agreement with the structure file. The iDPC measurements were lower at 97-98 pm for 

thicknesses under 15 nm, however the reshaping of columns leads to a change in positions above 

15 nm. ADF fluctuated rapidly even at low thicknesses resulting in inaccurate column 

measurements. 

 

The inaccuracy of the AlN iDPC data appears to be partly the result of the overlapping 

fields from the Al and N atoms. This results in peak profiles that aren’t symmetrical, unlike the 

HAADF peak shapes. Taking the HAADF peak positions as the true position, the Al iDPC 

positions are displaced towards the N, and vice versa. In the directions where the projected 

atomic spacing is larger, there is no measurable shift dependent on thickness or technique in 

AlN. This resultant ellipticity of the peak shapes due to this overlap in signal can complicate 

analyses that are dependent on peak ellipticity, such as octahedral tilt calculations. 

Figure 6.9: Line profiles for HAADF, LAADF and iDPC datasets for AlN at varying sample thicknesses. 
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6.4 Discussion: 

From the tuning data, a few interesting conclusions can be drawn. Firstly, peak positions 

in iDPC are dependent on, and can be modified by, tuning issues in the segmented detectors, 

descan, and thickness effects. This means that the peak positions in iDPC are less reliable 

indicators of the actual column position than the annular detection methods such as HAADF, and 

care has to be taken in acquisition and analysis of iDPC data sets to ensure these tuning effects 

do not influence the final measurements.  

From the data we can observe that the largest effect on the measured peak positions came 

from the shifting of the beam relative to the detectors. At relatively small shifts that are 

reasonable to observe at lower magnifications, the measured position of the column shifted by a 

larger amount than the farthest extremes of the baseline or gain shifts, the equivalent of turning 

off one of the four detector segments. In addition to descan, slight changes in the lensing due to 

simple hysteresis can result in an overall shift in the beam position of time, necessitating frequent 

verification of beam centering relative to the segmented detector. Modern systems experience 

Figure 6.10: Line profiles for HAADF, LAADF and iDPC datasets for AlN at 

varying sample thicknesses. 
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greater stability of the beam location both due to descan and beam drift over time, however 

verification of the beam centering remains critical.  

The change in the sensitivity/gain of the detectors resulted in a significant measurable 

shift in the peaks as well, as opposed to the baseline shift. Another way to think about this is 

looking at the response of the beam as it passes over an atom. As it approaches the atom, the 

beam deflects towards the atom, resulting in a large negative value in the B-D. As it passes over 

the atom, we see a 0 in the B-D followed by a large positive value as the beam deflects in the 

opposite direction, towards the B segment. When we change the offset, we move all of these 

values in one direction in a linear scalar fashion and the derivative of the response remains 

symmetrical on both sides of the atom. When we change the gain, we change the response on 

both sides in an asymmetrical fashion. This results in a change in the iDPC column shape. From 

this we can draw the conclusion that the magnitude of the signal range of the detector is more 

important than precise measurement of the baseline.  

The detector settings are tuned using measurements of the detector response over a 

vacuum region of sample. By looking at the mean and standard deviation of the detector 

response under different conditions, we can evaluate the gain and baseline to equilibrate the 

segments. Generally, the baseline is tuned with the beam blanked to measure the dark current 

background of the detector. The gain is tuned with the beam on to gauge the response from the 

baseline by looking at the mean and standard deviation, or noise in the measurement. Since beam 

over vacuum is considered to be an undeflected beam, if we have a beam that is evenly aligned 

over the four detectors, with the same baseline dark current we can adjust the gain until the mean 

value for each detector is equal, yielding equivalent gain on each detector. The standard 

deviation of each detector over vacuum is a measurement of the shot noise to the detector and 
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can lead to a noisier dataset but shouldn’t yield a change in the peak shape as it is more akin to 

shot noise in a HAADF dataset. 

Correcting for mistuning outside the scope however has more complexity than originally 

anticipated. If the assumption can be made that the baseline dark noise remains consistent, we 

can make the assumption that all irregularity in the A,B,C,D component measurements come 

from gain complications. If the offset is correct, then there exists a linear scalar function that can 

be applied to each intensity in the component maps to correct the mistuned value to the correct 

value. In a material system without overall polarization or an applied electric field, the min and 

max values of each detector, as well as the distribution of values should be within the standard 

deviation/shot noise for the detector. This allows the calculation of the linear scalar function as a 

simple normalization of each detector to one reference detector. 

All of this correction however is irrelevant if the diffraction alignment is not correct. 

Since the Ronchigram is no longer a flat object after interacting with the sample, the transfer of 

intensity from one segment to the other as a function of beam misalignment is not a linear 

relationship in a real situation. From an experimental standpoint, this means frequent checking to 

ensure the beam is precisely aligned is critical. 

For these reasons the use of 4D-STEM is preferable for highly precise quantitative field 

mapping, as all of these factors can be controlled for after acquisition. Virtual detector 

background correction can ensure that the offset issues are handled, and advanced data handling 

methods can be used to locate the direct beam and therefore correct for beam offset.103  

Additionally, usage of 4D-STEM allows the application of COM determination of the 

polarization, rather than DPC which approximates the COM method, and iCOM for the image 

formation rather than iDPC. 
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If a pristine beam is assumed, we can look to the AlN thickness series to give insight on 

other mechanisms that result in peak inaccuracy. From the AlN data, several conclusions can be 

drawn. First, the overlap of the gaussians of the Al and N columns leads to a skewed intensity 

distribution across the peak locations. This skew appears to be the origin of the lower Al-N 

distance at lower thicknesses. HAADF imaging requires heavily scattered electrons to form the 

signal, which requires interaction between the incoming beam and the nucleus (scattering 

diagram from W&C). This lowers the effective cross section for the atoms where HAADF is 

concerned. In the case of iDPC imaging, we use a much lower collection angle (6-24 mrad in the 

case of these simulations) which means the interactions with the electron cloud, Bragg scattering, 

and minute shifts from the electronic field experienced by the probe all contribute to the signal. 

Since we can observe interactions with the charge density of the electron cloud around each 

atomic column, the overall cross section of the column increases for the purposes of iDPC when 

compared to HAADF, and this broadening is the cause of the overlap of Al and N columns. It is 

also observed that in the longer nearest neighbor directions, there is no distortion in the column 

position, even at fluctuating thicknesses. Meaning that the uncertainty in iDPC position as a 

function of thickness is also related to the overlap of signals between adjacent columns and the 

change in those columns field as the weak phase approximation breaks down. 

This can be explored as a function of overlapping gaussian signals. Taking three gaussian 

distributions of equal normalized intensity and equal sigma, we can examine the total intensity as 

we bring the gaussian peaks closer together. We can take distances d1 and d2 as the distance 

between the central peak and the left and right peaks respectively. As shown in Figure 6.11, If d1 

and d2 are adjusted in such a way as d1=d2, the central peak location remains in the same 

position even if the gaussian shapes overlap. If only d2 is modified, the peak location of the 
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central peak moves to the right as d2 approaches the FWHM of the Gaussian. At values of d2 

where d2<sigma, only one peak is observed. This is in good agreement with the AlN simulated 

data, where the Al and N peaks in the iDPC appear closer together than their actual physical 

locations, which are more accurately represented by the HAADF positions. Additionally in 

directions where the nearest neighbor column is either symmetrically displaced from the center 

column, or where the NN distance is much larger than the width of the gaussian, the peak 

location does not appear to shift. The introduction of unequal FWHM values and peak intensities 

changes the overall peak intensity ratios, however the dependence on the symmetry and NN 

distance remains. 

Figure 6.11: Gaussian peak combinations for A) equal spacing between peaks much greater than the FWHM, B) equal spacing 

on the order of the FWHM, C) Unequal spacing, and D) spacing under the FWHM of the gaussian peaks. 
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 Another difference between HAADF and iDPC image formation mechanisms that could 

lead to the discrepancy between peak locations and visible structure is depth of focus. In STEM 

and TEM we generally consider that the lower the angle of collection, the longer the depth of 

field. Due to the incoherent nature of HAADF, and the visibility of these peak shift effects at 

even very low thicknesses (4 nm) the likelihood of this being the primary mechanism is unlikely, 

however it must be included for completeness, and potentially becomes the dominant mechanism 

at higher sample thicknesses. 

As the thickness increases and the weak phase approximation becomes less and less 

appropriate, the shape of the iDPC peaks changes dramatically. As is shown in the AlN data as 

well as KTO experimental data, the peaks broaden and diffuse, changing the overall shape as 

well. Aluminum peaks in the iDPC simulations triangularize in a fashion similar to the LAADF. 

This similarity is due to the similar collection angles. The LAADF in the simulation is formed 

primarily from Bragg scattering, and the coherent nature of this scattering results in phase 

changes and defocus changes. This means an increased dependence on the depth of focus of the 

beam in both measurements.  

Importantly, all of these considerations lead to a conclusion that while iDPC is a versatile 

and powerful imaging mode, it is a far more complicated method for accurate peak determination 

than HAADF, requiring multiple forms of verification, and in many cases even with perfect 

tuning is incapable of generating precise peak locations without advanced 2d fitting of multiple 

gaussians to explain the peak shapes.  
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Chapter 7 : Conclusions and Future Work 

 

7.1 Conclusions: 

Structural fluctuations in perovskite oxides were examined at multiple length scales using 

STEM. First, the masking technique for enhancing the spatial resolution of microprobe 4D-

STEM was tested on BTO. By masking the overlapping regions of the CBED patterns obtained, 

the probe was reduced to the size of a single unit cell rather than sampling multiple cells per 

position. From the breaks in the symmetry of the intensity in the Friedel pairs of diffraction 

spots, symmetry/displacement maps were generated. This method demonstrated nanometer scale 

rhombohedral symmetry regions in a nominally tetragonal sample. By binning the samples to 

generate datasets equivalent to larger and larger probes, the nanometer scale regions disappear, 

resulting in a tetragonal polarization. This technique showed better sensitivity to local 

fluctuations than COM imaging of the same region. 

Moving from a multiple angstrom probe to a sub angstrom probe multiple imaging 

techniques were applied to examine the polarization in KTO and KTNO, as well as the changes 

in correlation between the polarized unit cells in these similar material systems, both at room 

temperature and after a Cryo temperature phase transition. The KTO mapping showed 

preferential correlation regions parallel to the overall polarization with randomly distributed 

rhombohedral polarization nanoregions. The KTNO showed a preferential correlation direction 

orthogonal to the overall polarization at both room temperature and cryo temperatures with a 

change in direction of the overall polarization from rhombohedral [011] to tetragonal [010] 

polarization. 

The magnitude of the polarization vectors in KTO were lower in magnitude than the 

measured KTNO vectors (9.8 vs 15.8 pm). This can be explained as a function of the disorder in 
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the column with the measured position being akin to the average projected position. As the 

column of Ta ions misaligns, the overall displacement decreases since the more random the 

vectors the closer to 0 the average value. Additionally, the 15.8 pm average magnitude for the 

KTNO, combined with the correlated nano-regions above the Curie temperature, supports the 

presence of an order-disorder type phase transition in KTNO. 

Further, the comparison of 4D-STEM and atomic resolution polarization in KTO/KTNO 

showed qualitatively different polarization structures. The KTO 4D-STEM showed regions of 

long-range correlation compared to the random distribution of vectors in the atomic resolution 

mapping. In the case of the KTNO, the short-range correlation perpendicular to the overall 

polarization vector is evident, which is in good agreement with the atomic resolution data. These 

discrepancies, along with the agreement of the atomic resolution data with theory and simulation 

indicates that for limited field of view regions, atomic resolution data is the more reliable method 

for probing polarization. 

The atomic resolution data however requires high enough contrast in the atomic columns 

to reliably map them. Initial studies using a combination of iDPC and LAADF to map the atom 

positions showed disagreement in the polarization map generated using the differing positions. 

Further investigation showed that measurement of atomic positions from iDPC peaks can be 

inaccurate due to several factors. iDPC detector tuning, beam shift, and thickness effects all 

contribute to the apparent shift in iDPC column position. Asymmetric NN spacing increases the 

effect of these effects, meaning the analysis of atomic positions in asymmetrical unit cells with 

iDPC will require additional analysis. 

Lastly, the length scale was reduced again, from unit cell level analysis to individual 

atomic positions to analyze beam damage mechanisms in the KTO/KTNO system. A beam 
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driven damage mechanism beginning with preferential potassium sputtering followed by Ta-O 

reconstruction was observed. Further electron beam damage results in the reduction of TaO to 

tantalum metal. When the localized potassium removal damage is very small, this results in a 

linear defect that propagates through the material. Additionally, single column vacancies were 

observed, showing the migration of tantalum into the vacancy under the driving force of the 

electric field, followed by entropy driven diffusion. This takes a method of atomic 

characterization and harnesses it for material modification at the smallest level. 

 

7.2 Future Work: 

Each of the main phases of this thesis has future work and open questions to follow with 

potential for impactful research.  

• Friedel pair analysis requires further research into the impact of local tilt into the 

measured displacement vectors. Multislice simulations of a sample experiencing 

fluctuations in the local orientations in order to determine the change in the measured 

displacement vector for asymmetrical and symmetrical unit cells, both parallel and 

orthogonal to the polarization direction. 

• Cryo KTO and cryo 4D-STEM experiments would be the next logical step in exploring 

the polarization of KTO/KTNO. Additionally exploring the phase transformation with 

cryo-XRD and utilizing Bayesian analysis can extract information about the distribution 

of rhombohedral polarization nano-regions. 

• Further work on the damage mechanism is required in three major phases. The first phase 

is further understanding of the linear defects. EELS characterization may be possible 

using a cryo setup to minimize damage. Reduction of the beam to 60 keV in combination 
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with a direct electron EELS detector may be able to reduce the required beam dose to 

evaluate the change in the oxygen electronic structure as well as the local decrease in 

potassium. This data can then be combined with DFT to evaluate the structure and 

generate information about the bandgap/electronic structure of these defects. Finally, the 

kinetics of the beam damage mechanism can be studied with the use of an electron dose 

tracking method like Protochip’s Axon platform. By tracking the damage with a 

measurement of the dose at each position information about the energy requirements and 

enhance the control of the mechanism. 

• Further simulation and analytical analysis of the iDPC method to evaluate more 

contributions to potential column shift. Sample tilt, column disorder, and channeling 

effects can all be incorporated to build a more thorough understanding of the accuracy of 

iDPC column positions.   
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Appendix A 

TEM/STEM Simulations 

One of the most important parts of modern electron microscopy is accurate simulations of 

the sample to compare data to. These simulations allow the estimation of the effect of aberrations 

on the resulting data, enable quantitative analysis of intensities, and serve as a check for 

interpretation of images. In the case of HRTEM and other defocus sensitive methods, direct 

analysis of the image intensity is impossible without detailed simulations to compare to. 

 

All simulation methods share a common central concept, shown in Figure A.1 from 

Kirkland.104 A single electron plane wave interacts with the sample, and the effects of that 

interaction are carried on the transmitted wavefunction. A simple representation of the impact 

under the weak phase approximation can be represented by the following equations:  

𝜓𝑡(𝑥) = 𝑡(𝑥)𝑒𝑥𝑝(2𝜋𝑖𝑘𝑧𝑧) 

𝑡(𝑥) = 𝑒𝑥𝑝(𝑖𝜎𝑣𝑧(𝑥)) 

Where ψt is the transmitted wavefunction, which is dependent on t(x), kz, and z. Where 

t(x) is the transmission function, kz is the wavevector of the beam, and z is the optical direction. 

Figure A.1: Schema of the electron transfer during simulation. An incident wavefunction ψ interacts with the transfer function of 

the specimen resulting in a transmitted wavefunction ψt. 



   

101 

 

In the case of the weak phase approximation for thin samples, we represent vz(x) with the simple 

integral of the atomic potentials along the beam axis, and σ is the interaction parameter, 

dependent on the mass and energy of the electron. 

The reality of samples in electron microscopy is that even very thin samples do not 

necessarily satisfy the weak phase approximation, and multiple scattering events must be 

considered. Additionally, the potentials along the optical axis of the microscopy probe or beam 

complicate beyond simple integration. Sufficiently sampling the potentials in the z direction 

according to the wavelength of an electron would result in computational expense that would 

rapidly exceed a reasonable solution. 

The two most prominent methods for simulating STEM images beyond the simple 

approximation are Bloch wave and Multislice simulations. Bloch wave simulations are ideal for 

small systems with little to no defects, but radically scale up in computational time as a function 

of Nlog(N) where N increases with the resolution and amount of Fourier components.105 

Multislice simulations bypass many of the limitations of Bloch wave solutions and 

analytical solutions with a series of assumptions. Back scattered electrons are disregarded, and 

due to the relatively high energy of the electron with regards to the interaction potentials, the 

assumption is made that the electron phase does not change significantly in the order of its 

wavelength. Next, the method breaks the integration of the potentials of the sample into discrete 

slices which treat all the atoms inside the slice as if they were at the same z height. This can be 

more easily visualized in Figure A.2 from Kirkland.104 Now instead of solving for the integration 

of the entire potential through the sample, a slice is solved, the wave is transmitted, and then that 

probe is used as the incoming wave for the next slice. This process is repeated through the 
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sample until the exit wave is generated and the image can be generated. 

 

There are numerous proprietary and open source multislice and Bloch wave simulation 

packages available, a small listing of which are provided in Appendix X. Additionally, some 

research groups with an emphasis on code development will design proprietary scripting 

software for multislice simulations to fit their precise needs. These solutions will often vary in 

the method of calculating the potentials, with some integrating DFT potential calculations. 

Advancements such as the plane-wave reciprocal-space interpolated scattering matrix (PRISM) 

algorithm have unlocked faster computational speeds, however the exact right simulation for the 

project can change. 

 

A simulation must take into account several major categories of information about the 

experimental setup.  

• Instrumental settings, including beam potential, defocus, aberrations, and 

source size 

• Sample information, including atomic position, Debye-Waller factor, local 

structural fluctuations 

Figure A.2: Multislice simulations interact with the potentials of multiple discreet slices instead of calculating the full 

transmission function for the sample. 
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• Sampling rate, both the pixel positions in the simulation and the reciprocal 

space resolution and size 

• Boundary conditions, each slice needs to have a periodic boundary 

allowing the probe to wrap around multiple reference frames 

 

Due to the nature of atomic vibration being in the femtosecond regime, and probe 

sampling in the nanosecond to microsecond, real atoms do not occupy a static position at 

temperatures above 0 K. A single probe position in the sample can sample anywhere from 10^6 

to 10^9 vibrations of the atoms. This can be accounted for in the simulations with frozen phonon 

configurations, The short summary is that each atom is moved a random direction in a magnitude 

determined by the Debye-Waller factor. The slices, potentials, and results are processed, then the 

process is repeated. As more configurations are processed, the resulting image converges to the 

real solution. This is computationally expensive however, and so a careful convergence series 

can be done on a smaller reference frame to determine the minimum number of configurations to 

achieve the acceptable uncertainty threshold. 

 


