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Abstract

A material’s ability to electrically polarize under a mechanical deformation is a highly desirable
property with extensive applications in sensing and actuation. Current technologies rely heavily
on piezoelectricity, which places a symmetry limitation on materials selection, and often involves
the use of lead-based components. Flexoelectricity, the coupling of polarization to strain gradient,
offers a solution to these issues since it exists independent of material symmetry. Beginning
in 2001, experimental measurements of unexpectedly large flexoelectricity in high-x ceramics
drew significant attention to the flexoelectric field. Most of the later work has focused on the
flexoelectric effect in single crystal oxides; their structural and chemical homogeneity make them
ideal systems for studying the basic physics of flexoelectricity. However, expanding functionality
enabled by flexoelectricity will almost certainly involve ceramics, which requires understanding

the role played by microstructure.

In this work, the impact of ceramic microstructure on flexoelectricity was explored using the
model cubic perovskite strontium titanate SrTiOs. Polycrystalline SrTiO; samples were prepared
by a solid-state sintering process. The average grain size was varied from 2-12 um by controlling
the sintering time. Structural characterization by X-Ray diffraction and dielectric measurements
with impedance spectroscopy showed the samples to be cubic SrTiO; as expected. Polycrystalline
samples with short sintering times displayed flexoelectric responses an order of magnitude greater
than that of single crystal SrTiOs;, while samples with longer sintering times approached the
single crystal values. Incidentally, the flexoelectric response was found to decrease over time. It is

speculated that this decrease comes from a combination of factors related to sample degradation.
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Chapter 1

Introduction

Materials capable of converting mechanical energy into electrical energy (and vice versa) enable
a wide range of modern technologies. These electromechanical materials can be found in sonar
sensors used for navigation and defense purposes, ultrasound devices used for medical imaging
and quality control, and everyday low-cost alarms and microphones. Currently, these applications
utilize the piezoelectric effect, which describes the coupling between electric polarization and
mechanical strain. This effect, however, can only exist in materials that are noncentrosymmet-
ric, thus placing a strong symmetry restriction on materials selection. Furthermore, common
piezoelectric materials used in industry contain lead as a component, which can introduce toxic

hazards during the materials processing stage.[1]

Flexoelectricity, the coupling of electric polarization to mechanical strain gradient, offers an
alternative to piezoelectricity, and presents a solution to these issues since it exists in all dielectric
materials independent of material symmetry. But in spite of the ubiquity of flexoelectricity, studies
of this effect remained scarce long after it was theoretically proposed in 1964.[2] Early estimates
had deemed the flexoelectric (FXE) effect negligible compared to the well-studied piezoelectric
effect.[3] However, in the 2000s, experimental measurements of unexpectedly large flexoelectricity
in high-k ceramics drew significant attention to this field, and directed research efforts towards the
study of oxide materials systems.[4-9] Incidentally, the FXE effect has gained increased recognition
in nanoscience since large strain gradients are common at the nanoscale and can lead to large

polarizations in materials with modest FXE properties.[3]
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1.1 Fundamentals of Flexoelectricity

Flexoelectricity can be present as either strain gradient-induced polarization (the direct FXE effect)
or polarization gradient-induced strain (the converse FxE effect).[3] In the case of the direct FxE

effect, the constitutive equation is:

0€k;
P; = /Jijkla_xj (1.1.1)

where P; is a component of the polarization, €; is a component of the strain, x; is the direction
of the strain gradient, and the proportionality factor y;; is the FXE coefficient. It is worth not-
ing here that both the direct and converse effects share the same FxE coefficients. Since P; is a
first-rank tensor property and dey;/dx; is a third-rank tensor property, p;;i; is a fourth-rank tensor
property, which is necessarily non-zero for all dielectric solids (another common fourth-rank
tensor property is elasticity).[10] As mentioned earlier, the ubiquitous nature of the FxE effect
distinguishes it from the piezoelectric effect, which is a third rank tensor property that is only
sustained in noncentrosymmetric materials. The underlying physical argument here is that in
order to induce polarization, centrosymmetry needs to be broken. This can either be achieved
internally/inherently by the material itself (piezoelectricity) or externally by the stimulus (flexo-

electricity).

To facilitate comparison of the FXE effect across materials with different dielectric constants, it is
convenient to introduce another parameter to quantify a FXE response: the flexocoupling voltage

(FcV). In the simplified one-dimensional case, the FcV can be defined as:

f= g:‘g (1.1.2)

where f is the FcV, p is the FXE coeflicient, ¢, is the permittivity of free space, and ¢, is the dielectric
constant. Early theoretical predictions suggested that the FcV should be within the range of 1-10
V for all materials, but it is now known that the FcV routinely exceeds the upper limit of this

predicted range.[3, 11]
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1.2 Extrinsic Contributions in Polycrystalline Materials

Most experimental studies of flexoelectricity have focused on single crystal systems due to their
ideality, i.e. structural and chemical homogeneity.[3] However, as opposed to single crystals,
common functional materials are polycrystalline and contain a variety of imperfections that can
play a key role in determining their useful properties.[12] The presence of these imperfections
within the microstructure raises the question of whether findings from the recent surge of single
crystal studies can be directly applied to materials better suited for practical applications.[3, 11]
Ultimately, the need for expanding functionality enabled by flexoelectricity will almost certainly

require an understanding of the role played by the microstructure.

To experimentally approach flexoelectricity in polycrystalline materials inevitably requires ana-
lyzing the total FXE response. In this context, it is useful to view the total FXE response as having
three separate contributions: (1) lattice contributions, such as the bulk FxE response of pure single
crystals; (2) extrinsic contributions, such as grain/domain boundaries and other microstructural
features; and (3) FXE low activity or inactive contributions, such as elastic deformations with
minimal polarization. Examples of low activity contributions include grain boundary sliding and
dislocation motion. The latter two contributions are expected to play a critical role in the FXE
response of polycrystalline materials, analogous to how such contributions can affect other elastic
and electrical properties.[12] A specific example can be found in prior work on LaAlOs, where it
was demonstrated that samples with twin domain walls have FXE coefficients nearly a factor of 5

greater than twin-free samples.

The remaining parts of this section examine two possible extrinsic contributions to the FxE re-
sponse in strontium titanate SrTiO; (STO), a well-studied cubic oxide perovskite. At room temper-
ature and atmospheric pressure, STO adopts the Pm3m space group.[13] STO was chosen as the
model material system in this thesis due to the fact that it is the only material for which the full
FxE tensor has been measured.[14] Additionally, the centrosymmetric crystal structure of STO at
room temperature precludes any concerns of bulk piezoelectric contributions to measurements

of FxE polarization.

1.2.1 Polar Grain Boundaries

In the context of FXE studies, polar grain boundaries (GB) are perhaps the most obvious and most

important microstructural features to consider in STO ceramics. “Polar” means that there is a
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net polarization associated with the GB structure, while the bulk material is otherwise nonpolar.
When performing FXE measurements of STO ceramics, it is suspected that polar GBs in certain
orientations will contribute to the total polarization, especially in fine-grained samples with high

GB densities.

In a series of studies that began in the 1990s, the atomic structural origins of these polar GBs in
STO were elucidated using a combination of direct experimental techniques, including Z-contrast
imaging and electron energy loss spectroscopy with a scanning transmission electron microscope
(STEM), and density functional theory calculations.[15, 16] Findings from these comprehensive
studies indicated that GBs in STO ceramics are inherently nonstoichiometric, with Ti:O ratios
larger than the bulk values.[16] Raman and infrared spectroscopy experiments were later able
to provide further evidence that such nonstoichiometry results in frozen dipole moments at GB

regions, which will register as polar phases.[17]

More recently, another electron microscopy study of STO has provided new evidence for con-
tributions from the FxE effect itself to the stable polar regions at GBs. Since GBs are interfaces
with mismatched lattice parameters, by definition there must exist strain gradients at GBs. These
strain gradients, and the corresponding polarizations, were quantitatively mapped out using an
aberration-corrected STEM and used to estimate the FXE coefficient. The resulting FXE coefficient

had good agreement with the single crystal values.[18]

Altogether, the literature suggests that polar GBs in STO should be taken into consideration
when analyzing the total FXE response of polycrystalline STO. However, it remains unclear how
polar GBs will respond under dynamical measurement conditions, and whether or not the frozen

polarization at GBs will manifest in a macroscopic change in the polarization.

1.2.2 Point Defects and Barrier-Layer Enhancements

Closely related to polar GBs, point defects in the insulating bulk of STO ceramics might also have
an important role in the total FXE response. This idea is inspired by another recent work that
demonstrated orders of magnitude enhancement of the FxE effect in oxide semiconductors by
doping a single crystal of BaTiO; (BTO) with oxygen vacancies via vacuum annealing.[19] This

enhancement is explained according to the well-known barrier-layer dielectric model.[20]

The methods and results introduced in this recent work can potentially be used to dramatically

increase the FxE effect in STO ceramics, since it is also capable of being made into a barrier-layer
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capacitor. But instead of becoming a surface barrier-layer dielectric like single crystal BTO, STO
ceramics have been shown to form intergranular barrier-layer dielectrics, due to the inherent

differences in electrical conductivities between the GBs and the grains.[21]

1.3 Overview

The aim of this thesis is to systematically explore the effects of grain microstructure on flexoelec-
tricity in polycrystalline materials to further understand contributions to flexoelectricity apart
from the intrinsic lattice effects. Specifically, this work focused on studying how grain size affects
FxE response using the model cubic perovskite STO. The key conclusions drawn from this work
can provide a foundation for future studies of the FxE effect beyond ideal single crystal materials.
The rest of this thesis is organized as follows. Chapter 2 introduces the experimental methods,
with a specific focus on the materials processing and FxXE characterization procedures. Chapter 3
presents experimental results and analyses. Chapter 4 concludes this thesis with a summary of

the main findings and suggestions for future work.



Chapter 2

Experimental Methods

This chapter introduces the processing procedures and characterization techniques employed in
this thesis to prepare polycrystalline STO samples and investigate their microstructural, dielectric,
and FxE properties. Processing methods for obtaining bulk STO ceramics will first be described,
followed by an introduction to X-ray diffraction (XRD) used for structural phase identification.
Impedance spectroscopy used for measuring the dielectric constant will also be introduced. Next,
a description of scanning electron microscopy (SEM) and the methods used for characterizing the
ceramic grain microstructure will be provided. Lastly, the principles behind measuring the FxE

response of a material will be presented.

2.1 Ceramic Sample Preparation

The approach taken for ceramic processing in this work involved compacting a fine powder
into a specific shape and then heating it at an elevated temperature to achieve a dense sample.
Commercially available, stoichiometric STO powder (Alfa Aesar, Ward Hill, MA) with a particle
size distribution of 100-150 nm was used for all experiments. The impurity level was determined

by the supplier to be less than 10,000 ppm using a metals basis.

2.1.1 Powder Pressing

The two most common procedures for compacting ceramic powders in a laboratory setting are

uniaxial and isostatic pressing. The compact item produced by either of these processes is known
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as a green body before sintering. Although isostatic pressing can achieve more uniform green
body density, uniaxial pressing was chosen for this work given the high degree of control it
provides over the shape of the green body.[22] Preparing a typical green body required inserting
0.5 g of STO into a stainless-steel die and then applying 3 US tons of force for 1 min. The resulting
green body had dimensions of 30 mm x 6 mm x 1.5 mm. Experiments in this section made use of
a hydraulic press (Model # 3925, Carver Inc., Wabash, IN) in Prof. Sossina Haile’s laboratory at

Northwestern University.

2.1.2 Sintering

The next step was to densify the green body by heating it for a period of time in a step known
as sintering. For oxide ceramics, the conventional choice for this step is solid-state sintering. In
this process, the difference in surface energies between a free surface and a grain boundary acts
as the thermodynamic driving force for bulk diffusion. Initially, powder particles in the green
body will coalesce and form necks between points and regions of contact. Grain boundaries will
then form at the cross-sections of these necks, and the interstitial regions will become pores. As
sintering progresses, the pores will shrink as grain growth takes place.[22] Figure 2.1.1 illustrates

the different stages of solid-state sintering described above.

Numerous factors need to be considered to when sintering ceramics. These include the sintering
temperature-time profile, powder packing uniformity, environmental conditions, as well as the
distribution of particle sizes and shapes.[22] In this work, the same STO powder and a consistent
uniaxial pressing procedure were used, and thus particle-related factors were held constant. In
order to produce samples with various grain sizes, the sintering temperature was held constant
while the sintering time was varied. Note, it is also possible to vary grain size by varying the

sintering temperature and keeping the sintering time constant.

Figure 2.1.2 shows the sintering time-temperature profile that was used for preparing all STO
samples. The sintering temperature was set at 1450 °C (limited by the maximum operating tem-
perature of the furnace; also below the melting temperature of 2060 °C), and all samples were
exposed to air during sintering. As a consequence of how the heating elements were arranged
inside the furnace, a non-negligible thermal gradient existed in the vertical direction. To minimize
the effects such a thermal gradient could have on sintering, the green bodies were placed on a
thick alumina base plate that was resistant to warping during sintering. To prevent contamination
from the alumina base plate, a thin layer of STO powder (same powder that was used to make

the green bodies) was sprinkled onto the plate before placing the green bodies. Similarly, a layer
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(a)

L'<L (0 Pore

Neck Grain boundary

FIGURE 2.1.1. Stages of solid-state sintering. (a) Particles arrange to pack tightly. L is the center-to-
center separation when assuming a spherical particle geometry. (b) A neck forms by bulk diffusion and a
grain boundary emerges at the neck cross-section. The center-to-center separation (L) decreases. (c) An
interstitial region becomes a pore that shrinks as sintering progresses. Grain growth occurs in both (b) and
(c). Adapted from Ref. [22].

1450°C
5°C/min
g \, 3°C/min
5 J/
8 Sintering Regime
£ 2-20h
'—
600°C
3°C/min
RT, 23°C
32h 4.2h 7h 9-27 h
Time

FIGURE 2.1.2. Sintering temperature-time profile. The time spent in the sintering regime (grey) was
varied between 2 to 20 hours to change the grain size, with all other temperature settings unchanged. The
heating regime is shaded red, and the cooling regime is shaded blue.

of STO powder was then sprinkled on top of the green bodies to minimize contamination from
the furnace environment. At 1450 °C, multiple batches of samples were sintered for 2, 6, 10, 15,
18, and 20 hours. Notice in the heating regime (shaded red in Figure 2.1.2), the temperature was
held at 600 °C for 1 hour in order to burn off carbonaceous contaminants. The sintered prod-
uct had dimensions of approximately 25 mm x 5 mm x 1 mm. Most samples also experienced a
slight degree of warpage. Experiments in this section made use of a glass melt furnace (Model
# 31-THM-666-E2404, Deltech Furnaces Inc., Denver, CO) in Prof. Scott Barnett’s laboratory at

Northwestern University.
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2.1.3 Additional Processing

Each batch of STO ceramics, typically containing 5 or 6 samples sintered for the same duration,
was then separated into two groups: pristine ones used for structural and microstructural char-
acterization (Section 2.2, 2.4), and ones that required additional processing for dielectric and FxE
characterization (Section 2.3, 2.5). The additional processing involved depositing electrodes onto
the samples and then attaching wires to the electrodes. Each sample was first covered by tape on
one surface to leave an area of 3 mm x 10 mm exposed. A sputter coater was then used to deposit
approximately 50 nm of gold onto the exposed area to form an electrode. The same procedure
was then carried out for the opposite surface. Next, a copper wire was attached to each of the elec-
trodes with silver paste, and the entire sample was heated at 300 °C for 3 hours to ensure electrical
conductivity between the wires and the electrodes, as well as mechanical stability at the attach-
ment points. Experiments in this section made use of a sputter coater (Desk IV, Denton Vacuum
LLC, Moorestown, NJ) in the Electron Probe Instrumentation Center, and a box furnace (Lindberg
Blue M 5.3 L, Thermo Scientific, Waltham, MA) in Prof. Kenneth Poeppelmeier’s laboratory at

Northwestern University.

2.2 X-Ray Diffraction

XRD is a powerful technique for studying the structure of materials, and is widely used for crystal
structure determination and to assist in phase identification.[23] In principle, XRD utilizes elastic
scattering of X-rays from a material to produce a diffraction pattern that can provide insight into
the atomic arrangement of the material, i.e. its crystal structure. Experimental diffraction pat-
terns can be compared to standard diffraction patterns from well-curated databases, thus enabling
unique identification of a material’s structural phase. In a diffraction pattern, two prominent fea-
tures to note are the diffraction peak locations and intensities. The angular locations of diffraction

peaks are governed by Bragg’s Law:

A= Zdhkl sin 0 (2.2.1)

where A is the wavelength of the incident X-ray, dj, is the interplanar spacing between (hkl)
planes, and 6 is the angle of incidence relative to the sample for maximum constructive interfer-

ence. Each peak location (26) can be converted by Bragg’s law into a djy;; value that is independent
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of the experimental settings. This information can then be used to find unit cell dimensions of
a crystal from its diffraction pattern in a process known as refinement.[23] On the other hand,
diffraction peak intensities reveal information about the structure within a unit cell, such as the
types of atoms present and their positions. Since absolute intensities may vary with experimental
parameters, it is typically more beneficial to compare the relative (or normalized) intensities of

diffraction peaks.

2.2.1 Powder Method X-Ray Diffraction

There are three common implementations of XRD depending on both the diffraction geometry and
the X-ray source: the Laue, rotating crystal, and powder methods. The Laue and rotating crystal
methods are ideal for studying single-crystalline samples, while the powder method is suitable
for polycrystalline samples, such as the STO ceramics studied in this work.[23] Polycrystalline
samples are assumed to contain a statistically significant number of crystallites in all crystallo-
graphic orientations, such that Bragg’s law is satisfied for each orientation, resulting in diffraction
patterns that contains all possible diffraction peaks. In this work, pristine polycrystalline STO
samples were irradiated by a Cu-Ka X-ray source using an X-ray diffractometer setup in the
Bragg-Brentano para-focusing geometry.[23] The incident beam was limited by a divergence slit
width of 1/2 °. Diffraction patterns were acquired with a step size of 0.03 °. XRD experiments
made use of an X-ray diffractometer (Ultima III, Rigaku Corporation, Tokyo, Japan) in the Jerome

B. Cohen X-Ray Diffraction Facility at Northwestern University.

2.3 Impedance Spectroscopy

Impedance spectroscopy represents a family of methods for characterizing electrical properties
of materials, especially the dielectric and electrochemical behaviors of solids.[24] In practice,
impedance spectroscopy commonly involves applying an AC voltage to a sample with a well-
defined geometry (usually a pellet or bar) and detecting both the amplitude and the phase shift
in the current response. This information can be used to obtain the impedance Z of the sample,

which is defined as:

~ ’V|ei(wt+¢v)

= s (2.3.1)
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where |V| and |I| are the magnitudes of the AC voltage and current signals, respectively, w is
the radial frequency, ¢ is time, ¢y and ¢ are the phase shifts in the AC voltage and current
signals, respectively. Equation 2.3.1 implicitly defines the impedance of the sample as a function
of the frequency of the applied AC voltage. Common electrical properties, such as resistance,
capacitance, and inductance, etc., have distinct frequency responses, and can be determined by

measuring the impedance over a wide range of frequencies.

2.3.1 Dielectric Constant Measurement

In this work, impedance spectroscopy was used to find the dielectric constant, also known as
the relative permittivity, of the STO ceramic samples. The approach taken was to measure each
sample’s capacitance and then solve for its dielectric constant by modelling the sample as a parallel
plate capacitor. The details of this analysis method are described in Section 3.3. The amplitude of
the AC voltage was set to a default value of 100 mV, while the frequency of the AC voltage was
swept from 1 kHz to 1 MHz during the measurements. Experiments in this section made use of
an impedance analyzer (Model # 1260, Solartron Analytical, Hampshire, United Kingdom) in the

Materials Characterization and Imaging Facility at Northwestern University.

2.4 Scanning Electron Microscopy

SEM is an analytical tool routinely used for studying the microstructure of materials at the nanome-
ter to micrometer length scales. The main utility of SEM lies in its ability to generate images with
high spatial resolution and high depth-of-field, qualities difficult to achieve with traditional optical
microscopy methods. Apart from imaging, SEM can also provide information of the chemical com-
position of a material. During SEM operation, a focused beam of high-energy electrons (typical
energies of 10-30 keV) is raster scanned across the sample, and the electron beam-sample interac-
tion produces various sources of radiation, such as secondary electrons, backscattered electrons,
X-ray photons, and visible light. These radiation signals can be collected by specialized detectors

equipped on the microscope, and reveal information of different aspects of the sample.[25]

For imaging a sample’s microstructure, a common choice is to use secondary electrons, which
result from the process of high-energy electrons inelastically scattering from features of the
sample. The short inelastic mean free path of secondary electrons renders them highly sensitive to

surface morphology, such as slight corners and edges on otherwise smooth surfaces.[25] Secondary
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electron imaging is therefore able to provide information about the exposed microstructure of a

material, which can be later used in qualitative or quantitative analyses.

2.4.1 Grain Size Measurement

In this work, SEM was used to obtain secondary electron images of the microstructures of the
STO samples for grain size measurements. Pristine STO ceramics from each batch (different than
the ones used for XRD) were sputter coated with approximately 50 nm of gold to prevent charging
effects during imaging. While it is desirable to first mechanically polish the surface of the sample
before imaging to determine the average grain size, this procedure was omitted due to the severe
grain pullout the samples experienced even under mild polishing conditions. The accelerating
voltage of the SEM was set at 20 kV for all experiments. Images of different regions of each sample
were then acquired at magnifications ranging from 1500X to 10000X depending on the grain size.
The average grain size was measured from these images using the lineal intercept method.[26]
This procedure required drawing 5 straight lines each at 0 °, 45 °, 90 °, and 135 ° across every
image, and counting the number of intersections between the lines and the grain boundaries.
Triple boundaries were counted as 1.5 intersections. This process was carried out using FIJI, a
specific distribution of the Image) software.[27] The total length of the lines was then divided by
the total number of intersections to obtain an average intercept length. This average intercept
length was then scaled by a constant geometric factor of 1.56 to find the average grain size in
three-dimensions.[28] Experiments in this section made use of an SEM (Quanta 650 ESEM, FEI
Company, Hillsboro, OR) and a sputter coater (Desk IV, Denton Vacuum LLC, Moorestown, NJ)

in the Electron Probe Instrumentation Center at Northwestern University.

2.5 Flexoelectric Characterization

In Section 1.1, it was shown that the FXE properties of a material are fully characterized by its
FxE coeflicients. In practice, FXE coeflicients can be determined via the direct FXE effect by
applying a strain gradient and measuring the polarization response. The overall strategy is to
collect polarization values for different strain gradients. The linear fit obtained from this data
will be a linear combination of the sample’s FXE coefficient tensor components. The exact linear
combination that is measured is a function of the sample’s crystal structure, crystallographic
orientation, and geometry of the measurement. The description of the FxE characterization

procedure in this section closely follows Ref. [29]
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In general, carrying out a FXE measurement via the direct effect requires overcoming two key
experimental challenges. The first challenge lies in delivering a small strain gradient in a controlled
fashion. If the strain gradient is too large it may cause irreversible deformation to the sample,
such as permanently breaking centrosymmetry, which may then induce a piezoelectric response
in an otherwise non-piezoelectric material.[30] An intuitive way of generating a strain gradient
is through bending. As described in Ref. [14], one way to controllably bend a sample is by a
dynamic mechanical analyzer (DMA) with the sample in a three-point bending (TPB) configuration.
The profile view of a sample setup in a TPB configuration is shown in Figure 2.5.1 (a), and the
corresponding strain gradient developed in the sample is shown in Figure 2.5.1 (b). The DMA
can control precisely how far the top knife edge is brought down onto the sample, and therefore

achieve control of the magnitude of the applied strain gradient.

The second challenge lies in measuring small polarizations. This is due to the fact most materials
have FxE coefficients on the order of nC/m to pC/m, which means that the small applied strain
gradients, typically on the order of 0.01 to 0.1 1/m, will only be able to generate small polarizations
on the order of pC/m? to nC/m?.[3] In practice, these small polarizations are measured as current
signals on the order of pA to nA. The difficulty of this problem is alleviated by the fact that using
a DMA, the applied strain gradients are oscillatory by default. Therefore, the current signals that
develop via the direct FXE effect are also oscillatory and at the same frequency as the applied strain
gradient. This permits measurement of small current signals against a noisy background using
a lock-in amplifier (LIA). The next two subsections will describe the mechanical and electrical

aspects of performing FXE measurements.

FIGURE 2.5.1. TPB configuration setup with a DMA. (a) Profile view of the bent sample (grey) supported
at two regions of contact (red) and pinned down by a knife edge (blue) at a certain force F. The sample is
initially at the position of the dashed lines. (b) Profile view of the strain gradient developed from the setup
in (a). The top surface of the sample is under compressive strain (blue arrows), while the bottom surface
is under tensile strain (red arrows). The dotted line through the center of the bent sample represents the
neutral plane where the strain is 0. Adapted from Ref. [29].
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2.5.1 Mechanical Data Collection

The mechanical aspect of FxXE characterization involved using a DMA to deliver an oscillatory
strain gradient as described above to the STO samples. DMAs are widely used for measuring
macroscopic mechanical properties of solids, and especially polymeric materials.[31] A DMA
functions by applying a mechanical stimulus to a material in a well-defined geometry and mea-
suring the resulting mechanical responses, such as storage and loss moduli. STO samples with
electrodes and wires attached to either side were used for all FXE measurements. The dimensions
of these samples are all approximately 25 mm x 5 mm x 1 mm, as described in Section 2.1.2. For
the case of a sample in a TPB configuration, the relation between the applied oscillatory force f

at the center of the sample and the resulting displacement u can be expressed as:

3 3 N
J_C=Y4b<ﬁ) 1+§<ﬁ) X
u L 2\L) G

where Y is the storage modulus along the direction of the sample length, b is the sample width,

(2.5.1)

h is the sample thickness, L is the distance between the bottom supports, and G is the shear
modulus.[32] In the limit of a thin beam, which applies to the STO samples, the term containing
G can be dropped and Equation 2.5.1 can be rearranged with Y on the Lh.s. and measurable

quantities on the rh.s.:

_ Ly
Y= (E) (2.5.2)

Equation 2.5.2 can then be used to calculate the strain gradient along the z direction of the sample

from Euler-Bernoulli theory.[33]. This gives the result:

oex)  f (L _
=6 (2 x) (2.5.3)

where x is along the direction of the sample length (and electrode length). The strain gradient
in Equation 2.5.3 is a function of the x coordinate, and x is set to 0 at the center of the sample.
As discussed later, because the polarization response can only be determined over the area of the
electrode, the average strain gradient across the length of the electrode also needs to calculated.

The result can be expressed as:
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(2.5.4)

de 1 [“9e(x L-a
] e
where a is half of the length of the electrode. As shown in Equation 2.5.4, the magnitude of the
average strain gradient can be varied by changing the magnitude of the applied oscillatory force.
Typically, at least 5 different strain gradients levels were tested for each sample. The frequency
of all the oscillatory forces were fixed at 33 Hz for reasons that will be described in the next
subsection. It is important to note here that in addition to the oscillatory force, a fixed static force
(greater than the oscillatory force) was first applied to the sample to maintain contact during the
experiment and prevent any lateral movement that can disrupt the experiment. The static force
was set to be approximately 1.5 N. Experiments in this section made us of a new DMA (RSA-G2,
TA Instruments, New Castle, DE) in the Materials Characterization and Imaging Facility, and an
older DMA (RSA III, TA Instruments, New Castle, DE) in Prof. Kenneth Shull’s laboratory at

Northwestern University.

2.5.2 Electrical Data Collection

The electrical aspect of FXE characterization involved simultaneously using the LIA to detect
current signals from STO samples that underwent oscillatory bending experiments in the DMA.
LIAs are widely used for extracting and amplifying a specific component of a signal, with a known
frequency and phase, from noisy environments and rejecting all other components of that signal.
This is achieved by a technique known as phase-sensitive detection.[34] In practice, the wires
of each STO sample were connected to the input terminals of the LIA, and the DMA was also
connected to a reference terminal of the LIA. During measurements, a reference signal with the
same frequency (33 Hz) and phase as the oscillatory force signal was supplied from the DMA,
and the LIA was programmed to select out the desired components of the current signal that
matched this frequency and phase. The frequency of 33Hz was chosen to prevent power-line
frequency interference with the locked-in signal. For each STO sample, the average polarization

in the z-direction can then be calculated using the expression:

—  1/2
P_/

|P;| = — (2.5.5)

where |P,| is the magnitude of the polarization in the z-direction, I is the measured current, o is

the radial frequency (set to 33 Hz for all measurements), and A is the average area of the electrode.
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FIGURE 2.5.2. Example current acquisition result using the LIA. The average current here is approximately
9 pA, and the total average current is the average over 5 of such current acquisitions.

This equation implicitly indicates that the polarization is an average over the entire electrode
area. This is the reason why the strain gradient needed to be averaged in the previous section.
An example result of one current acquisition with the LIA at a fixed strain gradient is shown in
Figure 2.5.2. Since the DMA that was used can only operate in discrete intervals, the resulting
current is discontinuous as shown. In order to improve the precision of current measurements (and
therefore the average polarization measurements), typically 5 current acquisitions were obtained
for each strain gradient level and then averaged. Experiments in this section made us of two
LIAs of the same kind (Model # 7265, Signal Recovery, Oak Ridge, TN) in Prof. Laurence Marks’

laboratory and Prof. Lincoln Lauhon’s laboratory at Northwestern University.
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Results and Discussion

3.1 Powder Method XRD Measurements

Powder method XRD was employed to verify the crystal structure of STO ceramics. All samples
were prepared following the methods described in Section 2. The measured diffraction patterns
for the 2, 6, 10, 15, and 20-hour samples are indicated in Figure X, along with a standard diffrac-
tion pattern of cubic STO.[35] There is good agreement between all the experimental diffraction
patterns and the target cubic STO crystal structure. Additionally, within experimental resolution
there is no indication of the presence of secondary phases in these samples. Furthermore, com-
parison of the relative peak intensities within each diffraction pattern to relative peak intensities
of the standard diffraction pattern shows that there is no apparent texture in any sample. All of
the expected peaks are visible in each experimental diffraction pattern, and there are no abnormal
peak intensities. It is also worth noting that peak splitting occurs, and is likely a consequence
of the X-ray beam containing both Cu-Ka 1 and Cu-Kea 2 radiation. This is demonstrated by the
fact that this effect is more prominent at high angles. Peak splitting, however, does not affect the
results interpretation discussed above. Finally, it is noted that there is a significant shoulder on
the left side of the first peak in the 20-hour sample, as well as low intensity features between 24 °

and 30 °. The origins of these features are unknown and might indicate contamination.

17
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FIGURE 3.1.1. Experimental results of X-ray diffraction patterns of STO ceramics. The bottom diffraction
pattern (red) represents a high-quality cubic STO standard.[35] The measured diffraction patterns for
samples sintered for various times are in good agreement with the cubic STO crystal structure and do not
indicate the presence of any secondary phases.

3.2 Average Grain Size Measurements

Average grain size is considered a characteristic parameter when describing the microstructure of
polycrystalline materials. For the purpose of this work, it was important to quantify the average
grain size of the STO ceramics with high precision following the procedure in Section 2.4.1. The
measured average grain sizes for the 2, 6, 10, 15, 18, and 20-hour samples are plotted in Figure 3.2.1.
Table 3.1 lists the average grain size values with their associated standard errors. Because the
procedure in Section 2.4.1 does not permit measurement of grain size distributions, and thus error
estimations, the errors here were determined by binning the measurements based on the images
they came from. At least 5 images were acquired for each sample. Representative secondary
electron images of the microstructure of the 2-hour and 20-hour samples are shown in Figure 3.2.1

(b) and (c), respectively. These images show the two extremes in the average grain sizes.
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As expected, there is an overall increase in the average grain size of the STO ceramics from 2.08
+ 0.1 um to 11.41 + 0.8 pm as the sintering time is increased from a minimum of 2 hours to a
maximum of 20 hours (while the temperature was held at 1450 °C). However, the sample sintered
for 15 hours deviates from this trend, and has an average grain size of 4.54 + 0.3 um, significantly
lower than the average grain size of 5.88 + 0.1 um for the sample sintered for 10 hours. While it
is possible that the average grain size in the 15-hour sample was smaller than 10-hour sample, it
is more likely that the regions selected for grain size measurements on the 15-hour sample might
not be accurate representations of the sample’s microstructure. Since the sintering time and the
grain size are generally well-correlated, sintering time is used as a proxy for the average grain

size in all subsequent discussions.

TABLE 3.1. Average grain sizes and associated standard errors of STO ceramics sintered at 1450 °C

Sample Average Grain Size [pm]

2-hour 2.08 + 0.1
6-hour 5.54 £ 0.5
10-hour 5.88 £ 0.1
15-hour 454 + 0.3
18-hour 7.76 + 0.4
20-hour 1141+ 0.8

(@ *“ | | | | (b)
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FIGURE 3.2.1. Experimental results of average grain size measurements of STO ceramics sintered at 1450
°C. (a) Average grain size increases from 2.08 + 0.1 pm to 11.41 + 0.8 um as the sintering time increases
from 2 hours to 20 hours. The average grain size of the 15-hour sample deviates from this trend and is
potentially due to insufficient sampling. The error bars correspond to the standard error listed in Table 3.1.
Secondary electron image of (a) ceramic sample sintered for 2 hours, and (b) ceramic sample sintered for
20 hours.
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FIGURE 3.2.2. Example of grain size counting results. The data represents counting over 5 images taken
from different regions of an STO ceramic sintered for 18 hours. The average intercept length varies as more
grains are counted and finally reaches a converged value. In this example, a total of 1458.5 intersections
were counted and the final value is 4.93 um. Note: this final value is only the average intercept length value,
which is different from the average grain size.

An example of the procedure for obtaining the final average intercept length (and thus the average
grain size) is shown in Figure 3.2.2. During counting, the average intercept length was updated
as more intersections (more grains) were included and reached a final converged value from

observation. Typically, this process required approximately 1500 counts for each sample.

3.3 Dielectric Constant Measurements

Dielectric constant measurements of the STO samples were required to determine their FcVs,
which can provide a convenient measure of the magnitude of the FXE response across different
materials.[3] The experimental procedure for finding the dielectric constant with impedance
spectroscopy is described in Section 2.3, and the analysis involves first finding the relation between
the impedance and frequency for an ideal capacitor. This relation can be derived by considering

the constitutive equation for a capacitor:

_dV(1)
I(t) = CT (3.3.1)
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where [ is the current through the capacitor, V is the voltage across the capacitor, and C is the

capacitance. For an AC voltage signal, V(t) takes the form:

V(t) = |V]e@rv) (3.3.2)

where again |V| is the magnitudes of the AC voltage, w is the radial frequency, and ¢y is the phase

shift. The current response of the capacitor I(¢t) can therefore be written as:

I(t) = Cd‘;—it) = joC|V|e/@rov) (3.3.3)

Equation 3.3.2 and Equation 3.3.3 combine to give the impedance of a capacitor:

|V|ej(o)t+¢v) 1
 jwC|V]eletd) ol

(3.3.4)

Equation 3.3.4 indicates that the impedance of an ideal capacitor is purely imaginary, and its
magnitude is inversely proportional to the radial frequency. The magnitude of the impedance
can be plotted against the inverse of the radial frequency, and the slope of the linear fit will give
the inverse of the capacitance. Assuming that the sample can be modelled by a parallel-plate

capacitor, the dielectric constant €, of the sample can thus be determined from its capacitance:

Cd

=—— 3.3.5
e (3.3.5)

€

where d is the thickness of the sample, A is the electrode area, and ¢, is the permittivity of free
space. To benchmark the analysis method described above, impedance spectroscopy experiments
were first carried out at room temperature on a (100) oriented MgO single crystal sample (MTI
Corporation, Richmond, CA), which has an extensively measured dielectric constant.[36] 50 nm
thick gold electrodes were sputtered on either side of the MgO single crystal, and the average
area of the electrodes were determined to be 1.74 x 10~ m? (measured from optical images using
FIJI). The MgO sample has a thickness of 0.5 mm (provided by the supplier). The results for this
experiment are shown in Figure 3.3.1 (a), and the fitted line is shown to be a good representation
of this data, with an R? value exceeding 0.99. The capacitance of this sample is determined to
be 3.03 pF, and the dielectric constant of this MgO sample is determined to be 9.84, which is in
excellent agreement with the literature value of 9.83 at 300 K.[36]
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This analysis method was then applied to impedance data collected on STO samples sintered for
2, 10, 15, 18, and 20 hours, and the results are shown in Figure 3.3.1 (b). Overall, the dielectric
constants of the samples are spread around the dielectric constant of a (100) oriented single crystal
STO, which has a value of 330.[37] Although the dielectric constants do not indicate a distinct
trend with the sintering time, their magnitudes are slightly different, and this fact becomes impor-
tant later. It is possible that the differences in dielectric constant reflect the underlying porosity

of the ceramics; future work is required to explore this hypothesis.
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FIGURE 3.3.1. Experimental results for impedance spectroscopy measurement of an MgO test sample
and various STO samples. (a) Impedance versus frequency measured for an MgO (100) single crystal. The
measured dielectric constant for MgO is in close agreement with the literature value, validating the mea-
surement procedure.[36] (b) Dielectric constants of STO samples sintered for various times. The dielectric
constants of the polycrystalline STO samples are spread around the single crystal STO value of 330, showing
no distinct trend with the sintering time, and by extension the grain size.[37]
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3.4 FxE Characterization Results

FxE characterization was performed on the 2, 10, 15, 18, and 20-hour STO samples using the
instrument system and procedure described in Section 2.5. The results of individual measurements
are shown in Figure 3.4.1, while the values of the FXE coefficients and their associated errors are
listed in Table 3.2. Errors are given by the 95% confidence interval of the linear fit to each sample’s
data set. These linear fits are shown as dashed lines in Figure 3.4.1. The linear fits are of high

quality, with R? values exceeding 0.95 for all samples.

It can be seen from Figure 3.4.1 that there is a substantial difference between the FXE coeflicients
of the STO samples sintered for various times. A maximum FxE coefficient of 42.20 + 1.6 nC/m
was achieved for the 10-hour sample, while a minimum FxE coefficient of 4.26 + 0.3 nC/m was
found for the 20-hour sample. It also worth noting that the coefficients of the 2-hour and 10-hour
samples are not distinguishable within experimental resolution. In order to more clearly observe
variations in the FxE coeflicients, Figure 3.4.2 was rendered to show only the FXE coefficients
plotted against the sintering time. This result directly indicates that the STO samples with short
sintering times (2, 10, and 15 hours) have FxE coeflicients that are approximately an order of
magnitude greater those of samples with longer sintering times (18 and 20 hours). In addition, at
longer sintering times, the FXE coefficients of the polycrystalline ceramics are comparable to the
single crystal STO FxE coeflicients, which have been measured to be in the range of 1 nC/m to 10
nC/m.[14, 38]

TABLE 3.2. FxE coeflicients and associated errors of STO samples. All errors correspond to the 95%
confidence interval of the linear fits.

Sample FxE Coefficient [nC/m]

2-hour 38.43 + 4.1
10-hour 42.20 £ 1.6
15-hour 29.76 + 2.3
18-hour 592+ 1.3

20-hour 426 +0.3
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FIGURE 3.4.1. Experimental results of FXE coefficient measurements for various STO samples. The dashed

lines represent linear fits to the experimental data, with R? values exceeding 0.95 for all samples. The slopes
of the fitted lines are the FxE coefficients.

As described in the Section 1.2, the measured FxE coefficient represents the total FXE response of
the sample. In a polycrystalline material system, the total FXE response can be considered as the
result of three different contributions, the lattice FXE term (e.g. bulk lattice in each grain), pseudo
FxE terms (e.g. polar grain boundaries and point defects), and FxE low activity or inactive terms
(e.g. grain boundary sliding, dislocation motion etc.). To first order, the FXE low activity terms can
be ignored so that the total FXE response in STO samples consists only of lattice FXE and pseudo
FxE terms. During sintering and grain growth, two main microstructural effects will occur: (1)
The total grain boundary volume decreases as sintering time increases (and grains grow larger). It
is expected that the pseudo FXE term is directly proportional to the total grain boundary volume.
Therefore, at longer sintering times, the total FXE response should decrease and approach that
of the bulk lattice. (2) The point defect concentration is likely reduced with increasing sintering
time. Although the implications of this second effect happening should be explored, they are not
the central focus of this work. The experiment results shown in Figure 3.4.2 thus provide direct

evidence to support the claim that the first effect is present in this work.

Another way to quantify the FxE response is in terms of the FcV, which takes into account differ-

ences in the dielectric constant. The FcV, as defined in Section 1.1 is the ratio of the FxE coeflicient
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FIGURE 3.4.2. Experimental results of FXE coefficients of various STO samples plotted against sintering
time. FxE coefficients of the STO samples vary with the sintering time; samples sintered for relatively short
times have FxE coefficients nearly an order of magnitude greater than those of samples sintered for long
times. The grey double arrow and dotted line indicate the range of experimental FXE coeflicients reported
in literature for STO single crystals.[14, 38]

to the susceptibility, which is the product of the dielectric constant and the permittivity of free
space. This definition provides a convenient way to compare the magnitude of the direct FxE effect
to the magnitude of an electric field in dielectric materials. This can be shown by examining the

one-dimensional bulk constitutive electromechanical equation for a centrosymmetric material:

o€
P = YEupplicd + H— (3.4.1)

ox
where P is the polarization, y is the susceptibility (product of dielectric constant and permittivity
of free space), Eqppiieq is the applied electric field, p is the FXE coefficient, and de/dx is the strain
gradient. Dividing both sides of this equation by the susceptibility, and assuming that there is no
applied field, the Lh.s turns into an effective electric field, which is equal to the r.h.s, which turns
into the product of the FcV and the strain gradient:
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Jde

& (3.4.2)

Eeffecttive = f
The FcVs of the STO samples sintered for 2, 10, 15, 18, and 20 hours were calculated using the
dielectric constant measurements from Section 3.3, and these results are shown in Figure 3.4.3.
The FcV, similar to the FXE coefficients, displays an order of magnitude decrease as the sintering
time increases, with the variation in the dielectric constant not appearing to affect the overall
trend. In addition, the measured FcVs can be compared to the theoretical upper limit of 10 V for
a simple ionic material, which is shown as the horizontal dashed line in Figure 3.4.3.[3, 11] The
samples sintered for 2, 10, and 15 hours have flexocoupling voltages that exceed this upper limit,

providing further evidence for contributions other than the lattice response to the total FXE effect.

However, in an attempt to repeat these FXE measurements with the same samples, an interesting
observation was made. The FxE coefficients of the same 2, 10, 15, and 18-hour samples measured
for a second time, two months later, were all significantly lower than they were in the initial
measurements. The measured coefficients are shown in Figure 3.4.4 plotted against the sintering
time. Table 3.3 lists the values of the FxE coeflicients and their associated errors, which were de-
termined in the same way as before. The FxE coefficients for samples sintered for all the different
times decreased by more than a factor of 10, and the original trend in the FxE coefficient with

sintering time is no longer observed.

TABLE 3.3. FxE coefficients and associated errors of STO samples measured for a second time. All errors
correspond to the 95% confidence interval of the linear fits.

Sample FxE Coeflicient [nC/m]

2-hour 212+ 04
10-hour 1.65+ 0.2
15-hour 2.41 + 0.1

18-hour 0.48 + 0.1
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FIGURE 3.4.3. Experimental results of FcVs of various STO samples. Despite differences in the dielec-
tric constant between samples, the trend from Figure 3.4.2 remained largely consistent. In addition, the
flexocoupling voltage of the samples sintered for short times (2, 10, and 15 hours) displayed flexocoupling
voltages greater than the theoretical upper limit of 10V for simple ionic solids.[3, 11]

Several factors could have led to the results seen in the second series of FXE measurements, and a
few are discussed below along with results from preliminary experiments that were designed to

test these possible factors.

3.4.1 Impact of Different Instruments

The first factor to test is the impact of using different instruments. The second series of measure-
ments were all performed on a new DMA and a new LIA. The choice of switching instruments was
a consequence of occasional reliability issues with the original instruments. It must also be noted
that the initial measurements were completed when the original instruments were functioning

normally.

The simplest way to test instrument effects is to measure a sample with a known FxE coefficient on
both the new and the old instruments and compare the two results. A single-crystal MgO sample

(the same one used for benchmarking the dielectric constant measurements) was thus selected
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FIGURE 3.4.4. Experimental results of FXE coefficients of various STO samples measured for a second
time. The samples are the same ones shown in Figure 3.4.2. The inset offers a close-up view of the spread
in FXE coefficients. All of the samples shown have FxE coefficients significantly lower than before.

to be measured on the new instruments. The FxE coeflicient of this sample had been previously
characterized on the old instruments. Additionally, since the MgO sample is single-crystalline,
the total FxE response of this sample should come entirely from the lattice response and remain
relatively stable with all else held constant. The FXE measurements of the MgO sample are shown
in Figure 3.4.5. The FxE coefficient measured using the new instruments is 3.04 + 0.2 nC/m, which
is very close to the value of 2.1 + 0.3 nC/m measured using the old instruments.[38] The slight
discrepancy is likely due to differences in instrument calibration. The result of this comparison
suggests that switching instruments should not have been able to cause the more than an order

of magnitude decrease observed between the initial and second series of FXE measurements.

3.4.2 Environmental Contamination

Once the reliability of the new instruments had been established, it was important to then test
whether the observed decrease was caused by environmental contamination of the samples. The

polycrystalline STO samples are inherently porous and it is very possible that various contami-
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FIGURE 3.4.5. Experimental results of FXE coefficient measurement for an MgO (100) single crystal. Mea-
surements were performed on the new DMA and the new LIA. The dashed lines represent a linear fit to
the experimental data, with an R? value greater than 0.99. The slope of the fitted line is the FxE coefficient,
which has a value of 3.04 + 0.2 nC/m. The error is given by the 95% confidence interval of the linear fit.

nants, such as water and carbonaceous species, had adsorbed to exposed surfaces during handling
and/or storage. It is possible that humidity level differences also had an impact, given the fact
that the initial measurements were done in winter and the second series of measurements were
done in spring. The aforementioned types of contamination could screen the FxE polarization on
the sample surface, thus reducing the measured FxE response. All subsequent FXE measurements

were done with new instruments.

The most direct way to test this hypothesis was to clean an STO sample by annealing (at a tem-
perature lower than the sintering temperature to prevent grain growth) to remove adsorbates and
then measure its FXE coefficient. The sample sintered for 15 hours was chosen for this experiment
and was annealed at 600 °C for 6 hours in a box furnace to remove contaminants physiosorbed
to the sample. During annealing, the sample was placed inside a clean glass container to prevent
additional contamination inside the furnace. To minimize exposure to the atmosphere, after cool-
ing down to room temperature, the sample was immediately measured. The results for the FxE
coefficient measurements are shown in Figure 3.4.6. The FxE coefficient is determined to be 1.43

+ 0.1 nC/m, slightly lower than 2.41 + 0.6 nC/m, which was determined in the second series of
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measurements. The FxE coefficient of this cleaned sample still remained approximately a factor of
20 lower than it was in the original measurement, suggesting that environmental contamination
did not have a large enough impact on the behavior of the FXE coefficient. Also, it is important
to note that after annealing, the previously well-defined boundaries of the gold electrodes on the
samples became less distinct, indicating that gold diffusion might have occurred. This means that

experiments in which it is desirable to anneal a sample after gold deposition are ill-advised.
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FIGURE 3.4.6. Experimental results of FXE coefficient measurement for the 15-hour STO sample after
annealing for 6 hours at 600 °C. The dashed lines represent a linear fit to the experimental data, with an R?
value greater than 0.99. The slope of the fitted line is the FXE coefficient, which has a value of 1.43 + 0.1
nC/m. The error is given by the 95% confidence interval of the linear fit.

3.4.3 Time-Dependent FXE Degradation

Apart from environmental contamination, another general factor to consider was whether the
sample itself had changed over time, either externally or internally. Considering that two months
had passed between the two series of measurements, the STO samples might have experienced
various forms of degradation. The quality of the electrodes could have deteriorated, leading to less
polarization being measured for the same level of applied strain gradient; however, experiments
with fresh electrodes show the same low FxE response. Alternatively, there might have been other

features in the sample, such as residual strain gradients from the processing stage, which could



CHAPTER 3. RESULTS AND DISCUSSION 31

have relaxed over time. However, this implies that residual strain gradient contributions would
also need to be included in explaining the initial measurements of large FxE coefficients in the
STO samples. Finally, the nature of performing FXE coefficient measurements requires repeatedly
bending brittle ceramic samples, which will likely induce internal cracking. It has been both
theoretically and experimentally shown that polarizations near the tips of cracks in ferroelectric
materials, such as BaTiO; (another well-studied oxide perovskite), are orders of magnitude greater
than in the bulk material, as a consequence of the large strain gradients present near the crack
tip.[39, 40] One or several of the features discussed above could be present in the STO samples,

and would add complexity to the results interpretation.



Chapter 4

Conclusions and Suggestions for Future Work

This thesis represents an attempt to advance understanding of the role microstructure plays in
flexoelectricity, with a specific focus on the impacts of grain size. Using polycrystalline STO
ceramics prepared through a solid-state sintering process, it was demonstrated that by increasing
the sintering time, and thus the average grain size, the magnitude of the FXE coefficients were
decreased by a factor of 10, and approached the literature values for FXE coefficients of STO single
crystals. This result lends evidence to the claim that the total FXE response of a polycrystalline
sample can be separated into contributions from the intrinsic lattice and from the microstructure.
In the context of STO, the primary microstructural contribution is considered to be from polar
grain boundaries. As the average grain size was increased, the total grain boundary volume
was decreased, and less polar grain boundaries were present in the samples. This likely resulted
in the measured decrease in the FXE response of samples with larger grain sizes. Furthermore,
unexpected decreases in the FxE coefficients were found upon re-measurement. Two months after
the first measurements, the FxE coeflicients of all samples had decreased by more than an order
of magnitude. Preliminary experiments have been carried out to explore the possible effects of
instrument error, environmental contamination, and other time-dependent degradation processes,
such as strain relaxation and crack formation. In summary, the results of this work draw attention
to the significance of microstructural effects on flexoelectricity in polycrystalline materials, and

suggest a potential route to enhance flexoelectricity in STO by tuning the average grain size.

32
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Much work, however, remains to be done to fully investigate the cause of unexpected decreases in
the FxE coefficients over time. For example, the relative densities and porosities of the STO samples
with different sintering times could be measured, both before and after undergoing FXE charac-
terization, as a first step towards determining whether cracks could be responsible. Additionally,
XRD experiments could be performed to investigate the presence of residual strain gradients.
Finally, it might be instructive to employ techniques such as electron backscatter diffraction and
transmission electron microscopy to explore whether FXE measurements can cause changes in
grain and grain boundary orientations. Ultimately, these future directions of study will help to

unravel the complex structure-property relations underlying flexoelectricity.
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