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Zusammenfassung

In dieser Arbeit wird das Phinomen der Flexoelektrizitdt in Nanomaterialien und Nanostruk-
turen mittels Molekulardynamikmodellen und Kontinuumsmodellen untersucht. Flexoelek-
trizitét ist ein elektromechanisches Phinomen, das die Kopplung zwischen elektrischer Pola-
risation und Dehnungsgradient in einem Material beschreibt. Dank des Dehnungsgradienten-
Terms weist die Flexoelektrizitit eine universelle Existenz und ein groenabhéngiges Ver-
halten auf, was eine starke elektromechanische Kopplung auf der Mikro- und Nanoskala
ermoglicht, was zu einer idealen Anwendung in Mikro- und Nanogeriten, wie z. B. Nano-
generator, fiihrt. Es ist jedoch schwierig, die intrinsischen flexoelektrischen Koeffizienten ei-
nes Materials zu messen oder abzuschitzen, da sie durch den piezoelektrischen Effekt gestort
werden, der die Kopplung zwischen elektrischer Polarisation und Dehnung darstellt. Dariiber
hinaus kann das Standard-Kontinuumsmodell, wie z. B. das Finite-Elemente-Modell, die
Flexoelektrizitidt aufgrund der Kontinuititsanforderung hoherer Ordnung (C*-Kontinuitit),
die durch den Dehnungsgradiententerm auferlegt wird, nicht beriicksichtigen, was die Ent-
wicklung spezieller Kontinuumsansitze fiir die Designfiihrung von flexoelektrischen Bautei-
len erfordert. Diese Schwierigkeiten begrenzen unser Verstdndnis und die mogliche techni-
sche Nutzung der Flexoelektrizitit.

Im Rahmen der Molekulardynamik entwickelt diese Arbeit ein Kern-Schale- und Ladungs-
Dipol-Modell zur Extraktion der flexoelektrischen Koeffizienten eines traditionellen elek-
tromechanischen Materials (BaTiO3) bzw. neu entstandener zweidimensionaler (2D) Ma-
terialien (insgesamt 21 Materialien). Speziell entwickelte mechanische Belastungssche-
mata werden innerhalb des Kern-Schale- und des Ladungs-Dipol-Modells eingesetzt,
um die Storung durch die Piezoelektrizitit zu eliminieren, was eine direkte Messung
der flexoelektrischen Reaktion der Materialien ermdglicht. Die Ergebnisse der Kern-
Schale-Modelle zeigen, dass der Groen-/Oberfldcheneffekt den longitudinalen und scher-
bezogenen flexoelektrischen Koeffizienten der BaTiOs-Nanostrukturen signifikant beein-
flusst. Fiir zweidimensionale Materialien extrahierte das Ladungs-Dipol-Modell ihre Biege-
Flexoelektrizitiatskoeffizienten und identifizierte ihre Einflussfaktoren. Es wird beobachtet,
dass Ubergangsmetall-Dichalcogenid-Monolagen die hochsten flexoelektrischen Koeffizien-
ten unter den untersuchten 2D-Materialien besitzen.

In dieser Arbeit werden auch Kontinuumsmodelle zur Charakterisierung der Flexoelektri-
zitdt in Kontinuums-Festkorperstrukturen, wie z. B. flexoelektrischen Verbundwerkstoffen,
entwickelt. Ein 2D Meshless-Modell und ein 3D nichtlineares gemischtes Finite-Elemente-
Modell verwenden Formfunktionen hoherer Ordnung und zusétzliche Freiheitsgrade, um die
C'-Kontinuititsanforderung der Flexoelektrizitit zu erfiillen. Beide Modelle zeigen, dass
Strukturkonfigurationen und Materialeigenschaften das elektromechanische Verhalten der
flexoelektrischen Verbundwerkstoffe beeinflussen. Das 3D-nichtlineare gemischte Finite-
Elemente-Modell zeigte zusitzlich die Wesentlichkeit der geometrischen Nichtlinearitit fiir
eine prizise Darstellung der Flexoelektrizitit durch Kontinuumsmodelle.

Stichworte: Flexoelektrizitit, Molekulardynamik, Core-shell-Modell, Charge-dipole-
Modell, Meshless-Methode, Gemischte Formulierung, Bariumtitanat, 2D-Materialien,
Komposite
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Abstract

This work explores the phenomenon of flexoelectricity in nanomaterials and nanostructures
by molecular dynamics models and continuum models. Flexoelectricity is an electromechan-
ical phenomenon describing the coupling between electric polarization and strain gradient in
a material. Thanks to the strain gradient term, flexoelectricity exhibits an universal existence
and size-dependent behavior, enabling strong electromechanical coupling at micro/nano-
scale, leading to ideal application in micro/nano-devices, such as Nanogenerator. However,
it is difficult to measure or estimate the intrinsic flexoelectric coefficients of a material due to
the interference from the piezoelectric effect, representing the coupling between electric po-
larization and strain. Additionally, the standard continuum model, such as the finite element
model, cannot accommodate flexoelectricity due to the higher-order continuity requirement
(C* continuity) imposed by the strain gradient term, requiring the development of novel con-
tinuum approaches for the design guidance of flexoelectric devices. These difficulties limit
our understanding and potential engineering utilization of flexoelectricity.

In the framework of molecular dynamics, this work develops a core-shell and charge-dipole
model for extracting flexoelectric coefficients of a traditional electromechanical material
(BaTiOj3) and newly emerged two-dimensional (2D) materials (in total 21 materials), respec-
tively. Specially designed mechanical loading schemes are employed within the core-shell
and charge-dipole model to eliminate the interference from piezoelectricity, enabling direct
measurement of the materials’ flexoelectric response. The core-shell models’ results show
that the size/surface effect significantly influences the longitudinal and shear flexoelectric
coefficient of the BaTiO3 nanostructures. For two-dimensional materials, the charge-dipole
model extracted their bending flexoelectric coefficients and identified their contributors. It
observes that transition metal dichalcogenide monolayers possess the highest flexoelectric
coefficients among the studied 2D materials.

This work also develops continuum models to characterize flexoelectricity in continuum
solid structures, such as flexoelectric composite. A 2D Meshless model and a 3D nonlinear
mixed finite element model employ higher-order shape function and extra degrees of
freedom to fulfill the C'! continuity requirement of flexoelectricity. Both models show that
structure configurations and material properties influence the electromechanical behavior
of flexoelectric composites. Besides, the 3D nonlinear mixed finite element model demon-
strated the essentialness of the geometrical nonlinearity for an accurate representation of
flexoelectricity by continuum models.

Keywords: Flexoelectricity, Molecular dynamics, Core-shell model, Charge-dipole model,
Meshless method, Mixed formulation, Barium Titanate, 2D materials, Composite.
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Chapter 1

Introduction

1.1 Motivation

A surgeon attaches paper-like nanofilms onto a patient’s heart, and these nanofilms gener-
ate enough electrical energy from the patient’s cardiac motion to power the patient’s cardiac
pacemaker. Sounds like science fiction? Not really. Researchers have successfully imple-
mented this type of self-powered biomedical implants in animal trials, see AZIMI ET AL.
(2021); L1 ET AL. (2010). The “magic” behind these self-powered biomedical implants is
a physical phenomenon called electromechanical coupling. It describes the conversion be-
tween electrical energy and mechanical energy that enables electrically controlled mechani-
cal actuation or electrical generation by applying a mechanical load. Along with the biomed-
ical applications, electromechanical coupling is also widely applied in energy harvester, see
LINET AL. (2008); WANG ET AL. (2007); WANG & SONG (2006); PARK ET AL. (2014), na-
noelectronics, see WASER ET AL. (2003); LU & LIEBER (2010); COMPANO ET AL. (2000),
nanosensors, see HUANG ET AL. (2008); MEGRICHE ET AL. (1999); IHN & CHANG (2004)
and nanorobots, see MALLOUK & SEN (2009); REQUICHA (2003); SANCHEZ & PUMERA
(2009). Most of these applications utilizing electromechanical coupling rely on an elec-
tromechanical interaction called piezoelectricity, which describes the coupling between elec-
tric polarization and strain. For instance, ZnO piezoelectric nanowires generate over 1 Volt
open-circuit voltage from the mechanical strain induced by compressing the nanowires, see
HU ET AL. (2011). However, piezoelectricity exists only in materials with an non-center
symmetric crystal structure like ZnO, see IKEDA (1996). A recently discovered electrome-
chanical interaction called flexoelectricity describes the relationship between the electric po-
larization and strain gradient, which exists theoretically in all material groups, see YUDIN
& TAGANTSEV (2013b). Furthermore, the involvement of strain gradient in flexoelectricity
suggests a size-dependent behavior of the flexoelectricity, enabling a strong electromechan-
ical coupling from a high strain gradient at a small-length scale, see MAJIDOUB ET AL.
(2008). Preliminary studies demonstrated that the energy conversion from flexoelectricity is
much higher than that of piezoelectricity at a small-length scale, see HU ET AL. (2014); AB-
DOLLAHI ET AL. (2019). These advantages of flexoelectricity are desirable for small-scale
electromechanical applications, such as nanogenerators or nanosensors.

Researchers mainly focus on three approaches to induce a strong electromechanical cou-
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6 CHAPTER 1. INTRODUCTION

pling from flexoelectricity in small-scale applications: utilizing size-effect, using materials
with high flexoelectric coefficient, and engineering high strain gradient by structure pat-
terning/composition. For instance, an experimental study uses scanning probe microscopy
(SPM) to apply 1 uN force onto ultrathin Barium titanate oxide (BaTiOj3) films inducing
a highly irregular stress field over several nanometers resulting in a strong flexoelectric re-
sponse, see LU ET AL. (2012). Various studies measure and estimate the flexoelectric coef-
ficients of the traditional ferroelectric materials: ceramics, single crystal, and polycrystal, to
find a suitable candidate for flexoelectric applications, see HUANG ET AL. (2011); KwWON
ET AL. (2014); SHU ET AL. (2017b); ZUBKO ET AL. (2007). Engineering high strain gradi-
ent through structure pattern/composition have also shown significant enhancement of flex-
oelectric response, see ZHANG ET AL. (2014); KARTHIK ET AL. (2013). However, many
questions/difficulties around flexoelectricity remain unsolved, such as the underlying mech-
anism of the size-dependent behavior of flexoelectricity is unexplored due to the difficul-
ties in the experimental setup and simulation size limitation, see MAJDOUB ET AL. (2008);
MARANGANTI & SHARMA (2009). Meanwhile, the newly emerged 2D nanomaterials have
also shown great potential in flexoelectric application due to their flexibility and high po-
larizability, but their flexoelectric coefficients and contributing factors are still unknown,
see JIANG ET AL. (2013c). Furthermore, the lack of a continuum model for characterizing
flexoelectric composite hinders the optimization of flexoelectric devices through structure
patterning/composition. Addressing these open issues will help advance the development of
flexoelectric devices in engineering applications. The motivation of this work is to solve the
stated open issues. The following section discusses the existing studies on flexoelectricity
and the origins of the open issues.

1.2 Background and the state of the art

This section presents a compact literature study on flexoelectricity regarding its underlying
mechanism, material candidate, and continuum model. The main focus here is on the afore-
mentioned aspects of flexoelectricity in traditional electromechanical materials and newly
emerged 2D materials, presenting a fraction of research on flexoelectricity. For a compre-
hensive overview of flexoelectricity, please refer to the review papers, see WANG ET AL.
(2019); YUDIN & TAGANTSEV (2013a); JIANG ET AL. (2013c¢).

1.2.1 Mechanism and material candidates of flexoelectricity

Early studies on flexoelectricity exploring its underlying mechanism or searching for suit-
able material candidates mainly focus on the traditional electromechanical materials, such as
BaTiOs or periclase (MgO), which possess high electric polarizability due to the active oxy-
gen atoms. For example, study shows unexpected large bending flexoelectric coefficients
of BaTiO3 and Pb(Mg, ;3Nb,/3)O3, where their magnitudes of electromechanical response
from flexoelectricity surpass that of the piezoelectric effect, see MA & CROSS (2001, 2006);
Fu ET AL. (2006). Meanwhile, a study found that the flexoelectric coefficients of oxide
materials linearly scale with their relative electric permittivity, see YUDIN & TAGANTSEV
(2013a), which depends on the temperature, see MARANGANTI & SHARMA (2009). This
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temperature dependency is further confirmed in a charge transfer molecular dynamics (MD)
model studying Barium and Strontium titanate (BST), see MBARKI ET AL. (2014). Stud-
ies also show that oxide materials doped with extrinsic elements improve their flexoelectric
coefficients significantly, see L1 ET AL. (2014); HUANG ET AL. (2017); JIN ET AL. (2021).
Comprehensive Density Functional Theory (DFT) simulations report the flexoelectric coeffi-
cients of various oxide and semiconductor materials, see MARANGANTI & SHARMA (2009).
Although researchers have conducted various studies on flexoelectricity in oxide materials,
the size-dependent behavior of flexoelectricity in oxide materials such as BaTiO3 remains
unresolved due to the limited simulation size of DFT and difficulties in an experimental
setup, see JIANG ET AL. (2013c). Meanwhile, the size-dependent behavior of flexoelectric-
ity is the key aspect that makes flexoelectricity extremely attractive for small-length scale
devices, so understanding its mechanism is essential.

In recent years, the number of studies on flexoelectricity in 2D materials has increased with
the rising interest in the newly emerged 2D materials due to the desire to miniaturize sen-
sors and actuators to the micro and nanoscales. The majority of these studies employed
mechanically induced curvatures in 2D materials to activate flexoelectricity. For instance,
a study shows a linear relationship between the induced electric dipole moment and bend-
ing curvature in graphene using DFT calculations, see KALININ & MEUNIER (2008). A
theoretical analysis of flexoelectricity in carbon nanostructures (nanotubes, fullerenes, and
nanocones) further proves the dependency of the flexoelectric dipole moments on local cur-
vature, see KVASHNIN ET AL. (2015). Researchers have also successfully induced flexo-
electric response in Boron Nitride and transition metal dichalcogenide monolayers (TMDCs)
by indentation and bending, see AHMADPOOR & SHARMA (2015a); ROY ET AL. (2021);
Dou ET AL. (2020). Besides, a study provided evidence that monolayer MoS, exhibits an
out-of-plane bending flexoelectric response using the piezoresponse force microscopy, see
BRENNAN ET AL. (2017). An alternative to activate flexoelectricity in 2D materials is struc-
tural modification. For example, studies introduced defects into graphene sheets to generate
strain gradients under a tensile load, thus induces flexoelectric response and electric polariza-
tion, see CHANDRATRE & SHARMA (2012); KUNDALWAL ET AL. (2017); JAVVAIJI ET AL.
(2018). The presented studies primarily focused on the overall electromechanical response
of the studied 2D materials and left the flexoelectric coefficients of these 2D materials un-
resolved. They suggested that the main issue in calculating or measuring the flexoelectric
coefficients of 2D materials is that it has been challenging to isolate the relative contribu-
tions of piezoelectricity and flexoelectricity to the resulting polarization, see JIANG ET AL.
(2013c). As aresult, most 2D materials’ intrinsic flexoelectric properties remain unresolved,
and the mechanisms controlling the intrinsic flexoelectric properties of different 2D materials
are also unresolved.

1.2.2 Continuum modeling of flexoelectricity

The difficulty in developing a continuum model for flexoelectricity lies in the existing higher-
order strain gradient term in the governing equation of flexoelectricity. The strain gradi-
ent term requires C'! continuity, which the traditional finite element method does not pro-
vide. Researchers proposed two approaches to overcome this obstacle: (a) utilizing meth-
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ods equipped with a global higher-order shape function. For instance, a Meshfree model
equipped with a smooth shape function studies the flexoelectric responses of a dielectric
cantilever beam and truncated pyramid, see ABDOLLAHI ET AL. (2014, 2015). This model
further suggested that the simplified analytical model is unable to accurately characterize
flexoelectricity in multi-dimensional geometries. Another Meshfree model investigates the
influence of the surface flexoelectric effect and finite deformation on a flexoelectric device’s
overall electromechanical response, see ZHUANG ET AL. (2019b). Similar to the Mesh-
less model, Isogeometric Analysis (IGA) employs the NURBS or B-splines basis function to
handle the C'! continuity requirement. For instance, a study developed an IGA model and ap-
plied the level-set technique to optimize the topology of a flexoelectric structure to enhance
its electromechanical response, see GHASEMI ET AL. (2017). Another IGA model consider-
ing the material nonlinearity investigated the influence of the electric field acting on a droplet
on its deformation pattern., see THAI ET AL. (2018); (b) utilizing extra degrees of freedom
to enforce the C'! continuity. For example, a 2D mixed finite element model equipped with
the Lagrange multiplier achieved the C'* continuity and characterized a flexoelectric device’s
electromechanical behavior, see MAO ET AL. (2016). Another study extends this mixed fi-
nite element model to 3D, see DENG ET AL. (2017) and develops a topology optimization
scheme for flexoelectric structures within the mixed finite element framework, see NAN-
THAKUMAR ET AL. (2017). However, the continuum models presented here primarily focus
on single-phase flexoelectric structures. Meanwhile, several studies suggest that flexoelec-
tric composites can induce a stronger electromechanical response through flexoelectricity
than a single-phase flexoelectric structure, see ZHANG ET AL. (2016); WAN ET AL. (2017);
RAY (2018), and this enhancement requires further investigation by extending the existing
continuum models.

1.3 How this work approaches the identified issues

To address the identified issues on flexoelectricity, this work undertakes the following tasks

e To understand the mechanism of the size-dependent behavior of flexoelectricity in
BaTiOg;

o To estimate the flexoelectric coefficients of 2D materials and identify their contributing
factors;

e To develop continuum models of flexoelectricity for the design guidance of flexoelec-
tric composites.

The author has chosen the atomistic modeling approach for addressing the first two
tasks. More specifically, this work develops molecular dynamics models to explore the
size-dependent behavior of flexoelectricity in BaTiOs, and to extract the flexoelectric
coefficients of the newly emerged 2D materials (graphene allotropes, nitrides, graphene
analog group-IV elements, and transition metal dichalcogenide monolayers (TMDCs)).
Atomistic approaches, such as the molecular dynamics model, describe a system with
discrete atoms or particles governed by Newton’s second law of motion, and they have
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demonstrated extensive accuracy and correctness in studying piezoelectricity with respect
to experimental results, see BRISCOE ET AL. (2013); ZHANG ET AL. (2019); MOMENI
ET AL. (2012). Several studies have also obtained accurate results for flexoelectricity in
oxide materials using the same MD models for piezoelectricity, see MBARKI ET AL. (2014);
MAJDOUB ET AL. (2008). Meanwhile, the atomistic approach enables the researcher to
apply controlled complex boundary conditions to the nanostructures, which is advantageous
for studying flexoelectricity since it requires a deformation-induced strain gradient field.
Compare to another atomistic approach called DFT based on quantum mechanics, the
molecular dynamics is advantageous in simulation size. DFT allows less than 1000 atoms
in a simulation, limiting the study of the size/surface effect of flexoelectricity, see HONG
ET AL. (2010). Furthermore, experimental studies on flexoelectricity in 2D materials
suggested that it has been challenging to isolate the relative contributions of piezoelectricity
and flexoelectricity to the resulting polarization. The MD approach can efficiently eliminate
the contribution of piezoelectricity by specially designed deformation schemes. It worth
noting here that the accuracy of the MD models highly relies on the chosen interatomic
potentials. This work develops two continuum models to address the third task. A 2D
linear Meshless model coupled with the level-set technique explores flexoelectricity in
flexoelectric composites. Besides, a 3D nonlinear mixed finite element model incorporated
the geometric nonlinearity and strain gradient elasticity investigates flexoelectricity in 3D
composite structures under static and dynamic loading conditions. The following section
presents the structure of this work.

1.4 Structure of this work

The structure of this work: chapter 2 investigates the size effect of flexoelectricity in BaTiO3,
followed by chapter 3 examines the flexoelectric effect in newly emerged 2D materials and
extracts their bending flexoelectric coefficients. Subsequently, in chapter 4, a 2D Meshless
model and a 3D nonlinear mixed finite element model are developed to investigate flexoelec-
tricity in composite structures considering the geometric nonlinearity and dynamic effect.
Finally, chapter 5 presents the conclusions and outlook.
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Chapter 2

Size Effect of Flexoelectricity

This chapter investigates the size-dependent behavior of flexoelectricity in Barium titanate
oxide (BaTiOj3) and its mechanical property. BaTiOj is a ferroelectric material with numer-
ous industrial applications due to its outstanding piezoelectric, flexoelectric and electrical
hysteresis properties, see SETTER ET AL. (2006). For instance, studies found that it retains
electric polarization without the presence of an electric field, see MA & CROSS (2001);
BERLINCOURT & JAFFE (1958). It is also possible to control the strain in BaTiO3 by apply-
ing an external electric field, see WU ET AL. (2014b). Besides, the polarization in BaTiO3
can be altered by a sufficiently strong electric field, see SANG ET AL. (2008). These advan-
tageous electromechanical properties enable BaTiOg to be a potential candidate as the next
generation advanced material.

Flexoelectricity is an electromechanical phenomenon describing the linear relationship be-
tween the electric polarization and strain gradient, see YUDIN & TAGANTSEV (2013a). Dur-
ing the past decade, flexoelectricity received wide attention due to its strong electromechan-
ical effects at the micro-and nanoscale, see JIANG ET AL. (2013c); YUDIN & TAGANTSEV
(2013a); ZUBKO ET AL. (2013a). However, the questions about the range of the flexoelectric
coefficient of a material, contributors to a materials’ flexoelectric response, and size depen-
dence behavior of flexoelectricity are open to solve. Several studies attempted to answer
the first two open questions. For example, experimental findings show an unexpected large
bending flexoelectric response of BaTiO3 and Pb(Mg, ;3Nb/3)O3 comparing to the theoreti-
cal studies by density functional theory (DFT), see MA & CROSS (2001, 2006); FU ET AL.
(2006). This difference between the experiment measurement and theoretical estimation
by DFT correlates with the operational temperature of the experiment (ambient temperature
condition) and DFT (absolute zero temperature), see MARANGANTI & SHARMA (2009); XU
ET AL. (2013). Meanwhile, various studies measure or estimate the flexoelectric coefficients
of ceramics, single crystals, and polycrystals to find a suitable candidate for flexoelectric ap-
plications, see HUANG ET AL. (2011); KWON ET AL. (2014); SHU ET AL. (2017b); ZUBKO
ET AL. (2007). It worth noting here that the existing studies on the range of the flexoelectric
coefficients of these materials show a significant discrepancy among each other, see WANG
ET AL. (2019) Other findings suggest that the flexoelectric response of a material signifi-

The content of this chapter is partially published in author’s paper (DOI: 10.1016/j.physb.2018.01.031)
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cantly influenced by temperature, see MARANGANTI & SHARMA (2009); MBARKI ET AL.
(2014), and loading frequency, see SHU ET AL. (2017a). However, the size-dependency of
flexoelectricity reminds unexplored and unsolved due to the difficulty in modeling by DFT
and experimental setup, see HONG ET AL. (2010).

In this chapter, a core-shell molecular dynamics model explores the size-dependent behavior
of flexoelectricity in BaTiOg, the parameters used in the core-shell model are from quantum
mechanics approaches, such as DFT, see COHEN & KRAKAUER (1992); ZHONG ET AL.
(1994); VIELMA & SCHNEIDER (2013); PILANIA & RAMPRASAD (2010), so that the core-
shell model inherits the high level of accuracy as the quantum mechanics approach. Mean-
while, the core-shell model allows a large atomic structure that can not be achieved using
a quantum mechanics approach, see HONG ET AL. (2010). In the literature, the core-shell
model has been successfully applied for Periclase to investigate its spontaneous polarization,
see CHATZOPOULOS ET AL. (2016) and numerous oxide materials to study their electrical,
mechanical properties, see MACHADO ET AL. (2010); MATSUI (1998); TILOCCA ET AL.
(2006); TINTE ET AL. (2004). Another model called the reactive force field (ReaxFF) poten-
tial model depending on the self-consistent charge optimization also investigated the phase
transition and polarization of BaTiO3, see GODDARD III ET AL. (2002). Comparing to the
ReaxFF potential model, the core-shell model is advantageous in terms of computational
efficiency and accurate estimation of the phase transition of BaTiO3, which will be demon-
strated in the section 2.2

This chapter is structured as follows: section 2.1 presents the details of the core-shell model
for BaTiOg, and the validation of the core-shell model in terms of the phase transition tem-
peratures of BaTiOj3 is shown in section 2.2. Following by the studies on the size-dependent
behavior of flexoelectricity in BaTiO3 and its mechanical properties in section 2.3.

2.1 Core-Shell Model

The adiabatic core-shell model is first proposed in MITCHELL & FINCHAM (1993) to study
the melting process of NaCl, see WANG ET AL. (2008), superionic conduction in CaF,,
see LINDAN & GILLAN (1993), and the properties of MgO under the condition of high
temperature (above 1500 K) and high pressure (100 GPa), see FINCHAM ET AL. (1994).
The core-shell model is also extensively used for ferroelectric oxide materials thanks to its
competency in estimating the dipolar polarization, see TINTE ET AL. (2004); CHEN ET AL.
(2009); TINTE & STACHIOTTI (2001). These studies demonstrate that the applied core-shell
models are advantageous in considering the dynamics of oxygen atoms in ferroelectric oxide
materials.

In the core-shell model, each atom consists of a positively charged core and a negatively
charged shell. The splitting of an atom into a core and a shell will induce polarization under
perturbations. The total inter-atomic potential energy of a system represented by the core-
shell model has three contributors. Namely, the long-range Coulombic potential (FCoulombic)
to describe the electrostatic interaction among cores and shells of different atoms; Short-
range Buckingham potential (EBukingham) to describe the interactions between shells; An-
harmonic bond spring potential (F5P1"¢) to define the interactions between the core and shell
of the same atom. Figure 2.1 shows a schematic illustration of the interactions between two
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Figure 2.1. Schematic illustration of the interactions between particles.

atoms ¢ and j.
The Coulombic energy between atoms ¢ and 7 is

EEOUlombiC — qzq] ’ (21)
J 47T€7“ij

where ¢, j are the indices of any two particles (either a core or a shell), ¢ is the charge
carried by the particle, 7;; is the distance between the particle i and j. € is the dielectric
constant. The long-range Coulombic interactions between the shell and core of the same
atom are excluded to avoid the divergence in the equation (2.1). The mathematical form of
the short-range Buckingham potential is

E]}uckingham _ Ae_Tij/ﬁ . g (2 2)
K r6.’ '
ij
where A, p and C are numerical constants. The bond spring potential has the form
ESpring _ 1 2 1 K 4 2 3)
ij = 5 2T + ﬂ 4755 (2.

where K and K, are constants. The numerical parameters for BaTiO3 used in equation (2.1)
to (2.3) are listed in the table 2.1. The studies on the size-dependent flexoelectricity and me-
chanical properties of BaTiO3 were performed with an open-source MD code called Large
scale Atomic/Molecular Massive Parallel Simulator (LAMMPS) developed in PLIMPTON
(1995a). In the following section 2.2, the adopted core-shell model and the chosen param-
eters in the table 2.1 validate with the experimental and numerical studies in terms of the
phase transition temperatures and spontaneous polarizations of BaTiOs.

2.2 Validation of the Core-shell model

It found that BaTiO3 undergoes phase transition: Rhombohedral (R) — Orthorhombic (O) —
Tetragonal (T) — Cubic (C), as the temperature increases, and the spontaneous polarizations
of BaTiOg correlates with the phase transition process, see LEMANOV ET AL. (1996). Here
validates the core-shell model by reproducing this phase transition process and the correlated
spontaneous polarizations of BaTiOs. The phase transition process can be quantified by the
varying lattice parameters of BaTiO3 with the changing temperature and the calculation of
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Table 2.1. Core-Shell model parameters from VIELMA & SCHNEIDER (2013).
Charges are in unit of electrons, energies in unit of eV, and length in

unit of A.
Atom Core charge Shell charge K, K,
Ba 5.042 -2.870 298.51 0.0
Ti 4.616 -1.544 306.14  500.0
O 0.970 -2.718 36.93 5000.0
Short-range A p C
Ba-O 7149.81 0.3019 0.0
Ti-O 7200.27 0.2303 0.0
0-0 3719.60 0.3408 597.17

the spontaneous polarization in a given direction « follows the equation (2.4) as proposed in
CHEN & CALLAWAY (1992):

e (0% (0%
P, = o Xk: (Zpud + Y, W2, (2.4)

where P, is the polarization in « direction, e represents the positive elementary charge, 2
is the unit cell volume, k is the total number of atoms in a unit cell, Z is core charge, u is
the core displacement, Y is the shell charge, W is the relative displacement between core
and shell. As polarization only makes sense when defined as a neutral stoichiometric unit,
so for the BaO-terminated unit cell, the sum of Ba ions and O ions is divided by 8 and 2,
respectively, as suggested in ZHONG ET AL. (1994).

The validation study carries out in LAMMPS and simulation details as following, the initial
configuration of the BaTiO3 system has N x N x N unit cells. NV is the number of primitive
cells in one direction of the Cartesian coordinate system. The unit cell is a BaO-terminated
primitive cell constructed in the rhombohedral phase. The system first equilibrates for 10000
steps at 80 K, followed by a simulation run of 450000 steps. During the simulation run, the
system is heated from 80 K to 450 K at a constant rate. The atmospheric pressure of 1 bar
applies on the system. The relaxation time for the thermostat and barostat is 0.1 ps. The
shells have a mass of 2 atomic units, which ensures the natural vibrational frequency of an
an-harmonic spring well above the whole domain’s frequency. This enables the shells to
react with the electrostatic environment. The time step is set to 0.4 fs to record the atom
trajectories. The interaction cut-off distance is 16 A. Ewald summation sets the accuracy
of 1 x 1079 for calculating the long-range Coulombic interaction in the K-space. Periodic
boundary conditions are imposed in all directions (unless otherwise stated) to remove surface
effect while studying the phase transition of BaTiO3. The primitive cell’s lattice constants
are obtained by analyzing the simulation box size and shape during the heating period. Fig-
ure 2.2 presents the temperature-dependent lattice parameters of primitive cells extracted
from the systems with different size. Systems with 7x7x7, 10x10x10, 13x13x13 and
15x15x15 primitive cells have 3430, 10000, 21970 and 33750 atoms, respectively.
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Figure 2.2. Temperature versus lattice parameters (A) of different size BaTiO3 sys-
tems.

Figure 2.2 shows the variation of the lattice parameters with temperature for systems of dif-
ferent sizes. The increase in temperature changes the lattice parameters, which corresponds
to the changes in the crystal structure. From the simulation results (figure 2.2), the phase
transition sequence of Rhombohedral (R) — Orthorhombic (O) — Tetragonal (T) — Cu-
bic (C) is correctly captured. The numerical value of lattice parameters shows significant
perturbations for the system consist of 7 x 7 x 7 cells. These perturbations originate from
the unstable oscillations of atoms under the thermal and pressure constraints. The varia-
tion of lattice parameters shown in figure 2.2(b) ~ (d) demonstrates that the thermal and
pressure-induced perturbations can be sufficiently relaxed with the increase in system size.
The transition temperatures with respect to the system size is shown in figure 2.3 and sug-
gests that a system with a total number of atoms larger than 10000 is required to achieve a
stable and correct estimation of the phase transition of BaTiO3. The transition temperatures
obtained from the MD simulations compared with DFT and experimental results are shown
in the table 2.2. The prediction from the core-shell model with parameters from the table
2.1 produces the transition temperatures in agreement with the experimental data for R — O
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Table 2.2. BaTiOg3 transition temperature (K) comparison by different methods.
Rhombohedral (R) — Orthorhombic (O) — Tetragonal (T) — Cubic
©.

Study R—-0 O—-T T—C
This study (parameters from table 2.1.) 180 267 353
This study (parameters from SEPLIARSKY ET AL. (2005)) 190 225 346
Anisotropic (see, TINTE ET AL. (1999)) 80 120 180
ReaxFF (see, GODDARD III ET AL. (2002)) 197 237 290
Experiment (see, LEMANOV ET AL. (1996)) 183 279 393
400
350
=#-R-0
< 300
E —=0-5T
E 250 /_/"—‘
g T-C
g 200
#: ./’_-
150
100
0 10000 20000 30000 40000

Total number of atoms of the system

Figure 2.3. Size-dependent phase transition temperatures (K) of BaTiO3 systems.

and O — T phase changes. A difference of 40 K is found for the transition temperature of
T — C between the MD and the experiment result. Nevertheless, the present study’s predic-
tions have a better agreement with experiment values compared to other MD or DFT studies,
which validates the effectiveness of the developed MD approach. As the lattice parameters
vary with the temperature (shown in figure 2.2), it also alters the barycenter of all positively
and all negatively charged particles, which results in a non-zero relative distance between
the average center of the positively and negatively charged particles thus induces a non-zero
dipole moment in the system. Additionally, for ferroelectric material, the electronic polariz-
ability contributes to the overall polarization. The total spontaneous polarization P, in the
direction « is calculated with the equation (2.4) and the obtained results are shown in the
figure 2.4 with respect to temperature.

Figure 2.4 presents the three components of the absolute averaged spontaneous polarization.
As expected, the spontaneous polarizations show a temperature-dependent behavior, which
is explained by the calculation procedure. As demonstrated by the equation (2.4), the polar-
ization is calculated with the location of each particle and its charge. The lattice parameters
dominate the location of each particle. Meanwhile, figure 2.2 clearly shown that the lattice
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Figure 2.4. Temperature versus averaged absolute spontaneous polarization
(C/m?) of different size BaTiO3 systems.

parameters are influenced by the temperature, suggesting that the system’s spontaneous po-
larization also subjects to the temperature. The calculated absolute spontaneous polarization
for phase R, O and T are 0.155, 0.176 and 0.195 C/M?, respectively. These values fall
within the ranges of experimental measurements 0.13 to 0.19, 0.14 to 0.25 and 0.17 to 0.27
C/M? for R, O and T phase, respectively, see KWEI ET AL. (1993); SHIRANE & TAKEDA
(1952), which further proves the effectiveness of the developed MD model. In the following

section 2.3, the flexoelectric and mechanical properties of BaTiO3 are further examined by
the developed MD model.
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2.3 Flexoelectrical and mechanical properties of Barium ti-
tanate oxide

2.3.1 Flexoelectrical property

The induced polarization in a dielectric material (such as BaTiO3) by an inhomogeneous

strain is 9
3
Po = dapyEpy + Hapys 055(: (2.5)

where d, 3, is the piezoelectric coefficient, 4, is the strain, ji1,4.5 is the flexoelectric coef-
ficient and 5‘” is the strain gradient, see YUDIN & TAGANTSEV (2013a). Indices «, [, v
and ¢ represent the directional components of the coordinate system. To extract the flexo-
electric coefficient from the equation (2.5), one should eliminate the interference from the
piezoelectric effect. Deformation schemes are developed within the developed MD model to
fulfill this criterion for extracting the flexoelectric coefficient independently from the piezo-
electric effect. Further details are given in the following subsections. Based on the crystal
symmetry, only three flexoelectric coefficients exist for cubic perovskites, see SHU ET AL.
(2011a). For isotropic materials, such as BaTiOs, these three coefficients further reduce to
two coefficients (longitudinal and shear). To extract these two flexoelectric coefficients of
BaTiO3 with the consideration of size dependency, BaTiO3 systems with N x N X 14 unit
cells are constructed, N x N represents the total number of unit cells in the cross-section
(X-Y plane). The geometrical details of the BaO-terminated unit cell are from KWEI ET AL.
(1993). The values of N are 1, 3,5, 9, 10, 12 and 16, which correspond 140, 812, 4942,
6188, 7574, 10766 and 18830 total number of atoms in the BaTiO3 systems, respectively.
All BaTiOg systems are set continuously periodic in the Z-direction and set free of move-
ment in X and Y directions. Under the given boundary conditions, the atoms on the system
surface have different energy state comparing to the internal atoms. It will result a surface
effect that is strongly dependent on the number of exterior atoms available on the surface. By
varying the cross-section size N x N, the free surface atom ratios changes. Additionally, a
fully periodic system is also constructed to simulate the bulk flexoelectric effect of BaTiOs.

Longitudinal flexoelectricity

To extract the longitudinal flexoelectric coefficient, a sinusoidal deformation applies to the
BaTiOj3 systems, see HONG ET AL. (2010). The deformation function gives as

Emazll . (27rz)
sin
2 h '

u'"(2) = (2.6)
with €,,,, 1s the given maximum strain, A is the height of the BaTiO3 system in the longitu-
dinal direction.

The corresponding strain and strain gradient in the longitudinal direction of the BaTiOs
system are

2 Oc.. 2 .2
£.2(2) = Emaz cos(ﬂ and e=(2) = ——Wém,w sm(ﬂ

h) 0z h h>’

(2.7)
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To eliminate the interference of the piezoelectric effect, the cells at position z = h/4 of
the BaTiO3 system are selected for extracting longitudinal flexoelectric coefficient. At this
position, the strain in the BaTiO3 system is zero (¢,.(z = h/4) = 0) and the strain gradient
is maximum. This is clearly visualized in figure 2.5. With the elimination of the piezoelectric
effect at this location, the longitudinal flexoelectric coefficient (1., ) is

Hzzzz = De.2(2)

, (2.8)
0z ‘z:h/4

where P, is the Z direction (longitudinal direction) polarization at position z = h/4.

To maintain the imposed deformation, the position of all Barium atom cores are fixed at the
location according to the equation (2.6) during the relaxation and energy minimization step.
After minimization, the total polarization of the selected cells (position z = h/4) derives
from the equation (2.4). The given ¢,,,, varies between 0 to 0.02 A_l. Figure 2.6(a) shows
the polarization versus &,,,, of all BaTiO3 systems. It shows a linear relationship between
the polarization and strain €,,,,,, which indicates a linear relationship between the polariza-
tion and strain gradient Qfemm in the BaTiOj3 systems, since 27” is a constant. The obtained
polarizations are then averaged and substituted with the given strain gradient Z%Emm into
the equation (2.8), the size-dependent longitudinal flexoelectric coefficients are calculated
and presented in the figure 2.6(b). Clearly, the longitudinal flexoelectric coefficient shows a
strong dependency on the system size. It can be explained by the ratio between the number
of surface atoms and the total number of atoms in a system. The higher surface atom ra-
tio results in more substantial atom mobility and a larger relative displacement between the
positive charge center and negative charge center of the surface unit cells, which leads to a
stronger polarization of the surface cells. Figure 2.7 shows the cell by cell polarization of the
systems with N = 3,5, 8, and it indicates a higher polarizations of surface cells (especially
the corner cells) compared to the inner cells. It also found that the bulk longitudinal flex-
oelectric coefficient calculated from the MD model agrees well with the DFT calculations
in MARANGANTI & SHARMA (2009); HONG ET AL. (2010), which further validates the
effectiveness of the applied simulation scheme.

Shear flexoelectricity

To extract the shear flexoelectric coefficient, a similar deformation pattern (figure 2.5(c)) is

chosen
2wz

T (1) = —€pan COS(T), (2.9)
with &,,,4, 1s the given maximum strain.
The corresponding strain and strain gradient in the system:

2 2 - or\° 2
€22(2) = %amx sin(%) and 858—2(2) = €ma (%) cos(%). (2.10)

As demonstrated by the figure 2.5(d), the strain is zero at the location of z = h/2, which
eliminates the piezoelectric effect and the flexoelectric effect is maximum. The calculation
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Figure 2.5. Schematic illustration of (a) deformed supercell structure according to
the equation (2.6); (b) Deformation (equation (2.6)), strain and strain
gradient (equation (2.7)) profile, h/4 position indicated by the dash line;
(c) deformed supercell structure according to the equation (2.9); (d) De-
formation (equation (2.9)), strain and strain gradient (equation (2.10))
profile, h/2 position indicated by the dash line.
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Figure 2.7. Cell by cell (at z = h/4 section) polarization (calculated by the equa-
tion (2.8)) of different system sizes demonstrate the surface cells have
higher polarization compare to the inner cells due to the higher mobility
of surface atoms.

of the shear flexoelectric coefficient follows
P,
IU“IZCEZ - 851‘2 (Z) . (2.1 1)
0z lz=h/2

The identical approach applied for extracting the longitudinal flexoelectric coefficient has
been employed to calculate the shear flexoelectric coefficient. Figure 2.8(a) shows a linear
relationship between the polarization and the adopted ¢,,,,, Which indicates a linear rela-
tionship between the polarization and strain gradient €,,,4, (27”)2, since (27“)2 is a constant.
The size-dependent shear flexoelectric coefficient is shown in the figure 2.8. Contrast to
the longitudinal flexoelectric coefficient (figure 2.6(b)), the shear flexoelectric coefficient in-
creases with the cross-section size and converges to the bulk shear flexoelectric coefficient,
see XU ET AL. (2013). The explanation of this behavior: in contrast to the calculation of
the longitudinal flexoelectric coefficient (the Z-direction polarization P, is required by equa-
tion (2.8)), the calculation of the shear flexoelectric coefficient requires the polarization P,
of X-direction by equation (2.11). Due to the applied vacuum boundary condition in the X
and Y directions, the atoms have more freedom of movement in the X-direction compared
to the Z-direction (periodic boundary condition applied). During minimization, for system
with a smaller cross-section (in the X-Y plane), the surface atoms in the system can easily
find a lower energy state in the transverse (X-Y) directions, which returns a lower transverse
polarization of the surface cells. As the cross-section of the system increases, the transverse
inter-atomic force strengthens, which forces the surface atoms to stay in a higher energy
state, hence a higher transverse polarization (F,) of the surface unit cells.

2.3.2 Mechanical property

This subsection investigates the influence of the surface effect on the mechanical property of
BaTiOs. For this propose, BaTiO3 nanostructure (see figure 2.9(a)) with size of N x N x35
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Figure 2.8. Plot of (a) polarization vs applied strain €,,,4, (b) size-dependent shear
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XU ET AL. (2013).

unit cells are constructed. The N x N represents the total number of unit cells of the cross-
section in the X-Y plane. The value of N ranges from 3, 4, 6, 8, 12 to 16, which yields dif-
ferent surface atom ratios of the BaTiO3 systems. The BaTiOj3 unit cell is a BaO-terminated
cubic cell, the lattice length of the unit cell is 4.01 A. For each BaTiOs system, it initially
equilibrates at 415 K for 10 ps with traction free boundary condition. Hereafter, the quasi-
static tensile load applies to the system in two steps: first a ramped displacement applies to
the top boundary atoms and follows by the energy minimization and equilibration procedures
of the entire structure. Loop these two steps until the desired strain is achieved (schematic
illustration of the loading procedure see figure 2.9(b)). At each loading step, the resulted
stress is calculated from the equation (2.12) as suggested in ZHOU (2003). During the simu-
lation, vacuum boundary condition applies in the transverse directions (X-Y plane), and the
bottom atoms remain fixed.

Oup = é %Z Z farl - Zmi@g@f : (2.12)
7 17 7

where () is the system volume, m; is the mass of the i particle, v is the velocity of the i
particle in « direction, f;; is the inter-particle force between particle ¢ and j.

Figure 2.10 presents the size-dependent stress-strain diagram for the BaTiO3 systems and the
comparison of their Young’s modulus with the experimental result. The Young’s modulus
calculates from the tangent of the stress-strain diagrams. As shown in figure 2.10(b), the
derived Young’s modulus of BaTiO3 systems strongly correlate to the surface atom ratio.
It is explained by the different mobility between the surface and inner atoms. The surface
atoms are less constrained compare to the inner atoms. A higher surface atom ratio results
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Figure 2.9. Schematic illustration of (a) BaTiO3 nanostructure and (b) loading pro-
cedure for extracting Young’s modulus of BaTiO3 nanostructure.

in higher surface energy, thus higher stress. This enhanced stress contribution from the
surface atoms leads to an overall enhancement of the Young’s modulus. It is also found
that the surface effect diminishes, when the BaTiO3 system has a transverse diameter larger
than 6.4 nm, which agrees with the reported value, see SHAHRAKI ET AL. (2014), and the
Young’s modulus of BaTiOs nanostructures converge to an experimental result shown in
CHENG ET AL. (1996).
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Figure 2.10. Illustration of (a) size-dependent stress-strain diagram and (b) influence
of the surface effect on Young’s modulus of BaTiO3 nanostructures.
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2.4 Conclusion

This chapter presented a core-shell molecular dynamics model to study the size-dependent
behavior of flexoelectricity in BaTiO3 nanostructures. The core-shell model reproduced the
phase transition of BaTiOs validating its correctness. Specially designed deformation pat-
terns apply to the BaTiO3 nanostructures inducing flexoelectric effect without the interfer-
ence of the piezoelectric effect enabling direct estimation of the flexoelectric coefficients of
the BaTiO3 nanostructures. The results show that the surface effect significantly influences
the longitudinal and shear flexoelectric coefficient of the BaTiO3 nanostructures. Namely,
the longitudinal flexoelectric coefficients decrease with the surface atom ratios of the BaTiOs
nanostructures, while the shear flexoelectric coefficients show an opposite trend. The follow-
ing chapter studies flexoelectricity in the newly emerged 2D materials.



Chapter 3

Flexoelectricity in two-dimensional
materials

Atomically thin two-dimensional (2D) materials have a variety of unique physical proper-
ties that made them attractive for many different applications (sensor, actuator, energy har-
vester), see POP ET AL. (2012); GHOSH ET AL. (2010); FE1 & YANG (2014); YU ET AL.
(2017); WANG ET AL. (2012); HANAKATA ET AL. (2016); ANDREW ET AL. (2012); JAV-
VAIJI ET AL. (2016); KIM ET AL. (2015); SUN ET AL. (2016); MAS-BALLESTE ET AL.
(2011). An emerging area of interest for 2D materials is the electromechanical coupling due
to the desire to miniaturize sensors and actuators to the micro and nanoscales. The most
widely studied electromechanical coupling mechanism is piezoelectricity, which has also in-
vestigated for 2D materials, including graphene, hexagonal boron nitride (h-BN), transition
metal dichalcogenides (TMDCs), and many others, see WANG ET AL. (2015); SONG ET AL.
(2017); ZHENG ET AL. (2017); ZELISKO ET AL. (2014); BLONSKY ET AL. (2015); KUN-
DALWAL ET AL. (2017); CHANDRATRE & SHARMA (2012); DUERLOO & REED (2013);
ZHANG (2017); ZHOU ET AL. (2016); JAVVAIT ET AL. (2018); WU ET AL. (2014a); DUER-
LOO ET AL. (2012). The majority of these works have focused on the in-plane electrome-
chanical properties.

In contrast to the extensive studies on piezoelectricity in 2D materials, only a few prelim-
inary studies on flexoelectricity in 2D materials have recently been carried out using the
density functional theory (DFT) calculation, see KALININ & MEUNIER (2008), theoretical
analyses, see KVASHNIN ET AL. (2015); CHANDRATRE & SHARMA (2012); KUNDALWAL
ET AL. (2017) or experiment, see BRENNAN ET AL. (2017). However, one key issue in
calculating or measuring the flexoelectric coefficients of 2D materials is that it has been
difficult to isolate the relative contributions of piezoelectricity and flexoelectricity to the re-
sulting polarization, see BRENNAN ET AL. (2017). As a result, the intrinsic flexoelectric
properties of 2D materials remain unresolved, and the mechanisms controlling the intrin-
sic flexoelectric properties of different 2D materials are also unresolved. In this chapter, a
charge-dipole (CD) molecular dynamics model is developed to calculate the intrinsic bend-

The content of this chapter is partially published in author’s paper (DOI: 10.1103/PhysRevB.99.054105;
10.1103/PhysRevMaterials.3.125402)
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Figure 3.1. Top and side view of the studied materials: (a) Graphene allotropes AB,
A =B = Carbon; (b) Nitrides AB, A = Nitrogen, B = Boron, Aluminium
or Gallium; (c) graphene analogues of group-IV elements AB, A=B =
Silicon, Germanium, Tin; (d) transition metal dichalcogenides ABy,A =
Molybdenum, Tungsten or Chromium, B = Sulfur; (e) Janus transition
metal dichalcogenides MXY, M = Molybdenum or Tungsten; X= Sulfur
or Selenium, Y = Selenium or Tellurium. For (a)-(c), h refers to the
buckling height, while in (d) -(e) h; and ho refer to intralayer distances.

ing flexoelectric coefficients of the five different 2D material groups shown in figure 3.1:
graphene allotropes (C1, C2, C3), nitrides (BN,AIN,GaN), graphene analogues of group-IV
elements (Si, Ge, Sn), transition metal dichalcogenides (TMDCs) (MoS,, WS,, CrSs) and
Janus TMDCs (MoSSe, MoSTe, MoSeTe, WSSe, WSTe, WSeTe). The calculation method,
procedure and result are presented in the following sections 3.1 to 3.3.

3.1 Charge-dipole model

3.1.1 Charge-dipole formulation

The charge-dipole potential model was first proposed in OLSON & SUNDBERG (1978). It
assumes that atom ¢ in a system associates with a net point charge ¢; and a dipole moment
p;. And it further develops to overcome the numerical divergence under point charge ap-
proximation, see MAYER (2007, 2005). Following the work of MAYER (2007, 2005), the
total electrostatic energy (EP) for a N atoms system is

ECD — Eshort—range + Joex + EaP + EPpP + Eext, (31)
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where Ehortrange represents the short range potential; the charge-to-charge (E£9°9), charge-to-
dipole ( E%P) and dipole-to-dipole ( EPP) potential functions complete the long range interac-
tions. Along with internal interactions, there may exist an external energy, which represents
as K. F94 consists of (i) energy required to create a charge ¢; on atom 4 in position r; with
an assumption that other atoms are at infinite distance, (i1) energy required to bring atom 7 in
the neighborhood of other atoms and (iii) energy contribution that accounts the interaction
between its nucleus and electrons (electron affinity). £99 expresses as

1 N N N
BT = ZqZT‘Z a5 Do wTh M+ Y e (32)
=1

i=1 j=Li#j

where ¢; is the net charge on atom ¢, 7977 is the charge-charge interaction coefficient. y; is
the electron affinity of atom 7. E97P is the interaction between the dipole of each atom and
charge associated with each other atom, including the self-interactions, which is

N
EY? = = " gT, " pi — Z Z 4TS "p;, (3.3)
=1

i=1 j=1,i#j

where T? P defines as the negative spatial gradient over 797 (T}, " = —VT;"%). The
product T7; Pp; is the electric potential produced at location r; by dipole p;. The energy for
dipole-to-dipole interaction consists of self interaction and interactions with other dipoles.
EPP expresses as

N
LS prp - 15T S by, 34
=1

1=1 j=1,i#j

where T}? = —V®@ VT Product of T}, and p is the electric field induced by the dipole
j on dipole 1.
Tg ? is the Coulombic interaction between atomic charges ¢; and ¢; separated by a distance
ri;, which is
1 1
Tt = —— (3.5)
4dmeg 7"”
where ¢ is the dielectric permittivity of vacuum. From the equation (3.5), 797 ¢ involves the
1/r;; term, which diverges for a point charge approximation when r;; tends to zero. In order

to overcome this, r;; is normalized with erf (r;;/(v2R)). T}, modifies as

1 erf (%R)

47760 Tij

Ti = : (3.6)

where R is equal to |/ R ; + R% ;/ /2, where R4 ; represents the width of Gaussian distri-

bution for atom index ¢ with type A. Rp ; represents the Gaussian distributed charge width
for atom type B and with index j. When 7 tends to zero (energy term belongs to the same
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atom), neglecting the higher order terms in the expansion of the error function, the equa-

tion (3.6) reduces to
1 21
T = \/j—. 3.7
" dmeg V TR .7)

The normalization approximates the interaction between two point charges as an interaction
between two Gaussian distributed charges. It is identical to the electrostatic interactions
between the electronic clouds of any two atoms. For a detailed mathematical understanding
of TP 'TP~P and charge-dipole potential, the reader is referred to MAYER (2005, 2007),
and references therein.

With the interatomic potential, the equation of motion for atom 7 derives from the Lagrangian
approach. The equation of motion for atom 7 is

a Eshort—range @ Eaa aE’q-P a PP
P _ _ _ ’ 3.8
it 8ri (91'2- 8ri 3ri ( )

where the first-order derivatives of the short-range term were derived and implemented in re-
cent versions of the open-source MD code called Large scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS), see PLIMPTON (1995b). The charge and dipole related force
contributions are derived and incorporated as additional forces to the atoms. The present
study utilizes the ‘addforce’ command in the LAMMPS package to include the addi-
tional force. The mathematical expressions for the potential energy derivatives are presented
in Appendix A.

The charge and dipole moment of each atom estimated from the governing equations ob-
tained in the Lagrangian approach. The governing equation for the atomic charge ¢; is

N N
Y T — Y TEp+ T g — T4 i+ x: = 0. (3.9)
J=1,i#j Jj=1,i#j

The governing equation for the atomic dipole moment p; is

N N
> TiTai+ Y T+ T e+ T "pi = 0. (3.10)

J=Li#j J=Li#j

Equation (3.8) defines each atom’s dynamics under various forces that originated from the
interatomic potential. The unknown charge and dipole moment of each atom obtained by
solving the equation (3.9) and (3.10). Rearranging these equations into a matrix-vector form

Tq_q Tq_p q _X

[qu Tpp} [p} = [ 0 1 : (3.11)
From the equation (3.11), the charge and dipole moment are known for the given atomic con-
figuration. Using the charge and dipole moment data, force terms 22, 22 and 922 ip the
equation (3.8) are calculated using the expressions given in the Appendix A. Equation (3.8)

is time integrated using the Velocity-Verlet algorithm, see SWOPE ET AL. (1982). The time
integration of the equation (3.8) updates the atomic configuration at one time instant, and for
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the updated configuration the charge-dipole matrix-vector system is solved. For the atomic
configuration at time instant ¢, the charge and dipole moment data of time step ¢t — At is used.
At represent the time interval between two successive time instances.

Based on the known dipole moment of each atom, the polarization for the unit cell is de-
fined as the sum of dipole moments of atoms present in that unit cell divided by the unit cell
volume. The polarization of the m™ unit cell (P,,) is

1 n
P = 3- (; pi> , (3.12)

where n is the number of basis atoms present in unit cell m, V,, is the unit cell volume, and
the total polarization is the average among all unit cells in the system.

3.1.2 Estimation of charge-dipole potential parameter R

In the previous subsection 3.1.1, a parameter R is introduced to avoid the divergence of the
equation (3.6). The estimation procedure of R as following
Consider the equation (3.10) for dipole moments, which rewrites as

N N
T YT, = YT Ry ) e

3 JA#E]

This represents that the dipole moment of an atom are defined by three different parts: elec-
tric field at position r; due to neighboring (i) dipoles p; (left hand side second term in the
equation (3.13)); (i) charges ¢; (right hand side first term in equation (3.13)) and (iii) from
the externally applied electric fields. The diagonal coefficient T%, * is known as the inverse
of atomic polarizability (&). The mathematical expression for T%, * is given under the CD
potential approximations, see MAYER (2007, 2005):

1 2 1
™ _ va 1 (3.14)
471'60 3ﬁR3 (8.7
where ¢, is the dielectric permitivity of vacuum. The CD parameter R is related to the

polarizability &. For an NV atoms system, the equation (3.13) modifies into a matrix-vector
system, which is

Ap = E, (3.15)
where . B B
oy Trfglp T TI{NP
_ P—P 5 - P—P
I R (3.16)
TI]’V—IP Tr])\f—2p . 5‘17\71

and p, E represent the vector of dipole moments and the associated external electric field of
each atom, respectively. In order to estimate the atom polarizability & thus the parameter R,
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one assumes that the dipoles are experiencing a uniform electric field (E) (which includes
both external fields and charge related fields), see SILBERSTEIN (1917); THOLE (1981).
Additionally, the total dipole moment (py) of the atomic system is

Protal = dtotalE; (3.17)

where Qo 18 the total polarizability of the atomic system, which expresses as

N N
ot = »_ > Bij, (3.18)
(]

where B is the components of the matrix A~'. Equation (3.18) represents that, in order
to estimate R, Qo has to be known. The total polarizability cv 1s calculated from the
changes in electronic wave functions in DFT. We used the function polar in Gaussian soft-
ware, developed in FRISCH ET AL. (2016), to estimate ¢ ,, Where details about computing
polarizability in DFT calculations elaborated in OLSEN & JORGENSEN (1985); SEKINO &
BARTLETT (1986).

To estimate the R values for all 2D material systems: graphene allotropes, nitrides, graphene
analogues of group-IV elements, transition metal dichalcogenides (TMDCs) and Janus
TMDCs, DFT simulations are performed for different sized samples of each material system.
The isotropic polarizability values from DFT (a2LT) for these systems are noted. With the
given atomic configuration of each sample and a variational range of R (less than the given
bond length), the total polarizability is calculated (aS/AL) from the equation (3.18). The R
values are estimated, when a$al = alhT for different sized samples and these R values
are averaged as the overall R value for a given material system. The calculated total polariz-
ability (a2ET) from DFT, the estimated (aSAL) from the equation (3.18), the parameter R
and lattice parameters of each material system are tabulated in the table 3.1 and table 3.2.

3.1.3 Validation of the charge-dipole model

In this section, the CD model and the derived material parameters in the section 3.1.2 are
validated by calculating the piezoelectric coefficients of BN, MoS, and Janus TMDCs and
comparing them with the results in literature, see DROTH ET AL. (2016); BLONSKY ET AL.
(2015); DONG ET AL. (2017). The piezoelectric coefficients of these materials are estimated
by subjecting the material samples with dimensions 80 A x 80 A to a tensile loading in the
X-direction as shown in the figure 3.2. The lattice parameters of these materials are listed
in the table 3.1 and table 3.2. The initial configurations are flat for all material samples,
hereafter the samples are subjected to a relaxation process through energy minimization to
stabilize material structures. For BN and MoS,, the samples remain flat (see figure 3.2(a)),
whereas the structures of Janus TMDCs are bent (see figure 3.2(b)), which is due to the spon-
taneous curling effect, see XIONG ET AL. (2018); WANG ET AL. (2018a). This spontaneous
curling effect arises from the structural asymmetry between the M-X and M-Y layers, re-
sulting in stretching in the Y layer and compression in the X layer. The minimized samples
then subject to tensile load and the samples are deformed until the desired in-plane strain
€. 18 achieved. During this loading procedure, the atomic charge ¢; and dipole moments p;
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Table 3.1. Calculation details for each material. The unit cell dimensions a, b, ¢
and h are given in A. The bonding interactions are modeled using dif-
ferent types of ’short-range potentials’. agth is the polarizbility esti-
mates from DFT and aCAF is calculated using the equation (3.18) in

A3, The R4 and Rp (in A units) are the CD potential parameters for

atom types A and B in the given unit cell.

Materiala b ¢ h  short-range potential aZET oS2L Ry Rp
Cl 2.46% 4.26% 3.5 0.0 AIREBO¢ 249 2.78 0.64 0.64
C2 4.87 8.84 3.5 0.0 AIREBO¢ 246 2.72 0.64 0.64
C3 5.70¢ 7.56* 3.5 0.0 AIREBO¢ 245 277 0.64 0.64
BN 2.50¢ 2.50¢ 3.33¢ 0.0 Tersoff® 2.85 2.84 0.76 0.35
AIN 3.13/ 3.13/ 3.39/ 0.0 Tersoff’ 19.79 19.97 1.04 0.48
GaN 3.21%8 3.21% 3.63¢ 0.0 Tersoff" 15.80 16.38 1.05 0.48
Si 3.82" 6.62' 2.4/ 0.44' Tersoff* 20.62 20.92 1.37 1.37
Ge 3.97" 6.87" 3.20' 0.65 Tersoff™ 13.43 13.14 1.27 1.27
Sn 4.67" 8.09" 3.30° 0.89" Tersoff” 15.25 15.86 1.52 1.52
MoS,  3.167 3.16” 12.299 1.58 SW” 12.32 12.35 0.69 1.04
WS, 3.18° 3.18° 12.16° 1.56 SW’ 15.36 15.38 0.70 1.09
CrS, 3.049 3.047 14.419 1.45 SW! 10.86 10.87 0.75 1.00

“Reference ENYASHIN & IVANOVSKII (2011)
bReference ISHIGAMI ET AL. (2007)
“Reference BRENNER ET AL. (2002)
dReference VERMA ET AL. (2007)
¢Reference ABADI ET AL. (2018)

fReference ZHAO ET AL. (2016)

8Reference ONEN ET AL. (2016)

hReference NORD ET AL. (2003)

‘Reference DIMOULAS (2015)

JReference PADILHA & PONTES (2015)
FReference STILLINGER & WEBER (1985)
'Reference DAVILA & LE LAY (2016)
"Reference MAHDIZADEH & AKHLAMADI (2017)
"Reference CHEN ET AL. (2016)

°Reference SAXENA ET AL. (2016)
PReference STEWART & SPEAROT (2013)
9Reference JIANG ET AL. (2016)

"Reference JIANG ET AL. (2013a)

‘Reference WANG ET AL. (2018b)
"Reference JIANG & ZHOU (2017)
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Table 3.2. Total polarizability estimated by DFT (aDFT in A® ) and the estimation
from the present CD model (acy. in A ), see ZHUANG ET AL. (2019a).
Atomic polarizability (R; in A) and lattice parameters (a,b are the lat-
tice constants, [; and [ are the bond lengths for M-X and M-Y in A, re-
spectively) for the Janus TMDCs. For simplicity, in this study the Janus
TMDCs are denoted as MXY with M = Mo and W; X,Y = S,Se and
Te; X represents the chalcogenide atom with a smaller atomic number
while Y represents the chalcogenide atom with a larger atomic number.

Material a,b [ Iy short-range potential o257 oS4 Ry, Ry Ry
MoS; 3.160% 2.420° 2.420° SW?h 12.320 12.350 0.69 1.04 1.04
MoSSe 3.288% 2.416% 2.530¢ SW? 13.456 13.450 0.84 1.14 1.06
MoSTe 3.343% 2.432¢ 2.7715¢ SW?b 15.590 15.593 1.0 1.16 1.02
MoSeTe 3.412¢ 2.552¢ 2.717¢ SW? 16.768 16.769 1.04 1.12 1.05
WSSe 3.232¢4 2.421¢ 2.538¢ SW? 16.824 16.822 0.94 1.18 1.08
WSTe 3.344¢ 2.438% 2.720¢ SW? 19.489 19.489 1.08 1.18 1.08
WSeTe 3.413% 2.559% 2.722¢ SW? 21.225 21.224 1.08 1.24 1.08

“Reference HU ET AL. (2018)
bReference JIANG (2019)

are derived and noted from the CD model for each atom in each sample. Accordingly, the
total polarizations P of the samples are calculated by the equation (3.12) and the in-plane
strains €, are calculated by ¢,, = lf”lmlmm"‘ where [z and [z, are the deformed length and
minimized length of the samples in the X-direction. The polarization (F,) - strain (¢,,) di-
agrams of all samples are shown in the figure 3.3 and the diagrams of Janus TMDCs are
shifted to have zero initial polarization by subtracting the polarization caused by the initial
spontaneous curling effect, see XIONG ET AL. (2018); WANG ET AL. (2018a). Linear rela-
tions are observed between the polarization P, and given strain ¢, in figure 3.3. The slope
of the linear relation yields the in-plane piezoelectric coefficient (d,,. or di;) of the samples.
Table 3.3 indicates that the calculated piezoelectric coefficients are in good agreement with
the reported DFT and experimental values from DROTH ET AL. (2016); BLONSKY ET AL.
(2015); DONG ET AL. (2017), which validates the effectiveness of the CD model and the
derived material parameters in the section 3.1.2.

Table 3.3. Piezoelectric coefficients (x 10~1% C/m) from the CD model estimation
and literature.

Material BN MoS, MoSSe MoSeTe MoSTe WSSe WSeTe WSTe
Calculated 0986 3.95 4.099 4676 4.733 3.144 3.209 3.327
Reported 1.35¢3.567 3.74% 4.35¢ 453 2.57% 3.34% 3.48¢

“Reference DROTH ET AL. (2016)
bReference BLONSKY ET AL. (2015)
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Deformed configuration

Initial configuration

Figure 3.2. Loading scheme for estimating piezoelectric coefficient.
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Figure 3.3. Polarization P, vs strain €,, for BN and MoSs and Janus TMDCs ma-
terial systems.
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3.2 Simulation method for extracting flexoelectric coeffi-
cients of 2D materials

In this section, a simulation method is proposed for extracting the flexoelectric coefficient
of the interested 2D materials. As demonstrated in the equation (2.5), the measurement of
the flexoelectric coefficient of a material is under the influence of the piezoelectric effect.
Here the proposed simulation method employs a designed mechanical deformation pattern
to eliminate the piezoelectric effect’s contribution to the overall polarization, thus allowing
a direct measurement of the flexoelectric coefficients.

3.2.1 Deformation pattern
The designed mechanical deformation pattern has the form

2
w, = KX (3.19)
2
where x represents the atom coordinate in the X-direction, K represents the inverse of cur-
vature (strain gradient) of the bending plane, and the prescribed mechanical deformation
shown in the figure 3.4. In the MD models, the designed deformation pattern is applied to
the material systems, which have identical dimension of 80 x 80 A and the employed lattice
parameters, short-range potentials are listed in the table 3.1 and table 3.2. Once the bending
deformation is prescribed, the edge region atoms are held fixed while the interior atoms are
allowed to relax to energy minimizing positions using the conjugate-gradient algorithm, af-
ter which the point charge ¢; and dipole moments p; are found from the CD model for each
atom.

Figure 3.4. Schematic illustration of the geometry and loading condition for 2D
material system. (a) flat system (graphene allotropes, nitrides, graphene
analogues of group-IV elements and TMDC monolayers); (b) curled
system (Janus TMDCs).
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From the MD simulations, here establishes the relationship between polarization and strain
gradient as follows. The strain gradient from the equation (3.19) is

Ocp.  10%u, 1

— =K 3.20

or 2022 2 (3-20)
where ¢, 1s the strain in the X-direction from the applied deformation in the Z-direction.
Substituting the equation (3.20) into the equation (2.4) and assuming that the imposed me-
chanical deformation in the equation (3.19) removes the piezoelectric contribution, thus
obtains

1

where (..., 1S the out-of-plane or bending flexoelectric coefficient and P, is the out-of-plane
polarization. The next subsection verifies the assumption of the removal of the piezoelectric
contribution through the prescribed mechanical deformation pattern.

3.2.2 Validation the assumption in the deformation pattern

This subsection validates the assumption that the proposed bending scheme in the section
3.2.1 eliminates the piezoelectric contribution to the total polarization, enabling direct mea-
surement of the intrinsic flexoelectric coefficients of the different 2D material groups. The
applied deformation (using the equation (3.19)) results in strain (£,,) and strain gradient
(%) along the XZ-direction, and a polarization along the Z-direction, where the MoS, is
used here as a representative example for the validation process. The local atomic strain
calculation for each atom 7 using the local deformation gradient F' which involves the initial
and deformed atomic coordinates, see BELYTSCHKO ET AL. (2013). The local atomic strain

tensor for the atom i (g;) is

g, =

(F)"F -1, (3.22)

N —

where I is the identity matrix.

Figure 3.5(a) represents the atomic configuration of MoS, system colored with the XZ
component of strain ¢,,, which is calculated from the equation (3.22) at a given curva-
ture (K = 0.1 nm™'). The variation of strain ¢,, along the X-direction is plotted in the
figure 3.5(b), where the strain was found by dividing the atomic system into several equal
width bins and averaging the strain in each bin. A linear variation in ¢, is observed from
the figure 3.5(b). It demonstrates that the induced deformation is symmetric, and the re-
sulting polarization due to strain cancels out. Therefore, the total strain ¢,, is zero (sum
over all the bins), which eliminates the piezoelectric contribution to the polarization in the
equation (2.4) and supports the assumption made in obtaining the equation (3.21), i.e., that
for the prescribed bending deformation, the out-of-plane polarization is only dependent on
the strain gradient. Furthermore, symmetry analysis on the piezoelectric tensor shows that
d,.. 1s zero for a point group symmetry associated with the 2D material sets, see DE JONG
ET AL. (2015). The mechanical bending deformation leads strictly to zero out the out-of-
plane piezoelectric contribution to the total polarization. However, it is important to note
that an in-plane polarization is generated due to the out-of-plane bending. Furthermore,
the in-plane polarization from the out-of-plane bending may receive a contribution from the
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in-plane piezoelectricity. The further discussions of the in-plane polarization are in the sec-
tion 3.3.4 and section 3.3.6.

40 30 -20 -10 O 10 20 30 40
x (A)
(b)

Figure 3.5. (a) Atomic configuration colored with strain €,, in X-direction for

MoS, sheet when strain gradient K = 0.01 A_l; the large spheres rep-
resent Mo atoms and small spheres represent S atoms. (b) Bin-wise
distribution of strain €., along X axis, circles represent the calculated
average strain €,, at location x and the solid line is linear fitting to the
calculated data.

3.3 Flexoelectric coefficient of 2D materials

The simulation procedure described previously in the section 3.2 is applied here to extract
the flexoelectric coefficients of four groups of 2D materials: graphene allotropes (C1, C2,
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and C3), nitrides (BN, AIN, and GaN), graphene analogs of group-IV elements (Si, Ge, and
Sn) and TMDC monolayers (MoSs, WS, and CrS,). C1 corresponds to pristine graphene,
while C2 and C3 represent graphene with Stone-Wales defects, which replace some hexagons
with pentagons and heptagons with different periodicity, respectively, see ENYASHIN &
IvANOVSKII (2011). BN, AIN, and GaN are nitrogen-based hexagonal monolayers with
boron, aluminum, and gallium. Silicene (Si), Germanene (Ge), and Stanene (Sn) are the
group-1V 2D graphene analogs. However, the vertical distance between the atoms or buck-
ling height (%) in the unit cell is non-zero when compared to the graphene allotropes and
nitride material groups (see figure 3.1(a) and (c)). The TMDCs possess three sub-layers or
intra-layers where element X’ (center layer) forms bonds with two S atoms in the top and
bottom layers. The layers are vertically separated by the intralayer heights h; and ho, as
shown in the figure 3.1(d). The figure 3.1(e) shows the geometrical configuration of Janus
TMDCs, an uneven bond length (h; # hs) exist between the upper "M-Y’ and lower bond
"M-X".

Here the applied inverse of curvature K has the range from 0 to 0.1 nm~! and the induced to-
tal polarizations of the material system at each K is calculated from the equation (3.12). The
polarization- /X' diagrams of several material systems are shown in the figure 3.6. For the case
of Janus TMDC:s (figure 3.6(b)), a effective strain gradient K. ¢; = Oc,,/0x derived from the
slope of the bin-wise strain distribution of the Janus TMDCs (similar as in the figure 3.5(b))
between ¢, and the X-coordinate of each bin is used. The current value of K. differs from
%K (from the equation (3.19)) by about 15%. Theoretically, the numerical value of K
should be equal to %K under the imposed bending deformation. For example, in the case of
conventional TMDCs (MoSs, WS, and CrS.,), the effective strain gradient is equal to half
of the given value of K under the same bending deformation, see ZHUANG ET AL. (2019a).
However, the observed difference in Janus TMDCs is due to the spontaneous curling effect,
see XIONG ET AL. (2018); WANG ET AL. (2018a), which arises from the structural asymme-
try between the M-X and M-Y layers, resulting in stretching in the Y layer and compression
in the X layer. To account for the spontaneous deformation, the effective strain gradient
K. ¢y is used to calculate the flexoelectric coefficient of Janus TMDCs. The flexoelectric
coefficients of the 2D materials without Janus TMDCs are derived from the equation (3.21)
and the equation PP, = f1.,., K. sy 1s used for extracting flexoelectric coefficients of the Janus
TMDC:s. Figure 3.7 presents the flexoelectric coefficients of the interested 2D materials. The
comparison is divided into two sub-figures due to the significant range difference between
the value of Janus TMDCs and the remained 2D materials. The following sections 3.3.1 to
3.3.5 explain the underlying mechanism of the induced flexoelectricity in each 2D material

group.

3.3.1 Mechanisms of inducing polarization in 2D materials

As shown in the figure 3.7 that 2D materials exhibit different flexoelectric constants. This
subsection analysis the mechanisms governing the flexoelectric constants for the 2D materi-
als. The analysis depends on understanding, within the framework of the utilized CD model,
the various contributions to the dipole moments induced from the prescribed bending defor-
mation. Specifically, the dipole moment p; on atom 7 depends on its polarizability and the
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Figure 3.6. (a) Polarization P, vs inverse of curvature K for graphene, BN, Silicene
and MoS5. Markers indicate the simulation data, and solid lines indicate
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Figure 3.7. Bending flexoelectric coefficients of the studied 2D materials.
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presence of a local electric field, which consists of three parts: the electric field at position r;
due to neighboring (i) dipoles p;; (i1) charges g; and (iii) from the externally applied electric
fields E**'. Because the only external stimulus is the prescribed bending deformation thus
E*' = 0 and the governing equation for the dipole moments (equation (3.13)) becomes

N N
T - 3T - STy o)

3i#d Ji#d

where Tf{p and T?fp are the polarizability tensors. These two tensors represent dipole-
dipole and charge-dipole interactions, respectively, which can also be interpreted as account-
ing for 0 —o and o —7 electron interactions, respectively, see MAYER (2007, 2005); ROBERT
& DANNEAU (2014), and can be written as in MAYER (2005):
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From equations (3.24) and (3.25), the inter-atomic distance (r;;) and parameter R (factor
related to polarizability as shown in the section 3.1.2) are identified as the important factors

in defining the dipole moment of atoms via the polarizability tensors. The following sections
3.3.2 to 3.3.5 adopt this analysis scheme.

3.3.2 Flat 2D Monolayers

Here considers the simplest 2D structures, flat graphene and BN mono-layer. To aid the
analysis, the equation (3.23) is rewritten including only the p; . component (as in the equation
(3.21)), which is

T =E}, +E}

Z’L ZZPZZ 1,27

(3.26)

where E}, = Z;V’#j T}; olie + 15 p;, + 15 0p; .} and B = Z] iz; T "7q; are the
electric fields on atom ¢ due to neighboring dipoles, charges and associated polarlzability
components.

For the undeformed graphene sheet, the out of plane dipole moment p; . is zero due to the
monolayer’s flat nature. However, once graphene is bent, the m7 — o interactions increase,
leading to a non-zero p, .. Specifically, for deformed graphene with bending curvature
K = 0.02 nm™!, the measured contributions of Eﬁ . and E}, to the total electric field on
atom ¢ are 93.45% and 6.55%, respectively. As graphene is bent further, these contributions
change to 93.27% and 6.73%, respectively, when K = 0.1 nm~!. The increased importance
of EZZ with increasing bending implies rising importance of m — ¢ interactions on the total
electric field induced dipole moment on the atom :. It can also be interpreted through pyra-

midalization see, SURYA ET AL. (2012); DUMITRICA ET AL. (2002); NIKIFOROV ET AL.
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(2014), in which sp? bonding converts to sp? bonding. In this process, each carbon atom’s
valence electrons develop bonding interactions with neighboring atoms due to the bond bend-
ing involved symmetry reduction, which allows mixing between 7 and o electrons, leading
to m — o interactions, see GLEITER (1987). This interaction modifies the charge state of the
carbon atom and the locally generated electric fields, which is captured by the CD model in
the form of the charge-induced electric fields EY. Overall, these increased m — ¢ interactions
result in the flexoelectric coefficient for graphene being found as p,, = 0.00286 nC/m, which
is found from the linear fitting of the polarization as a function of the bending curvature in
the figure 3.6.

In the case of BN, the contribution of E? also increases from 1.86% to 1.99% when bending
curvature K increases from 0.02 to 0.1 nm~!, though the overall contribution of E? to the
total electric field is smaller than for graphene. This suggests that the m — o interactions in
BN are weaker than in graphene, which may be related to the difference in the tendency of
pyramidalization between B and N atoms. Specifically, B atoms prefer the sp? hybridiza-
tion while N atoms are more likely to achieve sp® hybridization or pyramidalization, see
HERNANDEZ ET AL. (1998, 1999). Thus, even though the polarizability of BN is similar to
graphene (see aSAL values in table 3.1), the flexoelectric constant of BN of 0.00026 nC/m
is ten times smaller than graphene due to the smaller £ contribution in BN.

The graphene allotropes C2 and C3 show similar flexoelectric coefficients to defect-free
monolayer graphene (C1), as shown in the figure 3.7. Though C2 and C3 contain different
arrangements of defects, the sp? hybridization is unchanged, which induces nearly equal
charges and dipole moments for atoms in C2 and C3 under deformation. As a result, the
flexoelectric coefficients are nearly constant for this material group. In the nitride group,
AIN and GaN are found to have larger flexoelectric constants than BN as shown in figure 3.7,
though still significantly smaller than graphene. This is due to a corresponding increase in the
contribution of £Y, from 1.99% for BN to 2.25% for AIN to 6.85% for GaN for a curvature

of 0.1 nm~*.

3.3.3 Buckled 2D Monolayers

Figure 3.6(a) shows that the induced polarization for flat 2D materials is much smaller than
is seen in silicene. From a structural point of view, silicene and graphene differ in that the
atomic polarizability of silicene is larger and exists in a buckled configuration compared
to graphene (see h values in table 3.1). Therefore, additional simulations are performed
to examine both of these factors’ effects on the induced polarization in silicene. Initially, a
bending test is conducted for silicene in which the buckling height remains zero to understand
the effect of buckling on the polarization. To do so, the simulation imposed the bending
deformation on silicene without allowing any subsequent relaxation of the atomic positions.
The variation of polarization for flat silicene and silicene is plotted in figure 3.8. From
the numerical fitting, the flexoelectric coefficients for flat silicene pi5.a, and silicene i are
identified as 0.00634 and 0.00728 nC/m, respectively. Noting that the graphene flexoelectric
coefficient is p1or = 0.00286 nC/m, the ratio of fig.qac / fer 18 2.217, which is close to the ratio
of their atomic polarizability parameters (Rs/ R = 2.141 from the table 3.1). From this, it
is clear that the atomic polarizability increases the induced polarization and thus flexoelectric
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constants. The ratio of g/ [gr 18 2.545, which is about 15% higher than 2.217. Therefore,
this increase in polarization of about 15% between silicene and flat silicene can be ascribed
to the buckled structure of silicene.
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Figure 3.8. Polarization P, versus applied inverse of curvature K for silicene and
flat silicene.

Further understanding is drawn from the contributions of the electric fields from dipole-
dipole and charge-dipole interactions. The contributions from E!* and E* to the total elec-
tric field are estimated for flat silicene and silicene when the bending curvature is 0.008 A
The numerical values for flat silicene are 91.89 and 8.10%, respectively, similar to that of
graphene. Therefore, the increased dipole moment and flexoelectric coefficient for the flat
silicene is primarily due to its larger atomic polarizability (R/Rs = 2.141) compared to
graphene.

For buckled silicene, the contributions from £}, and E7, to the total electric field are 76.89
and 23.10%, respectively. Comparing to flat silicene, there is an increase in EZ . and decrease
in Efj , for silicene. Thus, the CD model predicts that 7 — o interactions are dramatically
enhanced in buckled silicene as compared to flat silicene, which is in agreement with re-
cent DFT studies, see PODSIADLY-PASZKOWSKA & KRAWIEC (2017), who found that it
is easier to achieve sp® bonding in buckled silicene. Such changes in hybridization (pyra-
midalization) lead to significant charge modulations and induce large dipole moments. The
difference in the numerical contribution of EY to the total electric field in flat vs. buckled
silicene of 15% is identical to the observed difference in magnitude of the flexoelectric co-
efficients. It demonstrates that buckling in the atomic structure of 2D materials can induce
increased polarization, and thus flexoelectric constants.

Germanene and stanene also have flexoelectric constants larger than graphene and BN as
shown in figure 3.7, though lower than silicene. This is due to a combination of lower
polarizability of these materials as compared to silicene (see aAF values in table 3.1), and

total
due to reduced E? contributions of 20.91% and 18.45%, respectively, indicating weaker m—o
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Figure 3.9. (a) Undeformed, and (b) Deformed atomic configuration of MoS- sheet.
Red-colored atoms are used to explain the changes in bond length.
Dashed lines represent the Mo layer and dash-dotted lines indicate the
S layers. Atoms X and Y in (a) possess bond lengths of 2.42 A with
neighbor sulfur atoms. The bond length between atoms Y-A and Y-D
is 2.42 A and 2.41 A, respectively. Atom Y has bond length of 2.26 A
with atoms B and C. The bond length between atoms Y-E and Y-F is
2.76 A. Only left portion of the atomic system was shown here.

interactions in these buckled structures as compared to silicene.

3.3.4 Transition metal dichalcogenide monolayers

As shown in figure 3.6, the polarization under bending is significantly higher in MoS, than
the other 2D materials. It found, for MoS,, the contributions from the dipole and charge-
induced electric fields in the z—direction are 15.23% and 84.76%, respectively, where the
contribution of £ is significantly higher than for the previously discussed 2D materials.
Here elaborates that the mechanism enabling the large polarization and large flexoelectric
constant in MoS,, is different from the other 2D materials. As shown in figure 3.9(a), MoS,
is a tri-layer 2D material in which each central Mo atom bonds with the S atoms in the layers
above and below. The thickness of this sheet defines as the sum of the vertical separation
between these layers. The imposed bending deformation causes the top and bottom S layers
to deform differently with respect to the central Mo atom. For the initial (flat) configuration
in the figure 3.9(a), the central Mo atoms, labeled as X and Y, are located 2.42 A away from
both the neighboring top and bottom layer S atoms. This initial atomic configuration also
induces non-zero dipole moments to each atom since the z—component of r;; is non-zero.
An equal and opposite dipole moment is observed for the top and bottom S atoms due to the
equidistant separation with the central Mo atoms, whereas no dipole moment is found on the
Mo atoms due to symmetry.

However, after bending, there are significant bond length changes, as shown in the fig-
ure 3.9(b). The bond lengths between atom X and its nearest S atom neighbors are un-
changed even after deformation; the bond lengths Y-A and Y-D are measured as 2.42 and
2.41 A. In contrast, significant changes in bond length result for other nearest S neighbors,
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where a compression in the Y-B and Y-C bond lengths is identified (2.42 to 2.26 A) in fig-
ure 3.9(b), and where elongation of the Y-E and Y-F bond lengths (2.42 to 2.75 A) is seen.
The identified differences in bond lengths break the symmetry seen in the undeformed MoS,
in figure 3.9(a), which leads to non-zero dipole moments, and increases the £¢ contribution
to the total electric field as compared to buckled silicene.

Interestingly, the polarizability of silicene is significantly larger than MoSs, i.e. Ryos, /Rsi is
about 0.5, according to the table 3.1. This indicates that MoS has a significantly higher po-
larization and flexoelectric constant than buckled silicene for other reasons, starting with the
enhanced 7 — o interactions. Furthermore, a recent DFT study on the bonding characteristics
and charge transfer in MoS, found that the S atoms share their electrons with the Mo atoms,
which results in the transfer of electrons back to the Mo atoms, see PIKE ET AL. (2017).
This charge transfer, coupled with the bond length asymmetry due to bending, results in a
large F/¢ and large dipole moments.

The flexoelectric coefficients for other TMDC group members are smaller than MoS, as
shown in figure 3.7, where the flexoelectric coefficient of WS; is 3 times smaller than MoSs,
and where CrS, has an even smaller value. It’s found that the bond length asymmetry be-
tween the layers after bending is highest for MoS, and decreases for WS, and CrS-, and also
that the local difference in radius of curvature for MoSy, WS, and CrS, materials is 49%,
40%, and 26%, respectively, both of which lead to a decreasing contribution of F? for WS,
and CrS,. A DFT study also found a smaller Born effective charge for WS, compared to
MoS,, which supports the observation of lower E? for WS, compared to MoS,, see PIKE
ET AL. (2017).

An interesting observation from figure 3.7 is that the flexoelectric constants of graphene
(C1) and CrS, are nearly equal. Though CrS, exhibits higher atomic polarizability and
bond length asymmetry, the final dipolar polarization is similar to graphene. This is because
there is a relatively low asymmetry in dipole moment between S atoms in the top and bot-
tom layers in CrS,, which results in the cancellation of the induced polarization, leading to
a flexoelectric constant that is similar to graphene. However, for WS, and MoS,, the in-
creased asymmetry between layers avoids the dipole moment cancellation to achieve larger
flexoelectric coefficients.

As observed that MoS; has an intrinsic bending flexoelectric constant of 0.032 nC/m. This
value is about ten times larger than found in graphene and about 3-5 times larger than seen
in the buckled monolayers. Here compares flexoelectric constant of MoS, with the result
extracted from the recent experimental study on the electromechanical properties of MoS,
reported in BRENNAN ET AL. (2017). In that work, the out-of-plane piezoelectric coefficient
(d) of MoS, using piezoresponse force microscopy was measured to be 1.03 pm/V. That
work also established a relationship between the flexoelectric constant (1) and piezoelectric
(d) coefficient under the assumption of small length scales and linear electric field as

h
H = d Eels§7 (3.27)

where E,; is the elastic modulus of MoS; and A is the monolayer thickness of MoS,. With
Ees =270 GPa and h = 0.65 nm, p is about 0.091 nC/m, which is significantly higher than
our calculated value of 0.032 nC/m. This difference is due to the usage of elastic modulus
in the equation (3.27), where the bending modulus usage is more appropriate. The bending
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Table 3.4. In-plane piezoelectric coefficients d,,, ( x1071% C/m) for Janus
TMDC:s using proposed CD model in comparison to previous DFT re-

sults (dyy)). fizy-y (0C/m) are the bending flexoelectric constants while

lo — Iy (A) is the initial asymmetry for Janus TMDCs.

Material dy,, dort Iy — 1y fzyzy

MoS, 395 356 0.0 0.032
MoSSe 4.099 3.74¢ 0.114 0.117
MoSeTe 4.676 4.35¢ 0.165 0.120
MoSTe 4.733 4.53 0.283 0.125
WSSe 3.144 2.57¢ 0.117 0.089
WSeTe 3.209 3.34¢ 0.163 0.092
WSTe 3.327 3.48% 0.282 0.114

modulus of MoS, was previously found to be about 9.61 eV or 65.01 GPa, see JIANG ET AL.
(2013b). Using this bending modulus, the flexoelectric coefficient from the equation (3.27)
with bending modulus gives a value of 0.021 nC/m. This value is close compared to the cal-
culated value of 0.032 nC/m from this work and demonstrates that the flexoelectric constant
for MoS; estimated using the atomistic CD model is in good agreement with experimental
measurement.

3.3.5 Janus transition metal dichalcogenide monolayers

Figure 3.7(b) indicates that the flexoelectric coefficients of Janus TMDCs are significant
higher (up to 5 times) then the traditional TMDCs. This subsection first investigates the
enhancement of the flexoelectric coefficients of Janus TMDCs comparing to the traditional
TMDCs. For the comparison, MoS; and MoSSe are chosen from the TMDCs and Janus
TMDCs group, respectively. Later, the difference among the Janus TMDCs in terms of the
flexoelectric coefficient is studied.

Flexoelectric effect in MoS, and MoSSe

The major difference between TMDCs and Janus TMDCs is the structure configuration
(symmetry versus asymmetry). Here investigates the impact of the structural configura-
tion on the flexoelectric effect. MoS, is chosen as a representative TMDC that does not
have structural asymmetry (MXX), while MoSSe is chosen as a representative Janus TMDC
which does have structural asymmetry (MXY). To aid in the analysis of the resulting flexo-
electric constants, it notes from previous section 3.3.1 that the dipole moment p of an atom
depends primarily on three factors: the effective atomic polarizability (?), the charge in-
duced electric field (E?), and the dipole induced electric field (E?). And the focus is, as
shown previously in the equation (2.4), on the the out-of-plane (Z-direction) dipole moment
p. and associated polarization P,.

The bond length between atoms A-B and A-C in figure 3.10(a) is equal to 2.42 A (Ipro—s) for
unbent MoS,. Because the A-B and A-C bond lengths are the same, there is no initial struc-
tural asymmetry for MoSs, and the bonds induce equal and opposite electric fields, which
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(a) undeformed MoS,

Y-
(b) deformed MoS, ;,

(¢) undeformed MoSSe

(d) deformed MoSSe

Figure 3.10. Atomic configurations of (a) undeformed MoSs, (b) deformed MoS, at
Kerr=0.05 nm ™!, (c) undeformed MoSSe and (d) deformed MoSSe
at K.pr =0.05 nm~ L.

cause the total dipole moment, and thus total polarization of each MoS, unit cell to be zero.
However, significant changes in the bond lengths are observed in the deformed state (fig-
ure 3.10(b)) for a curvature of K.y =0.05 nm~'. Bond A-B is stretched from 2.42 to 2.56 A
while bond A-C is compressed from 2.42 to 2.23 A. This difference in bond lengths breaks
the electric field symmetry and increases the total dipole moment. At K,;r =0.05 nm™?, the
total electric field difference A(EP + E?) with respect to the initial (undeformed) configura-
tion is 53.06 V/A, which increases the total polarization from 0 to 0.0016 C/m?. The changes
to B9 and EP at K, ;¢ = 0.05 nm™~! are 45.6 and 7.4 V/A, respectively. The significant contri-
bution of £ implies the increasing importance of m — ¢ interactions in generating the dipole
moment p,. The m — o interactions originate from the coupling between valence electrons
and bonding electrons, see GLEITER (1987), which are also interpreted as pyramidalization,
see SURYA ET AL. (2012); DUMITRICA ET AL. (2002); NIKIFOROV ET AL. (2014). Fur-
thermore, a recent DFT study reported that electron transfer from the p orbitals of S atoms
to the d,2 orbital of Mo atoms, see PIKE ET AL. (2017). This electron transfer modifies the
charges on the Mo and S atoms, which generates local charge induced electric fields, which
are captured through E7 within the current CD model. Further changes in the bond length
between Mo and S atoms enhance the m — o coupling, see HUANG ET AL. (2018), resulting
in large E? and P,. The variation of total polarization with the effective strain gradient for
MoS, is given in figure 3.6(b), where the slope represents the flexoelectric constant for MoS,
(mos, )» Which is found to be 0.032 nC/m.

In contrast to MoS,, the Janus TMDC MoSSe has a structural asymmetry in the undeformed
configuration between the Mo-S and Mo-Se atomic layers. Specifically, the A-B (I570_se)
bond length in figure 3.10(c) is equal to 2.53 A, while the A-C bond length (Ip0—s) is
2.416 A. The bending deformation of MoSSe to a curvature of K, 77 =0.05 nm~" stretches
Into-se(lz) from 2.53 to 2.72 A and shrinks 57, s(l;) from 2.416 to 2.20 A. The initial bond
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length asymmetry in MoSSe is further increased due to the given deformation and helps to
produce larger dipole moments p,, compared to MoS,. The dipole moment p, is also related
to the polarizability of the atomic system, where the polarizability of MoSSe (aosse) is 1.09
times larger than that of MoSs (s, ) as shown in the table 3.2, which shows the important
effect of structural asymmetry for the Janus TMDCs.

Besides, the initial bond length asymmetry in unbent MoSSe induces an intrinsic electric
field, which is not present in MoS,, as shown in recent DFT simulations, see JIN ET AL.
(2018). That work also reported the non-overlapping of out-of-plane wavefunctions for elec-
trons and holes due to this electric field, which implies a weak bonding between the electron-
hole pair, and which reduces the bandgap by pushing the d orbitals of the metal atom closer
to the Fermi level, see ER ET AL. (2018). The d orbital shifting may enhance the charge
transfer process through m — o coupling, which represents an easy transfer of charges from
the S or Se atom to the Mo atom. This phenomenon is reflected in our CD model as the cal-
culated charge on Mo (atom A in figure 3.10(d)) in MoSSe is 0.733e, which is significantly
larger than for Mo in MoS, (atom A in figure 3.10(b)), which is 0.282e, and as such the
charge acquired by the Mo atom in MoSSe is 2.6 times higher than in MoS,.

For a curvature of K.;;=0.05 nm™', the charge transfer-induced change of E? in MoSSe
is 117.6 V/A, which is exactly 2.6 times higher than the field induced in MoS,, and which
reflects stronger m — o coupling in MoSSe. Furthermore, the value of EP is higher in MoSSe
(38.4 V/A) than in MoS, (7.4 V/A), which represents a stronger dipole interaction (o — o
coupling) in MoSSe than MoS,. Recent studies on the electronic properties of strained Janus
TMDCs suggest an increased coupling between the p orbitals of S/Se atoms with the in-
plane bonding orbitals d,>_,» and d,, of Mo atom as a function of changes in bond angle,
see HUANG ET AL. (2018). In MoSSe, the angle B-A-C in figure 3.10 varies from 81.1° to
74.2° between the initial and deformed states (K.rr = 0.05 nm~!), while for MoS,, angle
variations are 81.93° to 78.66° for the initial and deformed states. The reduction in bond
angles between MoSSe and MoS; may increase the contribution of £? in MoSSe.

Overall, £ is higher than E? in MoSSe, which represents that m — o coupling is dominant
over 0 — o coupling. DFT simulations have shown that coupling between d.2 and p orbitals
(m — o coupling) is stronger than the coupling between p and d,2_,2 and d,, (o — o coupling)
orbitals in Janus TMDCs, see HUANG ET AL. (2018); ER ET AL. (2018). The total electric
field increment A(EP~*+ E97%) in MoSSe is 156.07 V/A at a curvature of K,;; =0.05nm™?,
which is 2.94 times higher than in MoS, at the same curvature. The increased polarizability
and electric field increases the total dipole moment of MoSSe to 3.24 times higher than in
MoS,. The flexoelectric constant for MoSSe (pipmosse) is found to be 0.117 nC/m, which is
3.6 times higher than flexoelectric coefficient of MoS,, which is consistent with the larger
polarizability of MoSSe. The polarizability is directly related to the dielectric constant (€)
of the material, see PAN ET AL. (2016). For instance, o of MoSSe and MoS, are 13.45 and
12.35 AB, respectively, as shown in the table 3.2. The DFT calculated values for € for these
materials are 8.67 and 8.05, see JIN ET AL. (2018). Thus, the increased flexoelectric constant
for MoSSe over MoS, is in agreement with the fact that felxeoelectric effect scales with the
material dielectric constant, see YUDIN & TAGANTSEV (2013b); ZUBKO ET AL. (2013b).

As previously shown in table 3.4, the in-plane piezoelectric coefficient for MoSSe is com-
parable with that of MoS,. However, the out-of-plane flexoelectric coefficient is 3.6 times
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higher than MoS, (Table 3.4), which implies that there are relative benefits to bending flex-
oelectricity as compared to the in-plane piezoelectricity when comparing Janus TMDCs to
standard TMDCs. In order to understand this further, here also compares the change in total
electric field and asymmetry in bond length between in-plane tensile deformation and out-of-
plane bending deformation for MoSSe for the same strain energy density, which is defined
as the sum of atomic stress times the atomic strain over the volume of the deformed system.
The change in £ and E? for bending deformation were previously noted as 117.6 and 38.4
V/A for a curvature of K,;; = 0.05 nm~!, while for tensile deformation the values are 11.9
and 18.7 V/A, respectively. This shows that the induced electric fields are higher in bending
than in tension, which generates high dipole moments. It is also observed that the difference
in bond length (I — ;) for bending is higher than in tension for the same unit cell compared
in tension and bending. This reflects the larger bond length asymmetry induced in bending,
which supports the charge transfer and enhanced m — o coupling based electric fields.

To further compare the resulting electromechanical coupling between standard TMDCs and
Janus TMDCs, the author computed the electrical energy density for atomic configurations
at the same strain energy density for MoSSe and MoS,. The electrical energy density is
defined as the sum of the dot product between the induced polarization and the electric
field over the volume. The atomic configuration of MoSSe at K.;;=0.05 nm~' gives an
electrical energy density of 2.6 x 10° J/m? and a strain energy density of 1.13 x 10° J/m?3.
By selecting an atomic configuration for MoS, under bending deformation with the same
strain energy density results in an electrical energy density that is about 39% of the MoSSe
electrical energy density. The electrical energy density under the tensile deformation of
MoSSe is about 84% of the electrical energy density for MoSSe under bending. These
results show that the higher values of electric fields and large dipole moments under bending
deformation point to the advantage of bending as compared to stretching in generating strong
electromechanical coupling in Janus TMDC:s.

Flexoelectric effect among Janus TMDCs

From the previous subsection 3.3.5, it is clear that the asymmetry in bond lengths between
layers of MXY induce large dipole moments through the increase in induced electric fields.
Table 3.4 lists the out-of-plane bending flexoelectric coefficients of the Janus TMDCs along
with the initial bond length difference [, —[; in figure 3.10, from which a positive correlation
is identified for both the MoXY and WXY Janus TMDCs. it’s noted that the out-of-plane
piezoelectric coefficients also show a similar dependence on bond length asymmetry, see
DONG ET AL. (2017). Here mechanistically examines this correlation further using the elec-
tric fields due to charge-dipole (£7) and dipole-dipole (£?) interactions from the CD model.
Under the prescribed bending scheme, the increase in the total electric field £¢+ EP increases
with strain gradient K.;¢ for every Janus TMDC. However, the relative contribution from
E? or E? to E9+E", varies between elements of the Janus TMDCs group. In the MoXY
group for a strain gradient of K.;; = 0.1 nm™?, the contribution from the charge-dipole
interaction induced electric field 7 in MoS,, MoSSe, MoSeTe, and MoSTe to the increase
in the total electric field (E+EP) is 84.76%, 75.48%, 70.33% and 56.29%, respectively. The
contribution from the dipole-dipole interaction induced electric field E? to the increase in the
total electric field (£/9+EP) is then 15.24%, 24.52%, 29.67% and 43.71% in MoS,, MoSSe,
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MoSeTe, and MoSTe, respectively.

The bending deformation further develops a coupling among the induced dipole moments
via the 0 — o interactions, which raises the contribution of EP. For example in MoSTe, at
Kcrr=0.01 nm~!, F4 and EP are 56.82 (V/A) and 33.99 (V/A), respectively. When K yf
is increased to 0.05 nm~!, these values increase to 280.5 (V/A) and 216.99 (V/A). The
enhanced dipole-dipole interaction EP? is due to the reduction in bond angle via the increased
bond length asymmetry due to bending. The decrease in bond angle (B-A-C in figure 3.10)
between initial and deformed states (K.¢y = 0.05 nm™') is 6.9° for MoSSe and 7.4° for
MoSTe. The difference in EP for atom A in MoSSe is 0.38 V/A and for atom A in MoSTe is
0.53 V/A (not shown in figure 3.10). This further confirms that the increased reduction in the
bond angle helps in increasing the dipolar interactions (o — o coupling), which are measured
in the form of EP. Note that atoms A, B, and C are selected at exactly the same unit cell
locations in MoSSe and MoSTe. The cumulative effect of bond angle reduction within the
unit cell and across the unit cell in the given atomic system makes the contribution of E?
significant. The total effect of increased electric fields and polarizability helps in inducing
high polarization and thus high flexoelectric coefficient for MoSTe over other Janus TMDC:s.
A similar trend is found in the WXY group in table 3.4, where high charge transfer and higher
bond angle reduction in WSTe compared to other elements in WXY group. This makes the
flexoelectric coefficient of WSTe higher than WSSe and WSeTe.

Table. 3.4 also shows that the MoXY group exhibits higher out-of-plane bending flexoelec-
tric coefficients than the WXY group. For example, MoSTe and WSTe have the highest flex-
oelectric coefficients in their groups, where the flexoelectric coefficient of MoSTe is about
1.09 times larger than WSTe. At K. ;; = 0.05 nm™", the total electric field change in MoSTe
is 1.4 times larger than that of WSTe while the polarizability of MoSTe is 0.79 times that of
WSTe. Though the polarizability of MoSTe is lower than WSTe, the larger induced electric
fields result in the flexoelectric constant of MoSTe being slightly larger than that of WSTe.

Bending against the initial spontaneous curvature

In the previous section 3.3.5, the bending-induced flexoelectric responses of MXY materials
are obtained while applying the out-of-plane bending toward their initial curling direction
(towards S in the case of MoSTe). Here the bending deformation is applied against the initial
curling direction (towards Te in the case of MoSTe) to study the effect of bending direction
on the induced polarization. A identical simulation procedure described in section 3.2 is
adopted except for inserting a minus sign in the equation (3.19) to indicate that the applied
deformation is opposite to the initial curling direction.

Figure 3.11 shows the variation of P, with K. The dashed line at K.;; = Ky, Tepresents
the MoSTe sheet’s flattening from the initial spontaneously curved state. The notable feature
of figure 3.11 is that the total polarization P, increases up to K ¢;,; and decreases afterwards.
This is due to an increase in bond length between Mo and S atoms, which reduces the charge
transfer when K¢ is larger than K 4, which is seen in the form of decreasing /. Specif-
ically, the charge on an Mo atom at /K y;,; and 1.4 x K4 are 0.55¢ and 0.43e, respectively,
which leads to a reduction in E'Y. A simultaneous decrease in EP is also observed due to an
increase in the angle B-A-C, which increases from about 3.96° from Ko to 1.4 X K4y.
While the slope of the polarization P, variation with K¢ is similar to the flexoelectric co-
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Figure 3.11. Polarization P, versus the effective strain gradient K¢ for MoSTe and
WSTe when bending against their initial spontaneous curvature.

efficient obtained in the case of bending towards the spontaneous curling direction, more
energy is required to deform towards the Te layer in MoSTe as compared to the S layer in
MoSTe. As a result, bending towards the S layer in MoSTe is a better choice for energy
conversion. A similar observation is found in the case of WSTe.

3.3.6 In-plane flexoelectric polarization

The applied deformation in section 3.2.1 yields out-of-plane polarization P, and in-plane
polarizations(P, and P,). The previous section 3.3.2 to 3.3.5 focus on the out-of-plane po-
larization P, accordingly the out-of-plane flexoelectric coefficients of 2D materials. Here
investigates the in-plane flexoelectric polarization of the 2D materials (Graphene, BN, Sil-
icene and MoS,). The variation of in-plane polarization P, and P, show a quadratic depen-
dence with bending curvature /K as shown in figure 3.12, which is similar to earlier reports
for BN, see MELE & KRAL (2002); SAI & MELE (2003); NAKHMANSON ET AL. (2003).
The fitting lines for the quadratic dependence between bending curvature K and the in-plane
polarization P, and P, are governed by

0. 1 1

Py = dyz:vgza: + Mya:za:% = Qo y + Eal,yK + ZGQ,yKQ s (3.28)
0€.p 1 1

Px = dmzxgzz + ,u:mczx% = ao,z + ial,xK + ZOQ,:):KQ s (329)

where a, , and a;, have units of C/m, which are those of flexoelectric constants, while ag
and a, have units of C/m? and C, respectively. Taking a; as the flexoelectric coefficient,
the numerical values for Graphene, BN, Silicene, and MoS, are tabulated in table 3.5 along
with the bending flexoelectric coefficients. It’s noted that because the imposed mechanical
bending generates the out-of-plane flexoelectric constants only generate a constant strain in
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Table 3.5. Flexoelectric coefficients (Uzzza, fbyzze(Q1,y); Hoszz(a1,2)) given in
nC/m. ag has unit of C/m?, while a has unit of C.

Material Hzzza al,y(ﬂ'yaczx) al,a:(,“:m:zx) g,y ag,z a2y a2z
Graphene 0.00286 1.53E-7  5.18E-6  -7.40E-7 -1.61E-8 -1.72E-4 1.97E-4
Silicene-flat 0.00634 1.04E-5 1.91E-5 1.69E-5 5.35E-8 -0.00180 0.00072

BN 0.00026 0.00146  3.06E-5  -5.76E-6 3.04E-7 0.26296 -1.96E-4
Silicene 0.00728 0.0027 294E-5 -6.43E-5 8.03E-7 -0.0164 0.00152
MoS, 0.03194 0.00962  0.00164  -0.00039 0.00060 -4.5484 -0.0512

the X-direction from applied deformation in the Z-direction, the in-plane polarization that is
generated also results in contributions to the in-plane piezoelectricity.

The in-plane flexoelectric constants for the 2D materials are calculated and summarized in
table 3.5. Here focus on the in-plane flexoelectric constant for MoS; as they are larger than
the out-of-plane constants for the other 2D materials. From the figure 3.12 and figure 3.6, it’s
observed that the polarization P, is about an order of magnitude higher than P, for MoS,,
whereas the electric field EY is less than E? for MoS, (E¢/E? = 7). This is because of
cancellations in the induced dipole moments in calculating the polarization. Specifically,
the dipole moments p, have the same sign for all S atoms, whereas p, has a different sign
for the top and bottom planes of S atoms, which induces cancellation of polarization in the
Z-direction making P, smaller than P,. Thus, while P, is higher than P, the flexoelectric
coefficient fi,,., 1s less than ji.,., due to its correlation with £,. Overall, the enhanced
m—o interactions and bond length asymmetry also leads to strong in-plane electromechanical
coupling and an in-plane flexoelectric constant of fi,., = 0.00962 nC/m.
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Figure 3.12. The variation of polarization (a) P, and (b) P, with bending curvature
(K) for Graphene, BN, Silicene and MoS,. The inset in (a) and (b)
represent the polarization variation for materials other than MoS..

From table 3.5, the in-plane flexoelectric coefficients (fiy;., and p,.,) are significantly
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smaller than the out-of-plane coefficient (fi,,.,) of graphene under bending deformation.
The corresponding in-plane polarizations P, and P, are also lower than the out of plane
polarization P,. This implies that the in-plane m — o interactions for graphene generate
relatively small in-plane dipole moments. A symmetry analysis can be used to show that
Myzzz a0 [z, are zero, see SHU ET AL. (2011b), which implies that the graphene system
is isotropic, see AHMADPOOR & SHARMA (2015b). Similarly, lower in-plane flexoelectric
coefficients are observed for flat silicene (see table 3.5).

In the case of anisotropic BN, the in-plane coefficient (i) is nearly 5 times larger than
the out-of-plane coefficient (i,...), as shown in table 3.5, while figure 3.12(b) and figure
3.6 show that the polarization P, is higher than P,. Besides, the charge-dipole coupling
induced electric field EY is greater than Y, and that the ratio of E/FE? is about 4.6, which
is similar to the ratio between the in-plane and out-of-plane flexoelectric coefficients. First-
principles calculations for a corrugated BN sheet provide significant in-plane polarization,
see NAUMOV ET AL. (2009), which is related to 7 and o chemical bond shifts due to the out-
of-plane atomic displacements. The minimal difference in out-of-plane displacements of the
B and N atoms leads to relatively small out-of-plane dipole moments and also suggests that
in-plane ™ — o interactions are stronger, which makes /i, is higher than p,., see WIRTZ
ET AL. (2003); MOON & HWANG (2004).

The flexoelectric coefficient p,,., is higher than ., for the buckled silicene. The corre-
sponding polarization P, is greater than P, as observed from the figure 3.6 and 3.12(b), and
the out-of-plane electric field is larger than the in-plane electric fields, which implies that the
out-of-plane m — o coupling is stronger than in-plane. It is also noted that the atomic buck-
ling in silicene significantly enhances the in-plane flexoelectric coefficient compared to flat
silicene (see values of i, for silicene and silicene-flat materials in the table 3.5). Because
the buckling height of silicene is significantly larger than seen in BN, larger dipole moments
and larger in-plane and out-of-plane flexoelectric constants are predicted for buckled silicene
as compared to BN.
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Figure 3.13. Bin-wise distribution of dipole (a) p,, and (b) p,, along X axis for BN at
a curvature of K = 0.08 nm~—!.

In BN, silicene and MoS, it is observed from the figure 3.12 for BN that the in-plane polar-



52 CHAPTER 3. FLEXOELECTRICITY IN TWO-DIMENSIONAL MATERIALS

ization P, is higher than the in-plane polarization F,. In the present study, the X-direction
is considered the armchair configuration. At the same time, the Y-direction represents the
zigzag configuration, which means that polarization in the zigzag direction is higher than in
the armchair direction, which was previously observed for BN, see NAUMOV ET AL. (2009).
To further confirm this, the atomic system is rotated to change the X-direction to zigzag and
the Y-direction to the armchair and repeated the bending test. There is no change in polariza-
tion of P, and the corresponding flexoelectric coefficients. When coming to in-plane dipole,
it’s found p, (zigzag) is higher than p, (armchair) shown in figure 3.13. It’s also observed
that p,, is linear and p,, is parabolic, which is also the same form for the strain fields that were
observed in the armchair and zigzag directions. This implies that the local atomic configu-
ration strongly impacts the deformation, and thus the induced polarization, which was also
observed in silicene and MoS,. The observation of anisotropic in-plane polarization due to
bending is similar to the earlier findings reviewed in AHMADPOOR & SHARMA (2015b).
It’s found that monatomic unit cells, such as graphene and flat silicene, do not exhibit spatial
variations in the out-of-plane displacements due to bending, whereas MoSs, buckled silicene,
and BN do exhibit, to varying degrees, spatial variations in the out-of-plane displacements
due to bending. As a result, the in-plane charge-dipole interactions are week for graphene
and flat silicene, resulting in low in-plane flexoelectric constants. In contrast, MoS, exhibits
significant structural asymmetry under bending, which enhances the in-plane ™ — o coupling,
with a similar effect seen in buckled silicene. While BN does not show some spatial variation
in the out-of-plane displacements, the out-of-plane displacements are relatively small, and
as such, the in-plane flexoelectric constants are smaller than buckled silicene and MoS..

3.4 Conclusion

This chapter presented a charge-dipole molecular dynamics model to study flexoelec-
tricity in newly emerged 2D materials including graphene allotropes (C1, C2, C3), ni-
trides (BN,AIN,GaN), graphene analogues of group-IV elements (Si, Ge, Sn), transition
metal dichalcogenides (TMDCs) (MoS,, WS,, CrSs) and Janus TMDCs (MoSSe, MoSTe,
MoSeTe, WSSe, WSTe, WSeTe). A specially designed bending deformation applies to the
2D materials nanosheets to extract their bending flexoelectric coefficients while eliminat-
ing the interference from piezoelectricity. In doing so, the charge-dipole model analyzed
the mechanisms underpinning the calculated flexoelectric coefficients by interpreting them
through the electric fields generated from the dipole-dipole (0 — o bonding) and the charge-
dipole (m — o bonding) interactions. While the charge-dipole interactions increase with bend-
ing curvature, their relative weakness in the flat monolayers (graphene, h-BN) leads to lower
flexoelectric coefficients for these materials. In contrast, it is found that buckling height,
which occurs in the monolayer group-1V elements, leads to more than 10% increases in flex-
oelectric coefficients. Additionally, due to significantly enhanced charge transfer coupled
with structural asymmetry, the TMDCs have the largest flexoelectric coefficients, including
the flexoelectric coefficient of MoS, ten times larger than that of graphene. Furthermore,
a particular group of TMDCs called Janus TMDCs to have flexoelectric coefficients that
are several times larger than traditional TMDCs, such as MoS,. The mechanism underly-
ing this was the bond length asymmetry for the Janus TMDCs between the M-X and M-Y
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atoms. This bond length asymmetry leads to stronger o — o interactions with increasing
initial asymmetry, along with stronger m — o interactions due to increased charge transfer,
which combine to result in increased polarization for Janus TMDCs. So far in this work,
flexoelectricity has been studied using discrete models. In the following chapter, continuum
models are developed for the design guidance of flexoelectric composites.
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Chapter 4

Continuum Modeling of Flexoelectric
Composites

Continuum models for flexoelectricity need to fulfill the high-order continuity requirement
(C* continuity) due to the strain gradient coupling term in the governing equation of flex-
oelectricity. Two continuum approaches are capable of accommodating this C! continuity.
The first approach uses global higher order shape functions, as in the Meshless method or
Isogeometric analysis (IGA). For instance, a Meshless model is developed to investigate the
flexoelectric responses of a dielectric cantilever beam and truncated pyramid, see ABDOL-
LAHI ET AL. (2014, 2015). Later, the effect of material nonlinearity on flexoelectricity is also
studied by another Meshless model and an IGA model, see ZHUANG ET AL. (2019b); THAI
ET AL. (2018). The second approach to account for C1 continuity by introducing additional
degrees of freedom. For example, a 2D mixed finite element model includes the Lagrange
multiplier to achieve C' 1 continuity, and the model is used to characterize the electromechan-
ical behavior of flexoelectric devices., see MAO ET AL. (2016). Later, researchers extended
this model to 3D and developed a topology optimization scheme for flexoelectricity within
its framework, see DENG ET AL. (2017); NANTHAKUMAR ET AL. (2017). So far, the ex-
isting continuum models for flexoelectricity in the literature mainly focus on the behavior of
single-phase flexoelectric materials, while the behavior of multiphase flexoelectric materials
(e.g., flexoelectric composites) remains unexplored.

Composite materials have demonstrated their advantages against single-phase materials in
various applications, such as electrical and thermal devices, see GIBSON (2010); KONG
ET AL. (2013); KALAMKAROV ET AL. (2009), sensors, see L1 ET AL. (2008); GIBSON
ET AL. (2007); RATNA & KARGER-KOCSIS (2008), energy harvesters, see PARK ET AL.
(2008); SODANO ET AL. (2004); COOK-CHENNAULT ET AL. (2008), and electromagnetic
devices, see CHUNG (2001); GEETHA ET AL. (2009); WANG & JING (2005). Meanwhile,
several studies have shown that flexoelectric composites can induce a stronger electrome-
chanical response than that of a single-phase flexoelectric material, see ZHANG ET AL.
(2016); WAN ET AL. (2017); RAY (2018). To further investigate this enhancement and
the underlying mechanism of flexoelectricity in composites. This chapter developed two

The content of this chapter is partially published in author’s paper (DOI: 10.3390/en12020271)
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continuum models to investigate flexoelectricity in composite structures. First, a 2D linear
Meshless model couples with the level-set technique to characterize linear flexoelectricity in
composite structures in section 4.1, followed by section 4.2 presenting a 3D nonlinear mixed
finite element model (NMFEM) for 3D flexoelectric composites with the consideration of
static and dynamic loading conditions.

4.1 Meshless model for flexoelectric composites

4.1.1 Theory of linear flexoelectricity

Based on the derivation in MAJDOUB ET AL. (2008, 2009), the enthalpy density H of a
dielectric solid including piezoelectric and flexoelectric effect follows

H(eij, Eiyejrg, Bij) = %Cijklgijgkl — dimEicy + (diju B jew + fijubicin) — %liijEz‘Ej ,

4.1)
where E;, = —0; is the electric field; 6 being the electric potential; € is the mechanical
strain; C is the fourth-order elastic moduli; d is the third-order tensor of piezoelectricity;
f and d are the fourth-order direct and converse flexoelectric tensor, respectively; k is the
second-order dielectric tensor. Study shows that one material tensor p;5,; = Jiljk — ﬁ'jkl is
sufficient to describe the overall flexoelectric coefficient, see SHARMA ET AL. (2010). The
equation (4.1) rewrites as

1 1
H(ei, Eisejny, Bij) = Ecijkﬁiﬁkl — diri Eigrg — pijriFigjng — §ffz‘jEiEj : 4.2)
The strain and electric displacement from piezoelectricity are

. oM . oM
055 = 8€ij, Dz = aEZ . (43)

Due to the presence of flexoelectricity, the higher-order stress and electric displacement read

OH -~ M

5o — : D,; = . 4.4
o ]k; 881]714; J aE’LJ ( )
The physical stress and electric displacement are
0ij = 04 — Oijik = Cijmcn — drig B + By
J J J J J Hiig 4.5)

D; = D; — Dijj = dieers + ki Ej + pijricin -
The essential and natural electric boundary conditions are

=20 on IY;
Dmi = —w on FD ; (46)
[yUlp =00 and TyNTp=0,
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where  and w are the applied electric potential and surface charge density, 92 represents the
boundary of the domain, n; is the unit normal to the boundary 2. The mechanical boundary
conditions are given as

u=1u on I',;
tk = LTk on Ft 3 (47)
r,ur, =00 and I',NI, =0,

where 7 and t;, represent mechanical displacement and traction. The remain boundary con-
ditions (normal derivation of displacement and higher-order tractions) resulted from strain
gradient have been set to zero under the assumptions of homogeneous natural boundary con-
ditions.

Rewrite the equation (4.3) and (4.4) as

OH = &ijﬁezj )
87—[ = 5’@'16881']'716 3 (48)
OH = —D,0E;

and integrate them over the domain €2 gives

1 .
H = 5/ (&,-jgl-j + 51-]-;652-]-,;6 — DzEZ> ds? s (49)
Q

where H is the total electrical enthalpy.
The external work done by the mechanical and electrical forces on the surface is

Wea:t :/ fzu,dS—/ wldS' . (410)
It T'p

Finally, the weak form of mechanical and electrical equilibrium derived from the Hamilton
principle for static problem yields

0= / (&ijéézj —+ 5ijk55ij,k — DZCSE1> ds) — /
Q

I I'p

Substitute the equations (4.3), (4.4) and (4.5) into the equation (4.11) yields the final weak
form of the governing equation of linear flexoelectricity:

/ (Cijmdeijcr — drijErdes; — puijnEid€ij, — kij0 BB — digd Bigg — pijrid i jip) dS2
Q
— / tiou;dS — / woldS =0 .

I '

The unknowns (e.g. displacement and electric potential) in the equation (4.12) are approxi-
mated by the Moving Least Square approximation (MLS). The details of MLS are given in
the following section 4.1.2.

4.12)
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Figure 4.1. (a) Schematic illustration of the MLS approximation, and (b) Level-set
function and its derivation cross the interface.

4.1.2 Moving least square approximation

The MLS approximation within the Element-Free Galerkin scheme is first introduced in BE-
LYTSCHKO ET AL. (1994, 1995). It approximates the unknowns by the neighboring nodes in
its support domain (figure 4.1(a)). To study the flexoelectricity in composite materials, the
level-set technique is integrated into the standard MLS scheme to describe the weak discon-
tinuity between the inclusions and matrix of composite materials. The level-set technique
adds extra enrichments to the nodes, which locate on both sides of the interfaces between the
inclusions and matrix. The extra enrichments are modeled by a level-set function based on
the absolute sign distance function ¥ (z). The schematic illustration of the level-set function
and its derivation cross the interface is shown in the figure 4.1(b). The local approximation
of the displacement w and electric potential ¢ considering the enrichments are

u(x) =Y Ni(@)u;+ > Nj(@)¥(z)u; ;
. - (4.13)
0(x) =D Ni(x)8; + Z N;(z)(z)0; |

where N (x) are the shape functions at position z, w and 6 are the nodal displacements and
electric potential, N and M are the number of support and enriched nodes, respectively. The
shape function V;(z) associates with node i and a point x reads

Ni(z) = p" (2) [A(@)] ™ @ (2 — i) (), (4.14)
where p(z) is the complete polynomial order:

=T

p (x) = [1 zyx*xy yz} . (4.15)
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The quartic spline weight function w ensures a second-order continuity inside an element,
and achieves C'! continuity between elements, see NGUYEN ET AL. (2008).

(4.16)

B(r) = 1—6r248r—3rt ifr <1
A ) ifr>1"

with
_ [z — x|
ds ’
d, is the predefined search radius of the support domain and d; sets to 3 times of the nodal
spacing to avoid a singular moment matrix A(x). The moment matrix A(z) has the form

4.17)

N

Az) =) w(x —z)p(z)p" (z;) . (4.18)

i=1
The enrichment function W () has the form, see SUKUMAR ET AL. (2001):

U () = abs(i(x)): Sa)= min {la—ail -}, @19)

i=12,...,

where n, is the total number of inclusions inside the domain, x’c is the center coordinate
of the ¢-th circular inclusion, 7’2 is the radius of the i-th circular inclusion. For simplicity,
the approximations are written in a simplified form (e.g u" = N, u®t + N, Wuc). The
derivatives of the unknowns u and € (in equation (4.13)) contain the standard derivation for
non-enriched nodes (u*t¢, 8¢9 and the derivation for enriched nodes (u®™", 8°™" ):

ou" = ON u 4+ ON, Tu’e + N, 0P us
dou" = ON, us + OON,Bus + N,00Pu" + 20N, 0T u"" ; (4.20)
00" = OOt + Ny WO + NpoWe

with
9 0 <4
oy Oz
By=0Ny= [ ] (4.22)
oy 2 2 2
H, = 00N, = %% 5 %" %0 5 G| (4.23)
0xdy el 8_y2 0xdy
B = 9N,V + N,0W ; (4.24)
B{"" = ONyW¥ + NyoW ; (4.25)

H" = 90N,V + N,00¥ + 20N,0V . (4.26)
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The details of B."", Bg"™", H"" are listed in the Appendix B. Substitute the equations (4.20)
~ (4.26) into the equation (4.12), the matrix form of the equilibrium yields

Kuu Ku@ . u| fu
pSRriAL 42

K, = Z /Q (B, + B“")C(B, + B")1dQ, ; (4.28)

with

Ku= 3 [ (Bt BI)e(Bo+ B )+ (H.+ H ! (B + By™)") d.

(4.29)
Kp=-) / (By + B )k (By + By )" d€Qe ; (4.30)
i VS
o= NTtdl, (4.31)
Zi: | Nutedl,
fo==>_ | Njwdlp.. (4.32)
3 FDe

7

The employed shape function does not preserve the Kronecker-Delta property, the developed
model uses the Lagrange multiplier method to impose mechanical and electrical boundary
conditions. The material property matrices (in Voigt notation) C, , e, p have the form

o 1—v v 0
“- (1+v)(1—-2v) g 16V (%EV) ; (439
K= [’%1 kgg} ; (4.34)
dt = { dgl d(;g d(ﬂ ; (4.35)
o= {ﬂél M62 M(z)14 M?z H?l Méﬂ ' (4.36)

4.1.3 Numerical results and discussion

In this section, the developed model validates with benchmark problems: (a) the flexoelec-
tric response of a cantilever beam under mechanical and electrical loading conditions and
(b) flexoelectric response in a mechanically-compressed truncated pyramid. Note that these
problems are free from material discontinuity. The obtained results are validated with an ex-
isting study, see ABDOLLAHI ET AL. (2014). Subsequently, the model coupled with material
discontinuity and local enrichments investigates the flexoelectric response in the composite
structures.
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Table 4.1. Material parameters.

Name Symbol Value

Poisson ratio v 0.37

Young’s modulus Es 100 GPa
Piezoelectric constant  dg; -4.4nC/m?
flexoelectric constant 11 1 uC/m
dielectric constant Ki1s kg3 11 nC/Vm; 1248 nC/Vm
electric susceptibility X 1408

Cantilever beam

Figure 4.2(a) and 4.2(b) show the simulation setups for an open circuit cantilever beam un-
der mechanical loading condition and a close circuit cantilever beam under electrical loading
condition, respectively. The length to thickness ratio L /A of the cantilever beam is 20. Ta-
ble 4.1 reports the material parameters, see GHASEMI ET AL. (2017).

(a) (b) - (c)

Figure 4.2. Schematic illustration of the cantilever beam under (a) mechanical load,
(b) electrical load, and (c) MLS discretization with the red solid points
representing the nodes.

Mechanical loading For the case of a cantilever beam under mechanical loading condi-
tion, a point load F' = 100N applies to the upper-right edge of the cantilever beam (figure
4.2(a)). Zero electric potential applies on the right edge. Electromechanical coupling gener-
ates the electrical energy under point-load deformation. The conversion ratio from mechan-

ical to electrical energy (kZ;;) is

Welec _fE-K,-E
Wiee  [e:Cie

]2'3 ff= 4.37)
The present model assumes that the transversal piezoelectric (d = d3;) and flexoelectric
(4 = p12) components are the only non-zero terms in the equations (4.35) and (4.36) for
simplicity. The Poisson effect is also ignored. The results of this simplified model will be
validated with the analytical solution derived in MAJDOUB ET AL. (2008). The analytical

solution for ks is
_ >_< K W 2
Fopp = —— e+12 (1)), 438
I 1+>‘<\/Eezs( +12(3)) (4.38)




62 CHAPTER 4. CONTINUUM MODELING OF FLEXOELECTRIC COMPOSITES

3.5 —#= Analytical solution Electric potential (V) %103

=4 Presented model

Normalized effective piezoelectric constant

1 2 3 4 5 6 7 8
Normalized Thickness h'

(a) Size-dependent effective piezoelectric con- (b) Electic potential (V)
stant

Figure 4.3. Calculation result: (a) size dependent effective piezoelectric constant,
and (b) electric potential profile for the 2D fully coupled cantilever
beam.

where the normalized piezoelectric constant is

ke
d =< (4.39)

kpiezo

with l_fpiezo obtained by neglecting flexoelectric effect in the equation (4.37).

Figure 4.3(a) plots the comparison between the present model and the analytical solution,
where i’ = —dh/pu is the normalized beam thickness in the open circuit mechanical load-
ing case. The variation between the normalized piezoelectric constant d’ and the normal-
ized thickness i’ from the present model agrees with the analytical solution from the equa-
tion (4.39). It proves that the present model correctly estimates the electromechanical cou-
pling behavior in a non-piezoelectric beam under bending deformation. The flexoelectricity
dominates the conversion between the mechanical and electric energy due to the low piezo-
electric constant of the material (refer to table 4.1). Figure 4.3(b) shows the generated electric
potential profile of the open circuit cantilever beam.

Electrical loading Here investigates the electromechanical coupling of a cantilever beam
(figure 4.2(b)) under pure electric loading condition, serving as an actuator. The setup
enforces an electrical loading of —20V on the bottom edge of the cantilever beam (fig-
ure 4.2(b)), and grounds the top edge. There is no external mechanical loading on the can-
tilever beam. The left side of the cantilever beam is mechanically fixed. Figure 4.4 displays
the induced displacement and electric potential profiles. The electric field across the beam in
the Y-direction is shown in figure 4.5. Figure 4.5 indicates opposite electric field gradients
near the top and bottom of the cantilever beam due to converse flexoelectricity, resulting in
deformation of the cantilever beam. The displacement and electric potential profiles of the
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Electric potential (V)
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(a) Displacement in X and Y direction(m) (b) Electic potential (V)

Figure 4.4. Calculation result of a cantilever beam under electric loading condition:
(a) beam displacement, and (b) electric potential profile.
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Figure 4.5. The electric field profile cross the beam in the Y-direction at mid-length
of the beam.

cantilever beam are in good agreement with an existing study based on an IGA analysis, see
GHASEMI ET AL. (2017).

Compressed truncated pyramid

This section further investigates the flexoelectric response of a mechanically compressed
truncated pyramid (figure 4.6). The top edge of the pyramid is grounded, and a uniform
force of —6 uN applies to it. The bottom edge length of the pyramid is 2250 pm, and the
top edge length is 750 pym. The height h of the pyramid is 750 ym. The remaining material
parameters are listed in the table 4.1. Due to the difference in the top (a;) and bottom (as)
edge lengths of the truncated pyramid, the applied uniform force F' leads to different strains
at the top and bottom edges of the truncated pyramid, which results in a strain gradient in
the vertical direction (Y-direction). Figure 4.7 shows the resulted strain in the Y Y-direction
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T
3
25
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o) =
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Figure 4.6. Schematic illustration of (a) truncated pyramid and its boundary condi-
tions, and (b) MLS discretization with the red solid points representing

the nodes.
Strain YY ©10°5 Electric potential (V) %1073
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(a) Strain profile in YY-direction (b) Electic potential (V)

Figure 4.7. Calculation result of the compressed truncated pyramid: (a) strain pro-
file in the Y-direction, and (b) electric field profile.

and the induced electric potential profiles. The resulting strain and electric potential agree

well with a previous report in terms of numerical value and contour, see GHASEMI ET AL.
(2017).

Flexoelectricity in composite

This section demonstrates the possibility of inducing electric polarization in composite sys-
tems without the piezoelectric effect. A non-piezoelectric composite system consists of an
embedding matrix (square shape) and an inclusion (circular shape) is shown in the figure 4.8.
The edge length of the square domain is L = 10 um with the center inclusion has a radius
r1 = 1.5 pm. The bottom edge of the matrix is grounded and a compressive force applies
to its top edge. The dielectric constant of the inclusion is 10% as that of the matrix. It as-
sumes that Young’s modulus of the matrix material (£,,,;) is lower than that of the inclusion
material (F;,.). Three different Young’s modulus ratios (% = 10, 100, 1000) are used to



4.1. MESHLESS MODEL FOR FLEXOELECTRIC COMPOSITES 65

CUN R R R A ()
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Figure 4.8. Schematic illustration of (a) square domain with center inclusion and
the boundary conditions, and (b) MLS discretization with the red solid
points representing the nodes and blue asterisks representing the en-
riched nodes.

investigate its influence on the energy transfer ratio between mechanical energy and electri-
cal energy. The remaining parameters (table 4.1) for both components are identical. Here
assumes that under a mechanical load, electrical polarization will arise in the composite from
flexoelectricity due to the local strain gradients near the inclusion boundary.

Figure 4.9 presents the strain and electric potential profile of the mechanically compressed
composite. As assumed, the non-uniform strain field near the inclusion boundary generates
a strong strain gradient field. Figure 4.10 plots the strain gradient profiles ¢, , and €, ,
along the horizontal and vertical centerlines of the square domain. In both directions, a high
strain gradient is seen near the inclusion boundary due to the different material toughness
(Young’s modulus) of the matrix and the inclusion. Since the piezoelectric coefficients of
the matrix and the inclusion are set to zero, the induced electrical potential rises only from
flexoelectricity. More specifically, the linear relationship between the electrical potential
and the strain gradient described by flexoelectricity is responsible for the strong electrical
potential near the inclusion boundary, where strong strain gradient fields locate, as seen from
figure 4.9(b).

Studies on composites indicated that the volume ratio of the inclusions has a significant im-
pact on the overall properties of the composites, see HE ET AL. (2016); ZHANG ET AL.
(2016); WAN ET AL. (2017); RAY (2018). To further investigate the effect of the varying
volume ratio on the flexoelectric response in composites, here conducts simulations with dif-
ferent inclusion area ratios (in 2D) under the same loading condition. The area ratio of the
inclusions varies from 0.5 ~ 2.5%. The area ratio is defined as the total area of the inclusions
divides the area of square domain. For each area ratio, simulations with varying location of
inclusions are conducted to avoid uncertainty, hereafter, the averaged result (energy conver-
sion ratio calculated from equation (4.37)) from all simulations is taken for further analysis.
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Note that, to insert multiple inclusions, the radius of the inclusion decreases to 0.4 pm. Fig-
ure 4.11(a) shows the electric potential of a domain with 10 randomly-distributed inclusions.
It shows that the non-uniform strain fields near the inclusion boundary induce high electric
potential. Furthermore, enhanced electric potentials are noted in the region between nearby
inclusions. It corresponds to the interaction of the non-uniform strain fields around the neigh-
boring inclusions. Figure 4.11(b) plots the energy conversion ratio versus the inclusion area
ratio. It shows that the energy conversion ratio increases with the inclusion area ratio. It is
explained by the rising strain irregularity (higher strain gradient) inside the composite with
the increasing inclusion area ratio, thus a stronger flexoelectric response. Figure 4.11(b) also
indicates that composites with an identical inclusion area ratio but a higher % induce a
stronger mechanical to electrical energy conversion. It suggests that a softer matrix material
enhances the electromechanical response of flexoelectric composites.

Strain YY xo1o*5 Electric potential (V) %10
4

2
0
-10
-12

(a) Strain profile in YY direction (b) Induced electric potential (V)

N

B

(<))

o]

-6

Figure 4.9. Calculation result of the square composite under compression: (a) strain
profile in the Y'Y direction, and (b) induced electric potential.
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Figure 4.10. Strain gradient profiles along the horizontal center line (g,,,,) and ver-
tical center line (€44,4)-
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(a) Electric potential profile with ten inclusions (area (b) Energy conversion ratio calculated by equa-
ratio = 5.0%) tion (4.37) vs inclusion area ratio

Figure 4.11. Calculation result of a compressed square composite with randomly dis-
tributed inclusions: (a) electric potential profile, and (b) energy conver-

sion ratio.

4.2 Mixed finite element model for flexoelectric composites

In the previous section 4.1, a Meshless model was developed to study flexoelectricity in 2D
structures assuming small strains and static loading conditions. In this section, a 3D nonlin-
ear mixed finite element model (NMFEM) considering geometric nonlinearity, strain gradi-
ent elasticity, static and dynamic loading conditions is developed to study flexoelectricity in

3D structures.
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4.2.1 Mixed finite element formulation for the nonlinear flexoelectricity

This section presents the mixed finite element formulation considering geometric nonlinear-
ity of flexoelectricity. The formulation adopts the Saint Venant—Kirchhoff material model.
Hence the internal strain energy density of a flexoelectric structure follows, see SHEN & HU
(2010),

1 1_.. 1

Uftezo = 8 : G+ -t — =D -E, (4.40)

2 2 2
where S is the second Piola-Kirchhoff stress tensor, G is the second-order Green-Lagrange
strain tensor, 7 is the third order double stress tensor and 7} is the gradient of the Green-
Lagrange strain tensor in terms of the displacement gradient 1), where the second-order
tensor ¢ = Vu. D is the first order electric displacement vector, E is the first order electric
field vector. The total potential energy II of a flexoelectric structure, including the boundary
conditions and the Lagrange multipliers for ensuring C! continuity is

H:/Uﬂmdg—/ u-tdFu—/u-bdQ
Q w Q

: (4.41)
+/ 9qu9+/A:(¢—Vu)dQ
To 9

where u and 6 are mechanical displacement and electric potential, respectively. ¢ is the
surface traction, b is the body force and ¢ is the surface charge density. A is the Lagrange
multiplier to enforce the kinematic constraint between gradient of displacement and ). The
Neumann boundary for the mechanical displacement and electric potential denote as I',, and
Iy, respectively. The first variation of the total potential energy II gives

6H:/S:5GdQ—|—/7~'§5ﬁdQ—/D-5EdQ
Q Q Q
—/ (5u-tdFu—/(5u-bdQ+/ 00 qdly . (4.42)
u Q FO

+/Q>\:(5¢—v5u)dﬂ+/Q(zp—Vu>:6>\dQ=0

All components in the equation (4.42) are linearized as follows

L[0T1] = 611 + DI - Au

= 0TI+ A(STI) (+4)

where L is the linearization operator. Here presents the details of the linearization procedure
of the components in the equation (4.42):

L [/S:aadﬂ] _/gzéé’dQJr/A(S:éG)dQ, (4.44)
Q Q Q
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/\ Displacement U

Electric
potential ¢

/\ Displacement w
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/\ Lagranian
multiplier /\

= [0 Displacement q,

Figure 4.12. Schematic illustration of the H27 element, this element has 27 nodes in-
cludes 8 corner nodes equipped with displacement u (blue rectangles),
electric potential € (red triangles), displacement gradient v/ (red trian-
gles) and Lagrange multiplier A (red triangles) DOFs; the remain 19
nodes (blue rectangles) only hold displacement u DOFs.

Q

/A(S:(SG)dQ:/S:A((SG)dQ+/6G:ASdQ
Q Q
_/S:A(cSG)dQ+/5G:C:AGdQ—/5G:d~AEdQ
Q Q Q

= / S [(Vodu)T (Vo (Auw))]dQ + / 6G : C: AGdQ
Q Q

—/5G:d-AEdQ
Q

(4.45)
where,
1
G = §(ui,j + Ui+ U Ugg)
1
(4.46)

1
AOG = 5(5uk,z‘AUk,j + Augidug,;) |

S=C:G—-d-E,
AS=C:AG —-d-AE;

L { / %EéﬁdQ] = / FiomdQ) + / A(F:o1m)dQ (4.47)
Q Q Q
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/ A(Fi67)dQ = / FIA(57)dQ + / SHAFAQ
Q Q Q

_ / FAGH)AQ — / 5 - ABAQ + 077igi AGAQ
Q Q

: (4.48)
— [ O Tat) + (3) (Vodp)Jac
Q
- / 50 - AEAS) / Lo g AR
Q Q
where,
o1
n= §<wij7k + wji,k‘ + 77bmj1/)mz‘,k + ¢mj,k¢mi> )
o1
01 = 5(5@%,1@ + 0Vjik + Ui Vmik + VimiOUmik + 0Umj kWmi + Ymjk0Umi)
.1 4.49
D817 = 3 (00mi D+ DDt + o A + A0 )
- 5¢m]Awmz,k + Awmj5¢mz,k s
F=—pu-E+g7;
L U D. 5Ed§2} = / D - SEdQ + / A(D - SE)dQ, (4.50)
Q Q Q
/ A(D - E)dQ) = / D - ASEdQ + / AD - §EdQ
@ @ @ ., (45D
:/5E-d:AGdQ+/5E~u5AﬁdQ+/5E.n-AEdQ
Q Q Q
where,
D=d:G+pfi+k-E,
AD =d: AG + p:An+ k- AE
Ei=-4,, (4.52)
5E2 = —(5972 5
L U A (69 — v5u)d9] = / A (09 — Voa)dQ+
Q @ : (4.53)
/ AN : (54 — Vou)dQ
Q
L U(¢ —Vu) : 5>\d9} = /(zﬁ — Vi) : 6AdQ+
@ @ (4.54)

/ (A — VAW) : SAddQ |
Q
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The algebraic form of equations (4.44),(4.47),(4.50),(4.53) and (4.54) are written as follows

L [ / S:(SGdQ] = du ( / BTRdQ) + 0u ( / HlTRHldQ> Au
Q Q Q

+ du ( / BTC BdQ) Au + du ( / B%d Bng) AO
Q Q

L { /Q %sdﬁdQ] = Jap ( /Q H};RDdQ) + 69 ( /Q N’TR:f,szQ) Avp

+ 0 ( / ngTBng) AO + 51 ( / HT RDN’dQ> A (4.56)
Q Q

(4.55)

+ 69 ( /Q H,_T,gHDdQ> A

L{/D-éEdQ} :—50/3313019 — 66 (/ BgTdBdQ) Au
Q Q Q

. (4.57)
— 66 ( / B} p,HDdQ) A + 56 ( / By &Bng) AG
Q Q

L [ / X (63 —Vdu)dQ] = 69 / NYXAQ - du / BT A0+
Q Q Q

5t ( / N’TNldQ) AX — bu ( / BquN’dQ> AN
Q Q
(4.58)

. . _ 1T . 1T — _
L [/Q(T,b Vu) : 5)\dQ} (5)\/g;N Pdf) (5)\/N VadS2

Q

+6A ( / NlTN’dQ> A + A ( / NlTBwudQ) Au
Q Q

(4.59)
The final algebraic form of the equation (4.43) can be written in a matrix form as
KAU = F s — Fypyt (4.60)
In the matrix form, only the mechanical Newmann boundary condition is imposed
Kuu 0 Kue Ku)\ Au Feqfvt F#Lt
0 Kyyp Kypo Kya A | 0 | o (4.61)
Ko, Koy Kgg 0 A6 0 F), |’ .

Ky, Ky, 0 0 AN 0 F

nt
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where
Ky = / BTCBdAO + / HTRH,dQ ,
Q Q
Koy = / N R, H,dQ + / H3 RpN'dQ + / HpgHpdQ
Q Q Q
Kgg = —/ BgK,Bng s
Q
Kyo = / Hpp"BedQ = Ky,
Q
K= / BTdB,dQ = Kj, ,
Q

Ky = / B, N'dQ =Ky, ,
Q (4.62)

Kyx = / NY'N'WQ = KT, ,
Q

F*, = / tNdl
r
F!, = / BTRAO + / By, A,
FY, = / HERpdQ + / N7,

/ NTXQ |

znt -
F), = / N pdo — / NTvadQ .

The details of the components in the equation (4.62) are presented in the Appendix C. The
material matrices C, d, x, p and g correspond to the elastic stiffness matrix, piezoelectric
coupling matrix, dielectric permittivity matrix, flexoelectric coefficient matrix and tangent
non-local elastic tensor, respectively. In this study, the NMFEM develops a H27 element
(figure 4.12) for discretization. This element has in total 233 degrees-of-freedom (DOFs),
including 3 displacement DOFs (u) in each node, 9 Lagrange multiplier DOFs () per corner
node (8 corner nodes), 9 displacement gradient DOFs (1)) per corner node and 1 electric po-
tential DOF (6) per corner node. The developed NMFEM utilizes a quadratic shape function
for interpolating the displacement DOFs. Linear shape function is employed to interpolate
the Lagrange multiplier DOFs, displacement gradient DOFs, and electric potential DOF. For
the numerical integration, 27 Gaussian points per element are used to obtain the stiffness
matrix and residual vector.

4.2.2 Numerical results and discussion

In this section, the developed NMFEM first validates with an analytical model. Subsequently,
the NMFEM investigates the influence of the geometric nonlinearity on flexoelectricity and
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the underlying mechanism of flexoelectricity in composite structures under the influence of
different material properties and structure configurations between the inclusions and matrix.
The subsequent subsection proposes a cantilever flexoelectric composite beam for energy
harvester application and the last subsection presents a topology optimization study for flex-
oelectricity in cylinder/cone-shaped devices.

Model validation

U2 %

U
12N
%QQZA
QIQO

\

(a) Schematic illustration of the analytical set-up (b) Mesh configuration of a quarter of the struc-
ture as in the analytical set-up

Figure 4.13. (a) Schematic illustration of the analytical set-up, the inner surface sub-
jects to a displacement load u; = 0.045 pwm and the displacement load
ug = 0.05 um is applied to the outer surface; The outer surface also
subjects to electric potential equals to 1V whereas the inner surface is
grounded. The inner radius r; = 10pum and outer radius 72 = 20um;
(b) The mesh configuration of a quarter of the structure as in the analyt-
ical set-up.

In this subsection, the developed NMFEM validates with an analytical solution presented
in MAO ET AL. (2016). The analytical model’s set-up is illustrated in figure 4.13(a). As
shown in figure 4.13(a), a hollow cylinder subjects to a deformation load and a electric
potential difference. The hollow cylinder’s inner surface subjects to a radial displacement
of u; = 0.045 um and zero electric potential (grounded). The outer surface subjects to a
radial displacement of uy = 0.05 um and the electrical potential of 1V. The hollow cylinder
has an inner radius 7y = 10 pm and outer radius 7, = 20 pm. Literature studies, see MAO
ET AL. (2016); DENG ET AL. (2017), presented the analytical solution for the displacement
and electric potential of this problem as follows

CQ z

up(r) = Cir + — + Cs3I4 ( z
r lo

)+C4K1(l
0

), (4.63)
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and

r T

0(r) = Cslnr + Cs + £ (a“’”(r) + “’“(r)) : (4.64)

where constants ('] to C are determined by the given boundary condition. f = pq1 + 2u19.
The I, and K are the first-order modified Bessel functions of the first and second kind. The
r represents the location, where the displacement and electric potential are calculated. The
length scale [, of this problem derives from

2
2=10%+ o , 4.65
I O (369
where A and p are the first and second Lamé-constant, respectively.
With the following boundary conditions:
u(r =m11) = ug; up(r =12) = ug;
Y(r=r) =0V, W(r=1r2)=1V; (4.66)

T(r=r)=7(r=ry) =0,

and the material parameters in table 4.2, the constants C to Cg from the equation (4.63)
and equation (4.64) are determined as 0.0018069, 0.28063 um?, -6.7032 x 10~% um, -
0.267117um, 4.0166 V and 33.8698 V, respectively.

Due to the center-symmetrical set-up in the analytical model, it is sufficient to only construct
a quarter of the hollow cylinder structure (the upper right quarter in figure 4.13(a)) with the
NMFEM to replicate the analytical problem. This simplification imposes extra boundary
conditions in the NMFEM on surfaces A and B, as shown in figure 4.13(b). The loading
conditions and material constants are identical to the analytical setup.

Table 4.2. Material parameters.

Name Symbol  Value
Poisson ratio v 0.3
Young’s modulus E 139 GPa

Piezoelectric constant  e3; 0 nC/m?
flexoelectric constant fi12; pg7 1 puC'/m
dielectric constant k113 k33 1 nC'/Vm
electric susceptibility X 1408
length scale 1 2 pm

Figure 4.14 shows the radial displacement profile and electric potential profile from the
NMFEM. For validation, the values of radial displacement and electric potential along the
marked line in the figure 4.13(b) are extracted and compared with the analytical solution
(equation (4.63) and equation (4.64)). The comparison shown in the figure 4.15 demonstrates
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Figure 4.14. (a) radius displacement (m) distribution profile, and (b) electric poten-
tial (V) profile from the NMFEM model with strain gradient elasticity.

an excellent agreement between the NMFEM and the analytical solution, which validates the
proposed NMFEM. It’s also worth noting that the NMFEM captures the non-linear voltage
profile (shown in figure 4.15(b)) caused by the consideration of the strain gradient elastic-
ity in the equation (4.48). Existing study shows that the significance of the strain gradient
elasticity on the behavior of an electromechanical structure at a small length scale, where
the flexoelectric effect is predominant, see MAO ET AL. (2016). The NMFEM successfully
predicts the electromechanical response of the analytical setup under the influence of strain
gradient elasticity.

Nonlinear flexoelectricity under static and dynamic loading conditions

Nonlinear flexoelectricity under static loading condition Here studies the influence of
the geometric nonlinearity on flexoelectricity under static loading condition. The geometric
nonlinearity is due to the consideration of higher-order terms in the Green-Lagrange strain
tensor GG (equation (4.46)), which is ignored in the linear model. Here employs cantilever
beams (figure 4.16) under bending load to investigate the influence of geometric nonlinearity
on flexoelectricity. The cantilever beams subject to a line load at their free end. Their
left-ends are mechanically fixed, and the right-ends are grounded to mimic an open circuit
setup. And the beams have an aspect ratio of 100 x 10 x 10. Two sets of beam depths
(d =10 gm and d = 5 pm) are adopted for both linear and nonlinear cases. The applied
material constants are listed in table 4.2. A ramp loading scheme for 30 loading steps with
an incremental line load F = 30 N/m is applied. The Newton-Raphson method obtains the
converged solution by minimizing the residual in each loading step. The maximum output
voltage and the beam displacement for each loading step are noted.
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Figure 4.16. Schematic illustration of a cantilever beam and its boundary conditions.
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The maximum output voltages and displacements of the cantilever beams at each load step
are plotted in figure 4.17. The subplots in figure 4.17 indicate that the linear model agrees
with the nonlinear model only for the first few loading steps. After that, the discrepancies
between the linear and nonlinear models increase with the loading step. For instance, at step
30, the discrepancy between the linear model and nonlinear model in terms of the maximum
displacement and output voltage of the beam with depth d = 5 um reaches 2.61 x 107°/ —
1.1 x 107° = 237% and 44.1/29.5 = 149%, respectively, which suggests that the linear
model severely overestimated the electromechanical response of the flexoelectric cantilever
beam compared to the nonlinear model. A nonlinear Meshless model for flexoelectricity
also reported the same discrepancy due to the geometric nonlinearity, see ZHUANG ET AL.
(2020). Furthermore, figure 4.17 also observes a size-dependent effect. Namely, at each
loading step, the discrepancy in terms of displacement and electrical potential between the
linear and nonlinear models of the beam with height d = 5 um is always larger than that
of the beam with height d = 10 ym. For instance, at step 30, the maximum displacement
discrepancy between the linear model and nonlinear model of the beam with depth d =5 pym
(figure 4.17(a)) is about 2.37/1.66 = 1.5 times higher than that of the 10 ym deep beam
(figure 4.17(c)). Similar trend (at step 30, 1.49/1.27 = 1.16) is also observed in the electric
voltage output plot (figure 4.17(b) vs figure 4.17(d)). This size-dependent behavior suggests
that the flexoelectric effect is more vulnerable to the geometric nonlinearity at a smaller
length scale. Considering this behavior, it is necessary to employ the nonlinear model for
analyzing any given flexoelectric structure at the nanoscale or even at the microscale.

Figure 4.18 shows the electric voltage distribution in the deformed beam with depth d =5
pm at loading step 1, 15 and 30. It demonstrates that the proposed NMFEM captures the full
nonlinear region with excellent stability.

Nonlinear flexoelectricity under dynamic loading condition Here further investigates
the influence of the geometric nonlinearity on flexoelectricity under dynamic loading
conditions. For this purpose, the mass and acceleration terms are included in the equation
(4.60) to accommodate the dynamic behavior.

Mi+ Cu+ KAU = F — Fyyy (4.67)

where the consistent mass matrix and matrix C have the form:

M = / NtpNdQ and  C=aM + Ky, , (4.68)
Q

and p = 6000 kg/m? is the material density, o and /3 are constants of proportionality, which
are as described in DENG ET AL. (2014); CLOUGH ET AL. (1977). The 4 and % are nodal
accelerations and velocities, respectively. The excitation force F' = fsin(w t), and f in-
dicates nodal excitation amplitude and w is the excitation frequency. The time-dependent
nonlinear equations are solved by the Newmark-Beta method, see NEWMARK (1959).

Here chooses a cantilever slab to study the influence of the geometric nonlinearity on flexo-
electricity under dynamic loading condition. The insertion in figure 4.19 shows that the slab
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Figure 4.17. Maximum displacement and output voltage of the cantilever beams
from the linear and nonlinear model. (a) and (b) show the maximum
displacement and output voltage of a cantilever beam with depth d =
5 pm, respectively; (c) and (d) show the maximum displacement and
output voltage of a cantilever beam with depth d = 10 pm, respectively.
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is fixed at the left end, and a line load applies on the right end. The dimension of the slab is
100 x 10 x 1 with the depth of the slab equals 1 ym. The material constants are the same as
in table 4.2. A sinusoidal loading function imposes on the free edge of the slab, which has
the form: F' = fsin(w t), where f is the loading amplitude, w is the excitation frequency in
the unit of rad/s and t is the time in s. The linear and nonlinear models’ loading amplitude
ranges from 0.002 N/m to 0.01 N/m and from 0.002 N/m to 0.05 N/m, respectively. The slab
subjects to 30 loading cycles, which has loading amplitude equals to each cycle’s maximum
or minimum and the excitation frequencies range between 250000 Hz and 600000 Hz.
Figure 4.19 presents the maximum output voltage versus the given loading frequency under
different loading amplitudes for both linear and nonlinear models. As shown by the solid
lines in the figure 4.19, the linear model determines the maximum output voltage response to
be localized and symmetric to the natural frequency and reaches its maximum when the load-
ing frequency equals the nature resonant frequency of the slab. Figure 4.19 also shows that
the symmetric voltage response is independent of the excitation amplitudes (f = 0.002 N/m,
f=0.005 N/m and f = 0.01 N/m). Another linear analytical model proposed in DENG ET AL.
(2014) studies flexoelectric effect under dynamic loading condition also reported that the
voltage response remains symmetric regardless of the excitation amplitude. In contrast to
the linear model, the maximum output voltage response from the nonlinear model tends to
behave more asymmetrically as the excitation amplitude increases. The nonlinear effect is
negligible for small excitation amplitudes (f= 0.002 N/m and f = 0.005 N/m), which yields
the same voltage response profile as the linear model. As the excitation amplitude increases
(from f = 0.005 N/m to f = 0.05 N/m), the asymmetrical behavior of the voltage response
rises. The asymmetric voltage response of the nonlinear model indicates the structural soft-
ening of the cantilever slab via the consideration of higher-order terms in the equation (4.46).
It indicates that the profile of the output voltage versus excitation frequency depends on the
force amplitude. Besides, if the flexoelectric structure subjects to higher force amplitudes
such that the structure is geometrically nonlinear, then the response bandwidth is broader
than it at lower force amplitudes.

Figure 4.20 shows the maximum voltage response of the cantilever slab with different damp-
ing ratios £ = 0.01, 0.15, and 0.3 under the same sinusoidal loading condition, which has a
force amplitude f = 0.05 N/m. The voltage output decreases with the increase of damping
ratio, which is expected since the damping effect diminishes the dynamic response of the
structure.

Flexoelectricity in composite material

This subsection first explores the mechanism of flexoelectricity in a composite with a single
inclusion inside the matrix (shown in figure 4.21(a)). Follows by the investigation of flexo-
electricity in composites with different setups in terms of varying volume ratios and material
parameters of the inclusions.

Mechanisum of flexoelectricity in composite material Figure 4.21(a) shows the setup
for studying the mechanism of flexoelectricity in a composite, consisting of a square matrix
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material M1 and an inclusion M2 located at the center. The height of the matrix is 10 pm,
and the inclusion radius is 2 ym. The upper surface of the matrix M1 subjects to a com-
pression force with a magnitude of 1 uN, whereas its lower surface is fixed and grounded
(zero electric potential). The material constants of M1 are taken from table 4.2 with the
flexoelectric coefficients set to zero serving as a conductive material, which is the standard
procedure in practice for composite energy harvester, see CIOFANI & MENCIASSI (2012);
GULLAPALLI ET AL. (2010). The Young’s modulus of M2 is four times higher than that of
M1, and other material constants of M2 are taken from the table 4.2. Figure 4.21(b) shows
the composite material’s mesh configuration with a total of 3644 H27 elements, including
428 H27 elements for the inclusion M2.

Force

¥ ¥ ¥ ¥y

L
AY
Mi
> 2
;7 7 7L
(a) schematic illustration of the composite with a sin- (b) mesh configuration

gle inclusion

Figure 4.21. (a) Schematic illustration of the composite with a single inclusion lo-
cated in the center of the matrix. The matrix denotes as M1 and the
inclusion as M2, and (b) Mesh configuration of the composite material.

As shown in figure 4.22(a), under compression, the difference in Young’s modulus between
the matrix M1 and inclusion M2 results an non-uniform strain (e,,) profile inside the com-
posite material, especially near the interface region between the matrix and inclusion. Due
to a significant range difference in strain and electric potential value, figure 4.22 presents the
contour plots for inclusion and matrix separately for a clear representation. The non-uniform
strain distribution (figure 4.22(a)) of the inclusion indicates the existence of strain gradient in
the X and Y-direction, which induces electric potential through flexoelectricity. The electric
potential distribution in the figure 4.22(b) confirms the existence of flexoelectric response
in the composite. To further investigate the composite’s flexoelectric response, the electric
potential along the centerline in the Y-direction is presented in the figure 4.23. It shows a
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Figure 4.22. (a) strain £, distribution of the matrix M1 and inclusion M2, and (b)
electric potential (V) of the matrix M1 and inclusion M2

significant difference between the matrix and inclusion in terms of electric potential distribu-
tion, as the matrix sets to be non-flexoelectric. The flexoelectric inclusion produces electric
potential due to the non-uniform strain field, while the matrix serves only as a conductive ma-
terial. Figure 4.23 shows that the highest electric potential locates near the interface region,
where the strain gradient is maximum. It also indicates that the electric potential generated
by the inclusion permeates into the matrix domain with a significant decrease in magnitude.
The non-symmetric electric potential distribution in the Y-direction across the domain shown

in figure 4.23 is due to the applied electric boundary condition (zero electric potential on the
lower surface as shown in figure 4.21(a)).

The presented composite model with a single inclusion demonstrates the underlying mech-
anism of flexoelectricity in composite material. The magnitude of the generated electric
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Figure 4.23. Electric potential profile along the centerline of the composite in the
Y-direction.

potential decreases rapidly in the matrix as the distance from the inclusion increases, sug-
gesting that the inclusion needs to be placed close to the electrode (generally locates on the
surface) in an energy harvester device for obtaining the maximum electric potential.

Flexoelectricity in composite with multiple inclusions This subsection further explores
the influence of the setups of composite in terms of inclusion volume ratio V..., and relative
Young’s modulus E,..; on the overall electromechanical behavior of the composites. V.40
equals the volume of inclusions V. over the total volume V. E,; is the ratio between the
Young’s modulus of inclusion E;,. and the matrix E,,,;. For this purpose, here constructs
composites with V. and E,; ranging from 1%, 3%, 5%, 7%, 10% to 15% and from 2,
3 to 4, respectively. The remaining material parameters and the boundary conditions are
identical to the model in the previous subsection. The schematic illustration of a setup is
shown in figure 4.24(a). It indicates that the geometrical configuration of a setup with a fixed
V., atio and E,..; can vary with the size and location of each individual inclusion since only
the total volume of inclusions is controlled with V,,;,, this imposes an uncertainty in the
setup. To further investigate this topological uncertainty, here constructs ten examples with
the same setup of V,..;;, = 5% and E,..; = 3 but different inclusion locations and dimensions
(radius). All ten examples subject to the same boundary conditions as shown in the figure
4.24(a) with force F = 1 uN. To quantify this topological uncertainty, here employs the well
known effective electromechanical coupling factor k. ¢r as the reference measurement, see
MAJDOUB ET AL. (2008). The definition of &, £r s

= JE: - k-EdQ

P e B 4.
eff f.f:‘:(C:.f:‘dQ7 (4.69)

where E is the electric field vector, k is the second order dielectric tensor, € is the strain
tensor and C is the elastic constant matrix.
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Figure 4.24. (a) Schematic illustration of a composite with multiple inclusions. The
matrix denotes as M1 (light blue) and the inclusions as M2 (dark blue),
and (b) Mesh configuration of the composite.

Figure 4.25 shows the convergence study of the ten samples in terms of the effective
electromechanical coupling factor 72} s (the superscript ¢ denotes convergence). The con-
verged value of K7 of the i-th sample is k&, = kl; ;i k&G, = (kSpp 4+ k2p) /2.5
ke = (kS + kS + -+ kigp) /i, where ki, is the calculated effective electromechani-
cal coupling factor from the equation (4.69) of the i-th sample. Figure 4.25 demonstrates that
minimum five samples are required to achieve convergence for the given setup V., s, = 5%
and E,.; = 3. Considering this, at least five samples are constructed for each setup to ensure
convergence, and the averaged value of the effective electromechanical coupling factors k. £f
of each setup is taken for further analysis. Figure 4.26 shows the normalized effective elec-
tromechanical coupling factor Ky, (the superscript n denotes normalized) of each setup.
The values K[ ,s derive from an normalization procedure against the effective electrome-
chanical coupling factor k. ¢ of a reference setup V.4, = 1% and E,.; = 2. Figure 4.26
reveals two trends: (a) the increase of inclusion volume ratio results in higher electromechan-
ical coupling of the flexoelectric composites. It is explained by the increase of non-uniform
strain fields due to the randomly located inclusions, enabling a stronger flexoelectric effect.
Figure 4.27(a) demonstrates the highly irregular strain field due to the inclusions, especially
near the interface regions. Additionally, it observes a linkage effect, which represents an
enhancement of the electric potential between an inclusion and its neighboring inclusions;
(b) softer matrix material generates a stronger electromechanical coupling. It is clear that for
a fixed inclusion volume ratio, the setup with a higher E,; results in a higher normalized ef-
fective electromechanical coupling factor k. ¢ For instance, at 15% inclusion volume ratio,
the setup with £,..; = 4 shows 30 % enhancement in the normalized effective electromechan-
ical coupling factor ks compared to the setup with E,., = 2. Under the identical loading
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condition, the larger structural deformation of a softer matrix contributes to the enhancement
of strain gradient, thus leads to a stronger electromechanical coupling from flexoelectricity.
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Figure 4.25. Convergence study of a setup V,q1;0 = 5% and E,..; = 3 with ten
samples.
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Figure 4.26. The normalized effective electromechanical coupling factor K, cry for
different setup of V.44, and E,.; values.

A composite flexoelectric device

The previous subsection reveals two essential phenomena of flexoelectricity in composite
structure: (1) high electric potential generated near the interface between the inclusions and
matrix; (2) softer matrix material results in a stronger flexoelectric coupling. Here utilizes
these phenomena to design a new composite flexoelectric device, as shown in the figure
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Figure 4.27. (a) strain €, plot of a composite with multiple inclusions, and (b) the
induced electrical potential distribution of a composite with multiple
inclusions.

4.28(a). It is well established that a cantilever beam under bending serves perfectly as a
flexoelectric device thanks to the bending induced non-linear distributed strain field. Thus
the linear strain gradient for flexoelectric coupling across the beam in the bending direction,
see ABDOLLAHI ET AL. (2014); GHASEMI ET AL. (2017). Under an identical bending load,
a cantilever beam constructed by a softer material, such as a polymer, undergoes a larger
deformation and induces a higher strain gradient field than a cantilever beam been built from
a stiffer material, such as Barium titanate oxide (BTO) or Barium strontium titanate (BST),
see CHU & SALEM (2012); MA & CROSS (2006, 2002). However, the electromechanical
coupling via the flexoelectric effect in the polymer cantilever beam is minimal due to the
low flexoelectric coefficient of the polymer, see CHU & SALEM (2012); L1U ET AL. (2017).
On the other hand, materials such as BTO and BST have extremely high flexoelectric coef-
ficients (almost 1000 times higher than that of polymer) but also more than 100 times stiffer
than polymer, see MA & CROSS (2006, 2002); HE ET AL. (2018). Furthermore, a study
shows that the BTO / BTS material is susceptible to brittle fracture under large deformation,
limiting its application in flexible flexoelectric devices, see WANG ET AL. (2004). To utilize
the flexibility of the polymer and high flexoelectric coefficients of the BTO / BTS, the pro-
posed composite device in figure 4.28(a) combines the polymer material with BTO / BST
to serve as a flexible flexoelectric energy harvester. The main structure of the composite
beam constructs with the polymer to ensure structural flexibility. Besides, the last subsection
demonstrated that a softer matrix material leads to a more substantial flexoelectric effect.
The BTO/BST inclusions serve as generators inducing strong flexoelectric response thanks
to their high flexoelectric coefficients. Due to the short distance between the electrodes and
inclusions in the proposed flexoelectric composite device, the high electric potential gener-
ated near the inclusion (proved in the previous subsection 4.2.2) can be directly harvested by
the electrodes.
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Figure 4.28. (a) Schematic illustration of the composite flexoelectric device, the de-
vice subjects to a line load F at its free end. The darker blue circles
represent the inclusions. The red bar represents the positive electrode,
and the blue bar is the negative electrode, and (b) Mesh configuration
of the composite flexoelectric device.
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Figure 4.29. (a) Electric potential distribution from the pure polymer beam, and (b)
Electric potential distribution from the proposed composite flexoelectric
device.

To validate the effectiveness of the proposed flexoelectric device, here compares the gener-
ated electric potential of the proposed flexoelectric device to a flexoelectric cantilever beam
constructed purely from polymer. For the proposed flexoelectric device, the inclusions’ prop-
erties are listed in table 4.2 and the polymer matrix is 100 times softer than the inclusion and
has a flexoelectric coefficient equals 1/1000 as that of the inclusion. The remaining material
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parameters are identical to the inclusions. Both structures have a dimension of 50 ym x 10
pm X 1 pym and subject to a line load F = 0.01 N/m. The mesh configuration of the flexo-
electric device is shown in figure 4.28(b). Figure 4.29 shows the generated electric potential
from the pure polymer beam and the proposed composite flexoelectric device. It reveals that
the pure polymer beam has a uniform distributed electric potential field with a maximum
magnitude of 0.44 V, whereas the composite beam yields a maximum electric potential of
0.92 'V, which is more than twice that of the polymer beam. This significant enhancement of
the electric potential in the composite beam originates from the inclusions, as shown in fig-
ure 4.29(b). It also shows that the composite beam’s flexibility decreases by about 20 % due
to BTO / BST inclusions strengthening the structure. Nevertheless, the proposed composite
device is more efficient than the device constructed by the pure polymer material and offers
a relative high flexibility.

0.5
— d2/d1 =05
— 0.4}
2 d2/d1 =0.75
(0]
(o]
— d2/d1 =1
% 03l d2/d
> — d2/d1 =4/3
=
g 9ol — doidi=2
o
x
s
0.1f ///
0.0k, . . . R
0 5 10 15 20

Loading step

Figure 4.30. (a) Schematic illustration of a cone structure and its boundary condi-
tions, its left side (outer diameter is d;) is fixed and connected to the
ground; on the right side, a line load applies to the top edge of the
outer circle (outer diameter d3). The insertion is an image of BN cone,
see KVASHNIN ET AL. (2018), and (b) Maximum output voltage ver-
sus loading step for cone structures with different diameter ratios under
identical incremental load for 20 steps.

Truncated cone shaped flexoelectric device

Truncated cone structures exhibit intrinsic flexoelectric coupling effect under both bending
and axial loading condition thanks to their varying cross-sections, see DENG (2017); LU
ET AL. (2016). Furthermore, experimental studies discovered that truncated cone nanostruc-
tures (such as carbon nanocone or Boron nitride (BN) nanocone shown in figure 4.30(a))
exist in nature, which can serve directly as a flexoelectric device, see KVASHNIN ET AL.
(2018); NAESS ET AL. (2009). This subsection studies the flexoelectric effect in truncated
cone structures under bending. For this purpose, here constructs cone structures as shown in
figure 4.30(a), and they are mechanically fixed and grounded on the left side. A ramp loading
scheme for 20 loading steps with an incremental semi-circle line load F = 10 N/m is applied
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Figure 4.31. Electric potential distribution of the deformed cone structures with

92 — (5,1 and 2 at step 20.

on the right side. The length of the cones is 100 pm, and their thickness is 1 gm. Their
material parameters are listed in table 4.2. Here also explores the influence of the diameter
ratio (D, = %) between the left end outer diameter d; and right end the outer diameter ds
on the maximum output voltage of cone structures under identical bending load. For each
diameter ratio, the cone structure’s volume remains 1650 pm3. Figure 4.30(b) shows the
maximum output voltage versus loading step for cone structures with diameter ratio ranging
from D, = 0.5 to D, = 2. It demonstrates that the maximum output voltage increases with
decreasing diameter ratio of cone structures. This behavior is understood through the geo-
metrical configuration. As the diameter ratio D, < 1, the cross-section near the fixed end
(left end) is larger than the cross-section on the right end, which stiffens the cone structure.
In contrast, as the diameter ratio D, > 1, the cross-section near the fixed end is smaller than
the cross-section on the right end, making the cone structure more flexible. For instance, as
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the diameter ratio D, = 0.5, the cone structure’s displacement is low, and the resulted strain
remains in the linear range throughout the 20 loading steps (indicated by the straight line of
the output voltage). However, cone structure with the diameter ratio D, = 2, the displace-
ment is higher, such that the cone structure enters the nonlinear range after a few loading
steps. The observed ratio-dependent behavior suggests that one should utilize a truncated
cone with a larger diameter ratio of D, to induce a stronger flexoelectric coupling effect.
Figure 4.31 shows the electric potential distribution of the deformed cone structures with
different diameter ratios D, = 0.5, 1, and 2 at load step 20.

4.3 Conclusion

This chapter presented two continuum models to investigate flexoelectricity in composite
structures. The first model is a 2D Meshless model coupled with the level-set technique
studies flexoelectricity in composites under the assumption of small strain. The higher-order
shape function of the Meshless model fulfills the requirement of C'! continuity imposed by
the strain gradient term in the governing equation of flexoelectricity, and the level-set tech-
nique supervises the material discontinuity between the inclusion and matrix of the compos-
ites. The Meshless model is validated with several benchmark problems of flexoelectricity
in single-phase material. Hereafter, the model studies flexoelectricity in two-phase compos-
ites. The results show that the non-uniform strain fields near the inclusion boundary induce
electric potential through flexoelectricity, and the intensity of the flexoelectric effect mainly
depends on the area ratio between the inclusions and the matrix. Namely, the higher the
inclusion area ratio, the stronger the flexoelectric effect. The Meshless model also found that
a softer matrix material leads to a stronger flexoelectric effect in composites. The second
model is a 3D nonlinear mixed finite element model (NMFEM) studies flexoelectricity in
composite structures under large deformation conditions. The NMFEM includes displace-
ment gradients and Lagrange multipliers as additional degrees of freedom to accommodate
the C'! continuity required by the governing equation of flexoelectricity. The geometric
nonlinearity and strain gradient elasticity are also incorporated into the model to accurately
capture the electromechanical behavior of flexoelectric structures. The results show that
geometric nonlinearity and strain gradient elasticity significantly influence the overall elec-
tromechanical response of flexoelectric structures under static and dynamic loading condi-
tions. Specifically, the NMFEM with geometric nonlinearity significantly overestimates the
intensity of the flexoelectric effect under static loading conditions and predicts an incomplete
electromechanical response under dynamic loading conditions. Regarding the flexoelectric-
ity in composites, the NMFEM arrived at the same conclusions as the Meshless model, i.e., a
higher volume ratio of inclusions and a softer matrix material lead to a stronger flexoelectric
effect in composites.
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Chapter 5

Conclusions and Future Perspectives

This work developed molecular dynamics models to investigate the underlying mechanism of
flexoelectricity in various 2D and 3D nanomaterials. Additionally, continuum models were
established to characterize flexoelectricity in solid continuum structures, such as flexoelectric
composites. The conclusions of this work can be summarized as follows.

e A core-shell molecular dynamics model studies the size-dependent flexoelectric coef-
ficient of BaTiO3 nanostructures. The core-shell model is validated with experimental
studies as it accurately reproduces the phase transition process of BaTiO3. The longitu-
dinal and shear flexoelectric coefficients of BaTiO3 nanostructures are evaluated using
the core-shell model with specially designed deformation schemes. The results show
that the surface effect significantly influences the longitudinal and shear flexoelectric
coefficients of the BaTiO3 nanostructures. Namely, the longitudinal flexoelectric coef-
ficients decrease with the surface atom ratios of the BaTiO3 nanostructures, while the
shear flexoelectric coefficients show an opposite trend.

e A charge-dipole molecular dynamics model studies the bending flexoelectric coef-
ficients of five groups of 2D materials: graphene allotropes (C1, C2, C3), nitrides
(BN,AIN,GaN), graphene analogues of group-IV elements (Si, Ge, Sn), transition
metal dichalcogenides (TMDCs) (MoS,, WS,, CrSs) and Janus TMDCs (MoSSe,
MoSTe, MoSeTe, WSSe, WSTe, WSeTe). A proposed bending deformation scheme
enables direct estimation of the flexoelectric coefficients of the 2D materials by elimi-
nating the piezoelectric contribution to the polarization. In doing so, the charge-dipole
model analyzed the mechanisms underpinning the calculated flexoelectric coefficients
by interpreting them through the electric fields generated from the dipole-dipole (0 — o
bonding) and charge-dipole (7 — ¢ bonding) interactions. While the charge-dipole
interactions increase with bending curvature, their relative weakness in the flat mono-
layers (graphene, BN) leads to lower flexoelectric coefficients for these materials. In
contrast, it is found that buckling height, which occurs in the monolayer group-1V el-
ements, leads to more than 10% increases in flexoelectric coefficients. Additionally,
due to the significantly enhanced charge transfer coupled with structural asymmetry,
the TMDC:s have the largest flexoelectric coefficients, including the flexoelectric coef-
ficient of MoS, ten times larger than that of graphene. Furthermore, a particular group
of TMDC:s called Janus TMDC:s to have flexoelectric coefficients that are several times
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larger than that of the traditional TMDCs, such as MoS,. The mechanism underlying
this was the bond length asymmetry of the Janus TMDCs between the M-X and M-Y
atoms. This bond length asymmetry leads to stronger o —o interactions with increasing
initial asymmetry, along with stronger m — o interactions due to the increased charge
transfer, which combine to result in increased polarization for Janus TMDCs.

Two continuum models explore flexoelectricity in composite structures. The first
model is a 2D Meshless model coupled with the level-set technique studies flexo-
electricity in composites under the assumption of small strain. The higher-order shape
function of the Meshless model fulfills the requirement of C'! continuity imposed by
the strain gradient term in the governing equation of flexoelectricity, and the level-set
technique supervises the material discontinuity between the inclusion and matrix of
the composites. The Meshless model is validated with several benchmark problems of
flexoelectricity in single-phase material. Hereafter, the model studies flexoelectricity
in two-phase composites. The results show that the non-uniform strain fields near the
inclusion boundary induce electric potential through flexoelectricity, and the intensity
of the flexoelectric effect mainly depends on the area ratio between the inclusions and
the matrix. Namely, the higher the inclusion area ratio, the stronger the flexoelectric
effect. The Meshless model also found that a softer matrix material leads to a stronger
flexoelectric effect in composites. The second model is a 3D nonlinear mixed finite
element model (NMFEM) studies flexoelectricity in continuum structures under large
deformation conditions. The NMFEM includes displacement gradients and Lagrange
multipliers as additional degrees of freedom to accommodate the C'! continuity re-
quired by the governing equation of flexoelectricity. The geometric nonlinearity and
strain gradient elasticity are also incorporated into the model to accurately capture the
electromechanical behavior of flexoelectric structures. The results show that geomet-
ric nonlinearity and strain gradient elasticity significantly influence the overall elec-
tromechanical response of flexoelectric structures under static and dynamic loading
conditions. Specifically, the NMFEM with geometric nonlinearity significantly over-
estimates the intensity of the flexoelectric effect under static loading conditions and
predicts an incomplete electromechanical response under dynamic loading conditions.
Regarding the flexoelectricity in composites, the NMFEM arrived at the same con-
clusions as the Meshless model, i.e., a higher volume ratio of inclusions and a softer
matrix material lead to a stronger flexoelectric effect in composites.

Flexoelectricity is in its early stages for engineering applications. There are many potential
areas to explore, for instance,

e To continue the search for 2D materials with high flexoelectric coefficients by the

presented charge-dipole molecular dynamics model;

e To develop a topology optimization scheme for flexoelectric structures within the

framework of the presented nonlinear mixed finite element model;

e To develop a fully homogenized MD-FEM model for flexoelectricity.
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Derivatives of potential function
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Substituting equation (A.7), equation (A.5) is written as
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Appendix C

Matrix form of the components in
equation (4.62)
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