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Abstract

Ferroelectric materials such as barium titanate (BaTi0O;) have a wide range of applications in
nano scale electronic devices due to their outstanding properties. In this study, we developed an
easily extendable atomistic ReaxFF reactive force field for BaTiOj; that can capture both its field-
as well as temperature-induced ferroelectric hysteresis and corresponding changes due to surface
chemistry and bulk defects. Using our force field, we were able to reproduce and explain a
number of experimental observations: (1) existence of a critical thickness of 4.8 nm below which
ferroelectricity vanishes in BaTiOs3; (2) migration and clustering of oxygen vacancies (OVs) in
BaTiO; and reduction in the polarization and the curie temperature due to the OVs; (3) domain
wall interaction with surface chemistry to influence ferroelectric switching and polarization
magnitude. This new computational tool opens up a wide range of possibilities for making
predictions for realistic ferroelectric interfaces in energy-conversion, electronic and

neuromorphic systems.



Page 3 of 23

Physical Chemistry Chemical Physics

Introduction

Ferroelectric perovskites such as barium titanate (BaTiOs) have demonstrated a great potential
for applications in nonvolatile memories, transducers, micro sensors and capacitors because of
their unique properties such as spontaneous polarization, piezoelectric and pyroelectric effects,
as well as large dielectric constants '-3. Recent advances in making artificial oxide
heterostructures has enabled designing electronically important functional oxide interfaces as
well as ferroelectric-based memristor devices®’. Previous experimental studies showed that
particle size and defects/dopants can significantly affect the dielectric properties of ferroelectric
materials 8!1. Extensive experimental efforts have been put into BaTiO3/polymer composites for
the purpose of improving the dielectric properties by introducing high dielectric constant fillers
and sol-gel method >4, In order to design and optimize these devices, it is essential to obtain
detailed, atomistic-scale insight of the BaTiO; ferroelectric perovskite. Currently, there are three
approaches to model the ferroelectric behavior of BaTiOs5: phenomenological, first-principles
and force field-based methods. The phenomenological methods such as the Landau-Ginzburg-
Devonshire (LGD) model describe the energy of the system as a polynomial expansion of
polarization, strain, temperature, external electric field and the polarization of system based on
the displacement of charges !3-1¢. Phase-field model, which is based on the LGD description of
the ferroelectric polarization, further considers the inhomogeneous system with domain-domain
interactions and long range order elastic and electric fields'”. Although these methods can simply
describe the ferroelectric perovskites, they do not consider the atomic structure of the system.
First-principles methods such as the density functional theory (DFT) are considered as the most
accurate models which derive the electronic structures of ferroelectric materials based on the

laws of quantum mechanics 3-2!, However, because of high computational costs these first-
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principles methods can only be viable for relatively small length (~5 nm) and short time scales
(~100 ps) restricting investigation of hysteresis loops, sequential phase transitions and domain
wall motions that occur at longer length (~10 — 100 nm)- and time(>ns)-scales. Force field based
methods can provide the computational speed required to perform molecular dynamics (MD)
simulations with system length and time scales sufficiently large to describe the full chemistry of
the ferroelectric perovskites. Currently, there are three force field-based models available for
ferroelectric perovskites including BaTiOs: shell model, effective Hamiltonian model and bond-
valence model. In the shell model, the valence electrons are a massless, charged shell linked to a
massive charged core. In this empirical potential, the interaction between the core and shell was
considered at the oxygen atoms, by harmonic and fourth-order terms for the core-shell
interactions on the Ba-O planes, and the Ti-O bonds, respectively 2223, The shell model has been
utilized in several MD studies to investigate the effects of oxygen vacancies (OVs), strain and
film thickness on the polarization of BaTiO3 nano-films 432, However, since a very low mass
was specified to the shell, a very small MD time step (~ 0.4 fs) in the MD simulations using this
potential is essential to obtain accurate results limiting the length and the time scales of the MD
simulations. An ab-initio based effective Hamiltonian model was developed as a function of only
a small number of degrees of freedom including a local soft-mode amplitude vector and a local
strain tensor 33-3, This method has been successfully applied to some ferroelectric materials such
as BaTiOs to investigate their finite-temperature properties 33-3°, The bond-valence (BV)
empirical potential for ferroelectric materials includes a bond-valence vector energy term
measuring the unit cell asymmetry. This potential is based on the conservation principles of the
bond valence and the bond valence vector, and it has been successfully parametrized for different

ferroelectric materials including BaTiO; 4044, Also, Goddard et al developed a potential that
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allows charge flow through polarizable charges by an extended polarizable core-shell model 4.
These models can be utilized successfully within a single ferroelectric formulation, however,
they cannot straightforwardly be extended to investigate the interactions of ferroelectric
materials in multi-material interfaces, and cannot handle chemical reactions. One of the widely
used reactive force fields is the ReaxFF reactive force field, which combines a bond order/bond
distance relationship with a polarizable charge description*®-4’. In the ReaxFF the connectivity of
atoms is determined by bond orders based on the interatomic distances that are updated every
time step, which allows for bonds breaking and formation during the simulation. Moreover, in
ReaxFF the polarization effects are calculated using a geometry-dependent charge calculation
procedure based on the electronegativity equalization method (EEM) 48 which plays a key role in
the modeling of BaTiO;. The nonbonded interactions such as van der Waals and Coulomb
interactions are determined between every pair of atoms, irrespective of connectivity, and any
excessive close-range nonbonded interactions are excluded by defining a shielding term*6-47.
ReaxFF has been successfully applied to a wide range of systems such as polymer, covalent,

metallic, and metal oxide/hydride/carbide materials*->0.

The aim of the current work was first to develop a ReaxFF reactive force field for BaTiOs, which
would enable us, for example, to evaluate the influence of surface chemistry on ferroelectric
response. Using this force field, we performed MD simulations to represent the phase transition
sequence, ferroelectric and thermal hysteresis loops for the BaTiOj; crystal structure.
Furthermore, we investigated the effects of sample thickness, OVs and water medium on the

domain wall and material polarization.
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Methods

The ReaxFF reactive force field for BaTiO5 was developed by training against a DFT derived
training set including equations of state for tetragonal and cubic BaTiO; phases, OV energies and
their migration barriers and asymmetric-symmetric-asymmetric BaTiO; unit cell conversion.
Additionally, the Ti and Ba metal data and TiO, and BaO oxide data >'-3 were included in the
ReaxFF training set, which extends the transferability of the developed force field to BaO and
Ti0, materials. We mainly focused on training our force field against the tetragonal and cubic
phases since most of the electronic devices work in these phases. Figure 1 compares the ReaxFF
and DFT results for volume/energy equations of state for ferroelectric and non-ferroelectric
BaTiO; phases indicating that ReaxFF values are in very good agreement with the calculated
DFT values. DFT calculations were performed using the SEQQUEST code with the generalized
gradient functional as formulated by Perdew, Burke and Ernzerhof (PBE and 6 X 6 X 6 k-point
grid. Note that the current ReaxFF formulation was focused on the tetragonal and cubic phases,
therefore, it cannot correctly predict the orthorhombic and rhombohedral phases to be lower in

energy than the tetragonal phases.
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Figure 1. Comparison of DFT/PBE and ReaxFF equations of state for ferroelectric and non-ferroelectric BaTiO; crystal
morphologies.
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Also, ReaxFF estimates a +146.5 kcal/mol vacancy energy relative to O, for BaTiOs, that is in

good agreement with the corresponding DFT value of +182.6 kcal/mol considering that DFT
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usually over-estimates the O, stability. Figure 2.a illustrates the lowest energy path for OV
migration in BaTiO;. As shown in Figure 2.a, ReaxFF predicts the energy barrier for OV
migration very well (ReaxFF: 19.6 kcal/mol; DFT: 19.9 kcal/mol) which shows that ReaxFF
should be capable of describing the OV migration and re-organization. The DFT calculations
were performed using Vienna Ab initio Simulation Package (VASP) with the generalized
gradient approximation (GGA) according to Perdew, Burke, and Ernzerhof revised for solids
(PBESol) and the projector augmented-wave method. Oxygen-vacancy formation energy
calculations employed a 40-atom 2 x 2 x 2 as well as a 135-atom 3 x 3 x 3 supercell of BaTiOs.
The fully relaxed static transition energy barrier for a neutral oxygen vacancy was obtained
employing the nudged elastic band method (NEB) where the residue NEB forces on the atoms
were less than 0.05 eV/A in a 2 x 2 x 2 supercell. A converged I point centered k-point mesh
corresponding to 1.7 (1/A) per atom was used for Brillouin zone integration and a plane wave
energy cut off of 400 eV was used in all calculations. The structural relaxations were performed
until the residual force of each atom was less than 0.01 eV/A. Moreover, we could force a
BaTiO; unit cell to transform from a tetragonal to a cubic structure using local restraints and
based on DFT calculations, the barrier for this asymmetric to symmetric distortion is 2.1
kcal/mol; ReaxFF predicts a 2.0 kcal/mol barrier where the cubic state has the highest energy
along the conversion path (Figure 2.b). The later DFT calculations were completed using the
VASP with PBEsol functional, 6 X 6 X 6 k-point mesh, 600 eV plane-wave cutoff, and 1 X

10 ~° eV energy error threshold.
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Figure 2. a): Comparison of DFT and ReaxFF energy barrier for OV migration. b): Comparison of DFT and ReaxFF energy for
BaTiO3 tetragonal to cubic phase conversion.

To derive the phase diagram and the thermal hysteresis loop of the BaTiOj; crystal structure,
NPT-MD simulations were carried out on a 6 X 6 x 6 periodic BaTiO; supercell (Figure 3.a). For
this purpose, the system was heated up, and subsequently cooled down both for 250 ps using a
time step of 0.25 fs using a linear temperature regime in which d7/dt = 0.002 K/fs and the
temperature was controlled by Berendsen thermostats and barostats with relatively weak
coupling (100 fs for the thermostat, 2500 fs for the barostat coupling). The local polarization of

each unit-cell P,(t) was defined as:

1 . 1. 1.
P (t) :F(anﬂ (t)+gZBaera,i (t)+EZOZrO,i (t)]
" i=1 =

*

where V,, is the volume of the unitcell Z,., Z

and Z are the charges of the 77, Ba and O

atoms obtained using the Electron Equilibration Method (EEM) approach in ReaxFF, and rp; (¢

), i (t) and ro (t ) are the positions of the 77, Ba and O atoms of each unit cell at time 7.
Results and Discussion

Figure 3.b shows that ReaxFF can successfully reproduce the tetragonal and cubic phases with a

phase transition temperature at 7,=240 K. Figure 3.c shows the total polarization of the system
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for the heat up/cool down cycle, in which the hysteresis of the phase transition confirms the first-
order nature of the cubic-to- tetragonal phase transition. As Figure 3.d shows, below 240 K, the
polarization of each unit cell is along the [010] direction (Px = Pz=0, Py >0) which is
characteristic of the tetragonal phase. Our potential only considers the tetragonal and cubic
phases, however, this does not affect the practical application of the ReaxFF potential since these
are the phases that are relevant for most of the applications of this materials and these phases are

the main ones related to the working conditions of electronic devices.
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Figure 3. a) The 6 x 6 x 6 periodic BaTiO; supercell. b) Temperature dependence of the lattice constants with the phase transition from
tetragonal to cubic at 240K. c¢) Total polarization vs temperature showing the first-order nature of the cubic-to- tetragonal phase
transition. d) demonstration of unit cell polarizations in tetragonal phase in which they are all aligned in one direction.
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The ferroelectric/non-ferroelectric phase transition temperature predicted by ReaxFF is closer to
the experimental value compared to the calculated values by other potentials such as the shell
and bond valence model listed in Table 1. The ferroelectric/non-ferroelectric phase transition
temperature predicted by all potentials listed in Table 1 are underestimated since the precision of
DFT methods depends on the exchange-correlation functionals and almost all DFT calculations
underestimate the energy barriers between states of different phases*-33-4. Moreover, we
observe that ReaxFF generally predicts a lower energy than DFT along the tetragonal to cubic
phase conversion path (Figure 2.b), which could explain why a lower phase transition
temperature is predicted by ReaxFF compared to the reference values reported in Table 1. Also,
the lattice constants and spontaneous polarization predicted by ReaxFF are in good agreement

with the values obtained by experimental and numerical/theoretical methods (Table 1).

Table 1. Comparison of lattice constants and unit cell polarization of BaTiO; tetragonal and cubic phases predicted by ReaxFF
with DFT, experiment and other potentials.

Parameter Shell?*> BV4' ReaxFF Experiment DFT
Lattice Tetragonal Literature Our work
constants 3.966%,
“w a=b 4002 4.005 4.041 3.99955 3943 4 04
' ' ' ’ 3.98540 '
4.035%,
c 4.043 4.109 4.155 4.036> 3.99457, 4.206
4.08940
Cubic
a 4,016 4.037 4.091 4.012%8, 4.00240 4.033
4.000°°
P, (uC/cm?) 17 28 14 2660 2761175 22,957, 2956
T, (K) 160 160 240 39353

Due to the rapid and continuous demand for miniaturization of electronic devices, the technology
of ferroelectrics moved toward thin nanometer scale films! ©263, However, the reduction of the

ferroelectric size to the nanoscale significantly affects the polarization which limits the

Page 10 of 23
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miniaturization process®>%3. Investigations on the physics of ultrathin ferroelectric films and
specially the critical size for ferroelectricity have attracted significant attention3>-36:62-65_ [t was
thought for a long time that ferroelectricity was suppressed in ultrathin films, and samples below
a critical size of few tens of nanometers could not sustain a spontaneous polarization®?, however,
recent experimental and numerical studies could identify ferroelectricity in much thinner films
than previously thought®3 %6-%7 In our study, we used our developed force field for BaTiO5 to
first derive the ferroelectric hysteresis loop by applying an electric field on a BaTiO; slab with [0
0 1] surfaces and then identify the minimum thickness required to observe the ferroelectricity.
Figure 4 depicts the hysteresis loops obtained by applying electric field on BaTiOj5 slabs with
different thicknesses. The hysteresis loops for films thicker than 4.8 nm clearly show the remnant
polarization, the saturation polarization, and the reversal electric field which are characteristics
of a ferroelectric material. The results reveal the thickness dependency of the polarization in
BaTiO; thin films. Based on our results a minimum thickness of 4.8 nm is required to observe
the ferroelectric hysteresis effect which is in very good agreement with the 4.4 nm value found

by experimental investigations®’.
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Figure 4. The hysteresis loop obtained by applying electric field on the BaTiO; slabs with different thickness. A minimum
thickness of 4.8 nm is required to observe the ferroelectric hysteresis effect.

Vacancies can significantly affect the behavior and performance of ferroelectrics in capacitors,
memories, and energy conversion devices®®-%°. Particularly, defects can deteriorate the
polarization and cause fatigue after frequent polarization switching®® 7°. However, defects
sometimes can cause useful properties that do not exist in pure crystals 7!-’2. For instance,
appropriate concentration of vacancies can increase the conductivity in SrTiO3 which is
otherwise difficult to achieve by other methods’!> 73-74, Also, using defect mediated reversible
domain switching in aged BaTiOs, large recoverable strain under low electric field can be
generated’?. The lack of an accurate and computationally inexpensive method which can reliably
predict the physical properties of defective BaTiO3 has hampered further progress, especially for
large length and time scales phenomena. In this study, we used our developed force field to find
how the OVs in BaTiOj; interact with each other by running NPT-MD simulation at 1000K on a 6

x 6 x 6 periodic BaTiO; supercell including 5 OVs. As Figure 5.a shows, the OVs were initially
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at least 12 (A) away from each other, however, after running the simulation for 2.25 ns, the OVs
attracted each other and tend to form a cluster (Figure 5.b). Previous studies also reported that

OVs in barium strontium cobalt iron oxide (BSCF) tend to form cluster arrangements’>.

a) b)
L Ba @
Ti ©
p O e
4
ove
Running NPT at =S e
1000K for 2.25 ns Jon oy
o ! L™ \
I 1
\ b |
\v 7
N /

= — — -
OVs clustering

Figure 5. (a) OVs were designed to be at least 12 (A) far from each other. (b) clustering of OVs after running NPT-MD
simulation at 1000K for 2.25 ns.

Also, we evaluated the vacancy formation energetics in cubic BaTiOj; as a further verification of
the BaTiO; ReaxFF force field. We calculated the formation energies of the oxygen, barium and

titanium vacancies using the following equation:

Ed — Edefected _ Epristine _ Z ’uN
! i=BaTi0

where Edefected and Epristine gre the total energy of the defective and reference systems,
respectively, and NV; terms shows the difference in the number of Ba, 7i and O atoms in the
defected and pristine structures and z; terms represent the chemical potentials of Ba, Ti and O
atoms referenced to Ba bcc lattice, Ti hep lattice and the O, dimer, respectively. Table 2
compares the calculated defect formation energies of Ba, Ti and O defects within ReaxFF and the
DFT values reported by Erhart et al’®., showing very good agreement. Also, as listed on Table 2

the calculated chemical potentials by ReaxFF for Ba, Ti and O atoms are -1.73, -4.98, -2.8

eV/atom, in close agreement with the experimental values of -1.87 eV/atom for Ba, -4.85
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eV/atom for Ti and -2.58 eV/atom for O7°. Based on the results, the oxygen vacancy (OV) is the

most energetically favorable defect which can happen even at room temperature.

Table 2. Defect formation energies and chemical potentials predicted by ReaxFF compared with DFT and experimental values.

Formation Energy (eV/mol) Chemical Potential (eV/atom)
E} Ef® & HBa Ui Ko
ReaxFF  9.07 9.80 17.94 ReaxFF -1.73 -4.98 -2.8
DFT’6 8.22 10.25 14.55  Experiment’s  -1.87 -4.85 -2.58

Moreover, we used our developed force field to investigate the effects of different concentration
of OVs on the initial polarization and the phase transition temperature. Table 3 shows the effects
of the OVs on the initial polarization (P;) and the phase transition temperature (7,). Based on our
findings, by increasing the OV concentration in the system, the phase transition temperature and
the initial polarization decrease monotonically. For instance, 0.5 % and 1.0 % OV in the system
decrease the initial polarization from the initial value of 14 uC/cm? to 12.95 uC/cm? and 11.52
uC/em?, respectively, and the phase transition temperature from 240 K to 180 K and 150 K. Other
MD and ab-initio studies also observed that OVs decrease the phase transition temperature and
the initial polarization of the BaTiOj; structure 27-3277. OV induced polarization loss in
ferroelectrics is because OVs distort the polarization of the unit cells, therefore, the polarization
of such unit cells can be hardly rectified in the original direction’?. Moreover, the polarization
can be pinned to a specific direction by OVs which leads to tail-to-tail polarizations along the 7i-

OV-Ti pattern and suppression of the total polarization”’.

Table 3. The effect of the OVs on the initial polarization and the phase transition temperature.

% 0V P;(uC/cm?) T. (K)
0 14 240
0.5 12.95 180
1 11.52 150
1.5 10.54 140

2 7.80 130

Page 14 of 23
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Ferroelectrics are composed of domains of different polarization orientations, separated by
domain walls. The normal component of spontaneous polarization is usually continuous across
the domain walls to minimize the polarization charges ( — V - P) and meet the electrostatic
compatibility condition’®. These are called neutral domain walls (NDW) as they exhibit no net
bound charges. On the other hand, charged domain walls (CDW) exhibit net polarization bound
charges due to the discontinuity of polarizations across the domain walls 78. Figure 6.a shows the
capability of ReaxFF to predict a head-to-head 180° charged domain wall formation in a 14.4 nm
thick BaTiOj; slab with TiO, [0 0 1] surfaces. Due to TiO, [0 0 1] surfaces, negative unscreened
bound charges exist on the surfaces of the BaTiOj; slab creating a charged domain wall in the
middle of the slab which violates the condition of electrostatic compatibility 8. This observation
indicates that our force field can be utilized to study the complex dynamics of domain walls in

BaTiO3.

Uniquely, ReaxFF allows us to evaluate the effects of surface chemistry on domain wall
structure and mobility. Water molecules are easily adsorbed on BaTiO; surfaces and change their
physical properties. Therefore, the atomistic scale study of the water adsorption on ferroelectric
surfaces is crucial for the advance in the understanding of BaTiOj; ferroelectrics properties and
can benefit the associated applications”-%°, Previous investigations indicated that the charge
screening induced by molecular adsorbates such as hydroxyl, carboxylate and oleic acid can
stabilize the ferroelectricity and decrease the critical size in BaTiO; nanowires and
nanoparticles?® ¥, We utilized our developed force field to investigate the effects of a water
medium on the polarization of a 14.4 nm thick BaTiO; slab with TiO, [0 0 1] surfaces, by adding
water molecules around surfaces and running MD simulations for 0.5 ns. As Figure 6.b shows,

the water molecules are adsorbed on the surfaces and dissociated into hydroxyl groups.
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Therefore, surfaces are screened by the adsorption of water molecules on the surfaces causing
the polarization rearrangement in the BaTiO; slab®. As Figure 6 shows, adding water molecules
leads to an increased amount of polarization from 4.6 uC/cm? to 12.5 uC/cm? due to the charge
screening induced by adsorption of water molecules on the surfaces of BaTiO3 slab®.
Additionally, as Figure 6.b shows, dissociative adsorption of water molecules on the surfaces
leads to a 90° domain switching compared to Figure 6.a in which domains are aligned in the z
direction. Such an observation was reported by Li et al. in which using ab-initio method they
showed that when the water molecules are dissociatively adsorbed on the TiO, terminated
surfaces, a 90° surface domain switching occurs®?. Our results indicate that our developed force
field can be successfully used to study the interactions of BaTiO; in multi-material interfaces and

its related applications.
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Figure 6. (a) Demonstration of a head-to-head 180° charged domain wall formation in a 14.4 nm thick BaTiO; slab with TiO, [0
0 1] surfaces. Due to TiO, [0 0 1] surfaces, negative unscreened bound charges exist on the surfaces of the BaTiO; slab creating a
charged domain wall near the middle of the slab. (b) Adding water molecules around the surfaces leads to an increased amount of

polarization from 4.6 uC/cm? to 12.5 uC/cm? due to the charge screening induced by adsorption of water molecules on the
surfaces. Moreover, this leads to a 90° domain switching compared to the surface condition in Figure 6.a in which domains are
aligned in the z direction.

Conclusion

As a conclusion, we successfully developed the ReaxFF description to the ferroelectric and non-
ferroelectric phases for BaTiO;. This extension was performed without any modification in the
ReaxFF functional form which means that this BaTiO3 parameter set can be straightforwardly
extended to a wide range of other ferroelectric oxides, including those with crystal phase
stabilities that are highly sensitive to defects and strain, such as orthorhombic HfO,/ZrO,,

providing a unique and computationally inexpensive simulation tool for realistic ferroelectric



Physical Chemistry Chemical Physics Page 18 of 23

materials. OVs and their migration were also considered in the force field development. Given
that realistic BaTi0; materials have a significant concentrations of defects, this again extends the
realism of the ReaxFF description. We tested the ReaxFF BaTiO; parameter set in a series of
MD simulation, which reproduced a reversible ferroelectric/non-ferroelectric phase transition
upon heating and cooling. Using our developed force field, we found a minimum thickness of 4.8
nm is required to observe the ferroelectric hysteresis effect. Also, we indicated that OVs in
BaTiO; tend to form a cluster and reduce the polarization and the phase transition temperature.
Moreover, the BaTiO; ReaxFF reactive force field has the capability of predicting the dynamics
of neutral and charged domain walls in BaTiOs;. Finally, we found that charge screening induced
by adsorption of water molecules on the TiO, terminated surfaces of a BaTiO; slab leads to a 90°
domain switching and an increased amount of polarization comparing to a BaTiO; slab with
unscreened Ti0, terminated surfaces. The satisfactory comparison of the ReaxFF results with
available experimental and ab-initio data indicates the robustness and capabilities of the new
ReaxFF reactive potential. Our encouraging results should allow us to further investigate the role
of such point-defects on domain-motion, switching and piezoelectric and other linear as well as
non-linear field-responses using the ReaxFF force-field formalism, and this can be tremendously
useful for a wide range of technological applications involving ferroelectric interfaces in energy-

conversion, electronic and neuromorphic systems.
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