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Structural Changes in Oxygen-Deficient Double Perovskite, Sr,CaSbOs.5

by Megha Patel

In order to develop a more efficient cathode oxygen vacancy conduction fuel cell, it
is important to understand the oxygen vacancy structure and conduction in perovskites
and double perovskites. Previous research using a neutron pair distribution analysis
looked at double perovskite SroCaSbOs:5 and found that the local geometry changes
significantly when oxygen vacancies are introduced across multiple structures. Here,
we looked at energetically different computationally generated structures by employing
methods like density functional theory (DFT) using a PBE functional and a generalized
gradient approximation (GGA). These methods were implemented in Vienna ab initio
simulations package (VASP) to obtain final configurations and their energies. To obtain
the lowest energy final configuration, the conjugate gradient (CG) method was utilized.
First, Glazer octahedral tilting was performed on cubic Sr,CaShOg to generate 23 pos-
sible distorted structures. The minimum energy configurations of these structures were
found using CG. Then, to the lowest energy Glazer, oxygen vacancies were introduced
into the system with either no distortion, a trigonal bipyramid distortion around Sbh and
Ca ions, a 45 degree rotation around SbOs or CaOs, or 45 degree octahedral rotation on
SbOg or CaOg. All resulting structures were optimized on VASP. The global minimum
energy configuration was determined to have trigonal bipyramidal geometry around the
Sb ion. The edge of the SbO5 polyhedra lined up with the edges of the polyhedra
around the M ion. Lastly, molecular dynamic trajectories on the Born-Oppenheimer
surface showed no conduction or rotation at 1200K for 2000 fs.
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Chapter 1

INTRODUCTION

1.1 PEROVSKITES AND USES IN CATHODES

In the search for an ef cient but sustainable energy, it is important to look at the
means for generating energy in the most effective manner. Thus, we turn to look for
more ef cient fuel cells, devices that generate energy via chemical reactions. These
chemical reactions take place at the electrodes of a fuel cell. Although there are many
types of fuel cells, solid oxide fuel cells (SOFCs) which generate electricity ef ciently,
cleanly, and with low pollution rates. In addition to this, their modularity, reliability,
and low emission rates of NGand SQ make SOFCs a more ef cient as opposed to
classical energy generation systems. SOFCs contain two porous electrodes. The cath-
ode supplies oxygen which then reacts with all the electrons that are from the external
circuit, forming many oxide ions. These oxide ions move towards the anode. Once at

the anode, the oxide combines with Br CO to form either HO or CO,.. This frees
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the electrons causing the electrodes to migrate via the external circuit to the cathode.[3]

A diagram of an SOFC can be seen in Fig. 1.1.

FIGURE1.1: Diagram of a solid oxide fuel cell showing the movement of oxygen ions
from the cathode to the anode.

(@ (b)

FIGURE 1.2: (@) shows a space lling model of a single unit of a AB@erovskite.

The oxygen ions around the B ion form an octahedron. (b) shows a double perovskite

A2MBOg in polyhedral view to highlight the octahedron around B and M ions. The A

ions are in green. The B ions are in brown. The M ions are in blue and the red ions

represent oxygen anions forming an octahedra around the M and B ions. In this study,
M=Ca and B=Sbh.

Conducting perovskites make great cathode materials because they have suitable
electrical conducting properties, structural and chemical stability even at high temperatures.[4]

Perovskites shown in Fig. 1.2 are crystal structures with a cubic unit cell. In this unit
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cell, the twelve O anions surround the A cation, which is located at the eight corners of

the cell. The B cation is located at the center of the cube and surrounded by 6 O anions.

Perovskites are shown to be chemically stable within the fuel cell environment.
Mixed ionic-electronic conductivity in oxides has been discovered to be highly helpful
for the use of cathodes in fuel cells. How the material used for the cathode performs is
fundamentally crucial to how the fuel cell as a whole operates. Thus, there has been a
recent surge in the amount of time expended on developing suitable perovskite materi-
als. In order to understand ionic conductivity, we need be able to distinguish where the
conduction ions are located and the initial energy requisite for conduction, requiring us

to nd out the coordinates of each species.

Double perovskites have anMBOg structure, where there is a network of octahe-
dra of BQ; and MG that alternate. The six vertices of B@Octahedron are connected
to six vertices of adjacent M§{octahedra via shared oxygen ions, while the A ion sits
at larger twelve coordinate sites between eight octahedra. The front four octahedra for
each A ion are shown in Fig. 1.2 (b). The double perovskite of interest in this work is
SrCaSbQ@ since studies have shown that this perovskite goes through phase transitions
at both low and high temperatures. This double perovskite formula is charge balanced
when A ions have +2 valency and M and B ions have +4 valency since each oxygen ion
has -2 valency. However, 8vSbQs.5 with M=Ca and Sr has +2 valency for A and M
ions in addition to SB ions. As a result, only 5.5 oxygen ions are needed to balance

the positive charge.
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1.2 FORMATION OF DISTORTIONS

FIGURE 1.3: To screen the central ion charge, pairs of oxygen ions near the oxygen

vacancy can move toward the vacancy transforming the;®b® Os polyhedron from

a square pyramid into a trigonal bipyramid. The red spheres are oxygen ions and brown
were Sb or M centered polyhedra.

In order to understand the reduction of oxygen at the cathode as well as the move-
ment of the oxygen, studying structures that lack oxygen anions is critical. In the past,
studies were performed where an oxygen vacancy is created and conduction is studied
by oxygen anions moving from one vacancy to another, but because these studies were
centered around single perovskites, there was little distortion around the site of the oxy-
gen vacancy. Butin certain instances perovskites with vacancies signi cantly distort the
structure. These distortions can be structural changes on the oxygen de cient polyhedra

around the central atom.

A neutron pair distribution analysis was performed to study the geometry of three
double perovskite systems, $4tSbGs.5(M=Ca, Sr, Ba) and found that the geometry
signi cantly changes upon the introduction of oxygen vacancies [1]. Speci cally, when
a vacancy is created, neighboring oxygen ions move to shield the positive charge of the
central cation, converting the geometry from an octahedron to a trigonal bipyramid as

can be seen in Fig. 1.3. Another signi cant change found in the study involved a 45
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degree rotation of Sb§octahedron. These changes cause the oxygen ions to move so

that pentagonal bipyramids in the M centered polyhedron can form.

To date, there has not been a computational study to verify the implications of
the pair distribution analysis of the neutron scattering analysis to perovskite geometry
around vacancy sites. These geometric changes upon adding a vacancy open up new
potential pathways for oxygen ions to move, allowing for conduction to occur. Compu-

tational veri cation would open the way to including these new pathways.

FIGURE 1.4: The 45 degree rotation of the Shablyhedron could lead to edge sharing

between M centered polyhedra and Sb centered polyhedra forming M centered pentag-

onal bipyramids. A vacancy in the Molyhedron can be either at the pyramid apex

forming a pentagonal pyramid or at one of the base corners forming a very distorted

octahedron. The red atoms were oxygen atoms, blue were M-centered polyhedra, and
brown were Sb centered polyhedra.

FIGURE 1.5: The 45 degree rotation of the Sh@olyhedron along two axes could
better share the Sk@xygen ions with the adjacent M(olyhedron.
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In this study, the double perovskites of interest were inspired by past experimental
studies done on $§€aSbhQ@ 5 [1]. Optimizations were performed to obtain low energy
con gurations after vacancies were introduced in order to shed light on the most likely
geometric arrangements. This work will start by talking about methods used to obtain
ground state con gurations in Chapter 2.1 and then go onto explain how those meth-
ods were used to generate structures in Chapter 2.3. Computational methods to obtain
transition states and how they are used to explore conduction pathways is discussed in
Chapter 2.4. Resulting con gurations of the structure generation will be analyzed in
comparison to the structures of neutron pair distribution analysis for $@aSbQ.5

as will be seen in Chapter 3.



Chapter 2

METHODS

This chapter will discuss electronic methods for obtaining minimum energy con-
gurations, methods used to implement distortions in thegCaSbQ@.5, and additional
computational methods used to study conduction. Several distortions were created in
the system were optimized by using electronic methods in order to nd minimum energy
con gurations. This chapter will start by discussing how the potential energy surface
for the nuclei to move on is found, speci cally the Born-Oppenheimer approximation
and density functional theory. Then, movement of the nuclei along the energy surface
will be explored by primarily focusing on the conjugate gradient algorithm as a means
for optimizing con gurations. Speci c parameters determine the electronic structure
for optimization using conjugate gradient method. These parameters will be explained.
Next, structure generation starting from a perfectly cubigCasbQ@ system will be
talked about, wherein each structure is optimized to relax into a minimum energy con-
guration. Lastly, molecular dynamics will be discussed in how it was used to effec-

tively study oxygen vacancy motion for the minimum energy con gurations generated.

7
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2.1 Finding the potential energy surface

In order to nd ground energy states of con gurations of theGaSbQ 5 system,
the Schrodinger equation (SE) must be solved within a set of approximations. The
equation is shown in Equation 2.1, whetleis a Hamiltonian operator or total kinetic
and potential energy of the system as shown in Eq. 2.2, E is the energy eigenvalue of the
Hamiltonian,y is the system wave function which contains the information to describe

the system. [5]

HY = EY (2.1)
N ﬁz Nelec ﬁz Nnuclei 1 NetecNnyclei Ze2 NetecNelec e2
H= 2—§_Oi2+ 30 —0 a4 a, —H—+aar—+— 2
Me =1 i=1 M i=1 j=1n Ry =1 il Tl

The rst two terms in the Hamiltonian contain the kinetic energy of the electrons
and nuclei, respectively. The remaining terms describe the potential energy for electron-
nuclei interaction. The second term describes one electron attraction to the nucleus,
and the third term describes inter-electronic interactions. The second and third terms
have the position based vectortéf R and r represent vector positions of nuclei and
electrons, respectively. This section will begin by exploring two methods, the Born
Oppenheimer approximation and density functional theory, used to approximate the

solution to the Schrodinger equation.
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2.1.1 Born Oppenheimer approximation

The Born Oppenheimer approximation to SE aids in nding precise ground energy
states as a function of nuclear coordinates. This approximation is based on the fact that
nuclei have a signi cantly larger mass compared to electrons. Therefore, electrons are
able to move much faster and with greater ease compared to the nuclei. These drastic
differences allow us to separate the SE into two separate SE - one for electrons and one
for nuclei.[5] The electronic SE can be solved for xed nuclear positions. The energy
eigenvalue obtained plus the nuclei-nuclei potential energy is the potential energy for
that nuclear con guration. Solving the electronic SE for many nuclear con gurations
allows a mapping of the potential energy surface on which the nuclei move. In our study,
nuclei move classically and we will look for minima on the potential energy surface to

characterize the most likely nuclear con gurations.

2.1.2 Density functional theory

Density functional theory (DFT) is an alternative approach to approximating the so-
lution to SE [6]. When F (the universal functional) is added to the potential energy term,
the ground state energy of the system is obtained. But since F can not be exactly de-
termined, approximations must be made by either a generalized gradient approximation
or a local density approximation. Generalized gradient approximation (GGA) is more
realistic than the local density approximation because it uses the electron density at each
point as well its gradient. GGA also includes changes in exchange correlation energy

at each point. This allows the approximation to determine a correlation energy between
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the electron density and the ground state energy. Here, Perdew—Burke-Ernzerhof (PBE)
functional was used along with projected augmented waves (PAW) and a plane wave
basis set to expand electronic wave functions. A maximum cut off energy was chosen

to limit the plane wave used.

Vienna ab Initio Simulation Package, or VASP, is a package that uses projector-
augmented wave (PAW) method and a plane wave basis set to describe interaction be-
tween ions and electrons and allows full stress tensor and forces to relax atoms into
their ground-state con gurations. [7] VASP can also be used for ab initio quantum me-
chanical molecular dynamics using pseudopotentials. [8] In order to do this, VASP
implements density functional theory (DFT), which allows for calculations of the po-
tential energy at a high accuracy. These calculations rely on the Born-Oppenheimer
approximation to nd the potential energy surface. Once this surface is established,
VASP then allows for the positions of the atoms to change so that a lower energy con-
guration is obtained. The next section explores the actual movement along the energy

surface to obtain minimum energy con gurations.

2.2 Moving along the potential energy surface

Once a potential energy surface is built as described above by using the Born Op-
penheimer approximation to map out the potential energy at each of the nuclear po-
sitions, we can then turn our attention to moving along the surface by determining the
changes in energy between one con guration on the surface and another. Because waves

expand in solid, it becomes possible to approximate changes in solid particles. In the
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past, these approximations of energy changes were done by implementing a trial move
and determining if it is lower in energy. If itis lower, it will continue down that path until
there are no trial moves that result in an even lower energy. Thereby, a decision is made
about which direction to go based on current input that changes with each iteration. At
this point, an energy minimum is found.[9] Because of the several recursive iterations
to obtain a single minimum energy state, this method has been deemed ineffective. A

more effective method is the conjugate gradient (CG) method.

The CG method serves to be more effective because it is not only making a decision
about a future step based on the new gradient, but itis also storing and using information
about the direction that was taken in the previous step.[9] This way, the search for the
direction to take to lead to a step that has a lower energy, is more ef cient. In this study,

the conjugate gradient method was used by VASP.

2.2.1 Parameters and obtaining accurate calculations

For the optimization of the smaller 2x2x2 system, a 2x2x2 Monkhorst-Pack k-points
mesh was used to create the plane wave basis, and the energy cutoff was set at 600
eV, a value higher than the default because of the higher accuracy. A global break
condition of 1 10 # was used for the electronic SC-loop. The maximum number of
ionic steps was set to 400. For the optimization of the larger 4x4x4 replicated system
along with the PDF con gurations, a 1x1x1 gamma k-points mesh was used to create a
plane wave basis. The same energy cutoff was used since it proved to be accurate even
in the replicated system and the same global break condition was used. However, these

structures were optimized using a single gamma point,
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2.3 Structure Generation

This section will go through the various distortions that were implemented by rst
talking about octahedral tilting, then go into adding vacancies and rotating octahedra.
Finally, this section goes into the replication of the system. The parameters used at each

stage will also be discussed.

(@) (b) (©)

FIGURE 2.1: Structures were given labels based on the consistency of the tilting

directions between two layers of octahedra adjacent to each other. (a) shows no tilting,

(b) shows the result when two octahedra are tilted in the same direction, and (c) shows
the result when two octahedra are tilted in opposite directions.

2.3.1 Octahedral Tilting

Lattice distortions on the 2x2x2 were rst implemented by tilting octahedron. Tilt-
ing distorts the octahedra around the central atom by moving the cation, allowing for
oxygen to take up that extra space. There are 23 different possible distortions in 2x2x2
system that come from tilting. Tilting may occur when each octahedron tilts in the same
direction or in different directions. Glazer labels can be assigned to categorize the dif-
ferent tilting patterns. A+ label indicates that the top and bottom octahedra tilted in
the same direction, while a label indicates that they tilted in opposite directions. A

0 label indicates that no tilting has occurred, and that the lattice is still perfectly cubic.
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Figure 2.1 shows how the different labels look like structurally. All 23 con gurations
were optimized using VASP to allow for atom positions and lattice parameters to re-
lax into their most energetically favorable state. They were optimized with a 0.01 eV

A and a 0.1 scaling on constant forces.

2.3.2 Normal mode calculations

Normal mode calculations were performed on optimized structures to ensure that
the con gurations is at a real energy minimum. In this study in particular, normal modes

analysis was done on all 23 possible Glazer distortions.

(a) (b)
FIGURE 2.2: The rst two normal modes for a vibrating string are shown. (a) has no
nodes and (b) has one node

In order for this calculation to be performed, harmonic oscillation has to occur
at potential energy wells to reach to a saddle point, a maximum point on a reaction
coordinate diagram. Each normal mode is in correlation with the vibration spectrum
absorbed. Figure 2.2 shows the rst two normal modes. Where N is number of particles
and 3 is the number of degrees of freedom, the modes of linear molecules are described

by 3N-5, whereas the modes of nonlinear molecules are described by 3N-6[10]. During
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each oscillation, the molecule passes through the equilibrium, which is denoted by the

horizontal line running through the graph in Figure 2.2.

FIGURE 2.3: Areaction coordinate diagram is shown. The arrow is showing harmonic

oscillation that is needed to get from a energy well to a saddle point.

Components of the dynamical matrix can be calculated by taking the second deriva-
tive of the total potential energy. These eigenvalues of the matrix describe oscillation
frequencies while the eigenvectors of the matrix describe the displacement of the atoms.
When an eigenvalue is negative, an imaginary frequency has been reached and follow-
ing the imaginary frequency can lead to movement out of the potential energy well to
reach a saddle point. A diagram of the reaction coordinate diagram is shown in Figure
2.3. If the normal mode analysis revealed a curvature in any direction characteristic of
a maximum instead of a minimum, the resulting highest imaginary frequency mode is
followed to and the structure is re-optimized until any remaining imaginary frequencies

are less than 120 cm or 0.01 eV. In this scenario, the imaginary frequencies which are
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indicative of concave down curvature have energy that lower than the accuracy cutoff

and thus not signi cant.

2.3.3 Adding Vacancies and Rotating Octahedron

Once the lowest energy Glazer con guration had been decided, an oxygen was
removed at each of the possible sites, thereby creating an oxygen vacancy at that site.
The oxygen vacancy was introduced in several ways. The rst way involved removing
the oxygen and leaving the surrounding atoms undisturbed. The second way involved
creating a vacancy and rotating a Spartahedron with the vacancy by 45 degrees
towards the site of the vacancy in two ways from two different axes. The same thing
was done but on the M§octahedron, containing the vacancy. This rotation can be
better visualized in Figure. 1.5. Another way a vacancy was added was by rotating a
SbQ; octahedron without a vacancy by 45 degrees for the X, y, and z axes. The same
thing was done to the Mg§octahedron without a vacancy. As can be seen in Figure.
1.4 The nal way a vacancy was created was by moving pairs of oxygen ions closer
to the oxygen vacancy in two different ways, thereby converting the surrounding SbO
or MOs from a square pyramid to a trigonal bipyramid. All these structures were once
again optimized using VASP to allow for atom positions and lattice parameters to relax
into their most energetically favorable state by employing an energy cutoff 600 eV on
a 2x2x2 Monkhorst kpoint grid. An additional vacancy is added according to the same

methods as described before to now formCaSbQs.
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2.3.4 Expanding system and PDF con gurations

King[1] had provided sample electronic con gurations fopGSaSbQ@.5 and SgSbG;. 5
systems, which were created using a neutron pair distribution function (PDF) analysis,
where a sine Fourier transform is taken of the whole scattering pattern. This yields
the radial distribution of inter-atomic distance, and using that, the scattering data was
analyzed. Rietveld re nements were done to determine the site location of different
ion species. Visualization of the two different structures that had come from the PDF
analysis [1] revealed that both structures had a robust pentagonal motif around the cal-
cium. However, one of the structures had 56 percent of its Sb atoms taking on a trigonal
bipyramidal shape in conjunction with a much lower percentage of pentagonal pyramids

around Ca ions. The two structures are shown in Figure 3.7.

In order to properly compare the structures generated in this study, these initial
given structures were also optimized with a 600 eV energy cutoff rst under xed cell
shape and volume (ISIF=2)[7], then under relaxing conditions (ISIF=3), and once again
optimized under xed conditions (ISIF=2). All nal structures were analyzed for com-

position of various polyhedral shapes.

Two distinct low energy structures for the computationally generated system were
determined for both M=Ca and M=Sr. But for M=Sr, because these structures are
to eventually undergo oxygen vacancy motion and if the simulation area is not large
enough, the motion of the atoms would be compromised. Thus, it was determined that
the original 2x2x2 system had to be replicated two times in the X, y, and z directions

to create a 4x4x4 system, which is eight times larger than what it was previously. To
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this expanded structure, 32 oxygen atoms had to be removed instead of two atoms in
order to fashion a $€aSbQ@5 system because the system is larger. Then, thesSbO

polyhedra were rotated to give rise to the pentagonal shape.

These 4x4x4 distorted M=Sr structures and the 4x4x4 PDF structures were opti-
mized with a energy cutoff of 600 eV, rst with a xed cell shape and volume, then
optimized again so that atoms are allowed to relax, and lastly optimized once more with

a xed cell shape and volume.

2.4 Oxygen vacancy conduction

Once the minimum energy con gurations containing signi cant structural distor-
tions were found after generation and optimizations, potential oxygen vacancy motions
were considered using the nudged elastic band method as well as molecular dynamics

to shed light on oxygen vacancy conduction.

Because molecular dynamics mimics what atoms do in real life, ab-initio molecular
dynamics was also used to not only locate potential sites of conduction, but to also
trace a potential conduction pathway. A given potential energy function is needed to
run a molecular dynamics simulation because it takes information on the coordinates of
other atoms to determine the force an atom is experiencing. We can then use Newton's
laws to characterize the motion that an atom undergoes given the forces it experiences.
Time is divided into time steps in the order of femtoseconds. At each time step, the

forces that each atom in the system is experiencing is determined by using a force eld.
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Determining the forces allows for the position and the velocity of each atom to thus be

calculated.

In this study, a molecular dynamics simulation was performed only on the lowest

energy structure of the system.



Chapter 3

RESULTS

In this chapter, resulting structures of the computational methods explained in the
prior sections will be presented. Speci cally, results from adding vacancies to a cu-
bic 2 2 2 system, shown in Fig. 3.1 will rst be shown. Then, structures that
were obtained from adding vacancies to the expanded 4 4 cubic system will be
discussed. Additional results from running a molecular dynamics simulation will be
shown. Lastly, results for these generateslCaSbQ.5 will be compared to that of the
SrCaSh@.s and SgSbG;.5 structures from a neutron pair distribution as well as to

generated $6bGs.5. These results have also been published in other places [11].

3.1 Generated M=Ca results

After Glazer distortions were implemented to create 23 unique structures, it was

found that the lowest energy structure had (+,-,-) in the X, y, and z direction respectively.

19
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The lattice size of the structure, which can be seen in Fig.3.2 was 8.57 in all directions

and the angles were 89.88.2 90.1 in the x, y and z directions.

Out of the 24 oxygen atoms in the 2x2x26aSbQ@, one was removed to produce
an SpCaShQ@.7s5, resulting in 72 possibilities. The 72 resulting structures resulted from
the 24 oxygen atoms that were removed and the three different movements of nearby
oxygen atom to shield the positive charge of the central ion. Of the 72 structures, the
lowest energy con guration, shown in Fig. 3.3 had a lattice size:d7 8, 855 A,
8:47 A. Fig. 3.3 shows that a trigonal bipyramid forms around the Sb ions (in brown)
that have the vacancy, and a square pyramid forms on the Ca ion (in blue) that has the
vacancy. The remainder of the ions continued to have a octahedral arrangement after
optimization using VASP. Sr-O bonds are hidden to make it easier to see the polyhedral

arrangements.

FIGURE 3.1: SpCaShQ@;s system before any octahedral tilting, causing it to have a

cubic structure. The polyhedra in brown surround the Sb ions and the polyhedra in
blue surround the Ca ions. A sites are occupied by Sr ions shown in green.

After rotation and addition of a second vacancy to Fig. 3.3, the lowest energy

con guration was determined from a large number of generated structures. It was found

that the lowest energy structure for this system came the lowest energy structure without
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