The Pennsylvania State University
The Graduate School
Department of Materials Science and Engineering

DYNAMICS OF OXYGEN VACANCIES
AND DEFECT COMPLEXES IN THE PEROVSKITE OXIDE STRUCTURE

A Dissertation in
Materials Science and Engineering
by
Russell Alan Maier

 2014 Russell A. Maier

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

December 2014

The dissertation of Russell A. Maier was reviewed and approved* by the following:

Clive A. Randall
Professor of Materials Science and Engineering
Dissertation Advisor
Chair of Committee

Susan Trolier–McKinstry
Professor of Ceramic Science and Engineering

Patrick Lenahan
Distinguished Professor of Engineering Science and Mechanics

Shujun Zhang
Professor of Materials Science and Engineering

Long-Qing Chen
Distinguished Professor of Materials Science and Engineering, Engineering Science and
Mechanics, and Mathematics

Suzanne Mohney
Professor of Materials Science and Engineering and Electrical Engineering
Chair, Intercollege Graduate Degree Program in Materials Science and Engineering

*Signatures are on file in the Graduate School

ii

ABSTRACT

A comprehensive description of the methodology necessary to completely characterize
and analyze the concentration and kinetic parameters related to oxygen vacancies in oxide
dielectrics is presented. An emphasis is made on the characterization of defect complexes formed
by the nearest neighbor pairing of acceptor dopant or impurity ions with oxygen vacancies. By
using a range of experimental techniques backed by a thorough re-analysis of studies available in
the literature, a new model for the local interaction of oxygen vacancies with acceptor ions is
presented.
An important conclusion of the presented material is that the method used to measure
transport processes related to conductivity has a critical influence on the kinetic parameters that
are obtained. General expressions for vacancy mobility are typically applied over wide ranges of
experimental and material parameters. As depicted in Figure 1, however, the measurement
technique that is used will typically probe orders of magnitude in length scale.
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Figure 1 Local interaction of oxygen vacancies with acceptor defect centers at various length
scales.
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The interaction of oxygen vacancies with their local surroundings is influenced by changes in
temperature, defect concentration, and applied electric bias. By defining an oxygen vacancy
potential energy landscape, a unified model for oxygen vacancy mobility can be derived that
explains the dynamics of oxygen vacancies at all measurable length scales.

Large Length Scales (Oxygen Vacancy Mass Transport)
A new scaling law that can be used to predict mean time to failure of multilayer ceramic
capacitors is introduced. The effectiveness of the common practice of using an Eyring equation
to predict the rate of voltage accelerated resistance degradation in ceramic capacitors has recently
been shown to decline when it is applied to the testing of samples with thin dielectric layers.
Using an electrochemically driven mass transport description of oxygen vacancy migration, the
diffusion equation for oxygen vacancies can be derived. This equation, when combined with the
full expression for voltage-driven vacancy hopping, produces a better highly accelerated lifetime
scaling law that better explains failure mechanism in capacitors with thin layers.
Low temperature conductivity data for acceptor doped SrTiO3 and BaTiO3 are presented.
Ionic mobility and diffusivity measurements are typically made at high temperatures in order to
speed up the kinetics of sample equilibration with the atmosphere as well as the mass transport of
oxygen vacancies. The interpretation of high temperature data can be difficult because additional
charge compensation mechanisms must be accounted for, such as intrinsic Schottky disorder and
impurity redox reactions. To fit high temperature conductivity data, many unknown mass action
and mobility parameters must be used to explain a single conductivity curve. Additionally, the
measurement of ionic mobility is difficult because high temperature conductivity is typically
controlled by electronic carriers, leaving a small transference number for ionic conductivity.
High concentrations of oxygen vacancies can be quenched into a sample at low temperatures,
ensuring that low temperature conductivity is controlled by ionic conduction. This technique was
iv

used to measure the mobility of oxygen vacancies in acceptor doped BaTiO 3 and SrTiO3. The
results of these experiments provided values for the enthalpy of migration of oxygen vacancies in
the range of 0.7-0.8eV. These measured values are substantially less than the values typically
measured using high temperature conductivity methods. However, these lower activation energy
values agree well with measurements made using tracer diffusion experiments.

Intermediate Length Scales (Distributed Dipole Relaxation)
In the past, defect dipole-related relaxations have been measured using thermally
stimulated depolarization measurements in the SrTiO3 system as well as other materials in the
paraelectric phase. Here, data are presented that show, under dc bias, nearest neighbor defect
dipoles do not align in the cubic phase of a material. This result carriers strong implications, not
only for the way some dielectric relaxations are characterized, but also for the analysis of
ferroelectric aging mechanisms. EPR analysis reveals that defect dipoles do not align under an
applied field and that their association energies are on the order of 0.3eV. A proposed model is
introduced for the potential energy landscape of the oxygen vacancy sublattice in order to
describe the temperature and concentration dependence of oxygen vacancy defect association.
This model is used to explain the thermally stimulated depolarization current measured in the iron
doped SrTiO3 system.

It is determined that, even though nearest neighbor defect dipole

alignment is not likely in this system, a net polarization of a distributed defect dipoles can explain
the depolarization current and EPR behavior.

Small Length Scales (Nearest Neighbor Defect Interaction)
Finally, data on the defect association of oxygen vacancies with manganese and iron
acceptors in BaTiO3 single crystals is presented. A new resonance feature is found in manganese

v



doped BaTiO3 samples that is argued to be a signal related to MnTi  VO





defect complexes. It

is determined, using Newman superposition analysis, that defect association is minimal for these
particular systems doped with acceptor concentrations of 0.5mol%.

These nearest neighbor

defect complexes only exist in small concentrations; they are not the majority Mn 2+ related defect
center. These defect complexes are experimentally shown to orientate along the direction of
spontaneous polarization in the ferroelectric phase. The time-dependent orientation of these
defect centers can be observed using in situ EPR techniques. The relative signal intensity of these
defect complexes, however, when compared to the signal intensity of fully coordinated
manganese centers suggest that nearest neighbor oxygen vacancy defect association is minimal in
this system. As a result, higher order defect complexes (defect complexes with oxygen vacancies
in next nearest, next next nearest, etc.. neighbor positions) must be considered when modeling
oxygen vacancy transport in the vicinity of an acceptor point defect center.

In conclusion, a first approximation potential energy landscape model, based on the
assumption that Coulombic interactions provide a larger driving force for defect association
compared to strain interactions, can be used to describe the effect of temperature, dopant
concentration, and applied field on the distributed site occupancy of oxygen vacancies in the
vicinity of a counter charged ion. In the past, experimental techniques like EPR and bulk
conductivity experiments have not been able to describe the local distribution of oxygen
vacancies in the perovskite lattice. Predicting the probability of site occupancy using the model
introduced here allows a single, unified, physical description of the local lattice potential which
describes the low temperature conductivity and depolarization phenomena.

The potential

landscape model can also be used to explain the differences between defect association behavior
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in SrTiO3 and BaTiO3. Proposed future EPR work will lead to an improved association model
that can account for the combination of strain as well as electrostatic driving forces.
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CHAPTER 1
MOTIVATION AND INTRODUCTION

The most important ionic defect in oxide dielectrics is the oxygen vacancy. It is typical
for oxide dielectrics to contain much higher concentrations of oxygen vacancies than any other
mobile defect such as electronic carriers [1–3].

Conventional characterization of oxygen

vacancies takes place at high temperatures, ~600-1200oC, to speed up migration and reaction
kinetics so that measurements can be catered to the laboratory time scale [4–8]. Improved low
temperature measurements and models are needed because most devices are built to operate at
room temperature conditions, and because high temperature characterization techniques do not
detect the important interactions between mobile oxygen vacancies and immobile defects in the
lattice [9].

These local interactions or formation of defect complexes or dipoles at low

temperatures are responsible for significant modifications to materials properties [10,11].
Many times, the most important factor determining ferroelectric device reliability is
oxygen vacancy concentration and mobility [12,13]. Oxygen vacancies are often the only mobile
ionic defect in the material and are responsible for large pinning polarizations in ferroelectric
materials when a complex is formed with oppositely charged defects or large space charges when
free to migrate across a sample and pile up at an electrode interface as depicted in Figure 1.1
[10,14–19].
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Figure 1.1 Common oxygen vacancy related defects in perovskite dielectrics and the associated
reliability mechanisms. Oxygen vacancies are not always the only defect responsible for
reliability issues, but well-established models have been presented to describe aging, fatigue, and
resistance degradation based on transport mechanisms involving this particular type of point
defect [12,14,18,20–25].

Often, ionic mobility is measured at high temperature where oxygen diffusion is fast and easily
measurable. However, extrapolation of the mobility to low temperature may prove incorrect
given that oxygen vacancies can interact with charged defects at lower temperatures and form
defect complexes [26–29]. These interactions will modify the energy barrier height for oxygen
vacancy diffusion giving the barrier height a strong dependence on temperature and defect
concentration at low temperatures:

 (T , Ni )  o / T exp   EA T , Ni  / kbT 

Equation 1.1

where Ni is the defect concentration, o is a constant, EA is the barrier height for defect migration,
and kb is Boltzmann’s constant. To understand the temperature and concentration dependence of
2

the mobility, the oxygen vacancy defect complex concentration must be monitored as a function
of both parameters. In the free state, the oxygen vacancy is free to move with its mobility
restricted only by structural defects, domain walls, or grain boundaries. In the associated state,
the oxygen vacancy is not free to move long distances. It is attracted, either by strain gradients or
Coulombic potentials to another defect in the lattice. A modified picture of the oxygen vacancy
defect lattice should be used like the one given in Figure 1.2 to describe the local migration path
of defects through the lattice. The conventional description of a defect complex is that of an
oxygen vacancy sitting as a nearest neighbor to an oppositely charged acceptor point defect [41
and 42]. This description treats the energy levels of the remaining concentration of unassociated
vacancies as equivalent regardless of their lattice positions. The potential energy landscape
introduced in Figure 1.2 introduces a complex energy landscape that describes the interaction
between an oxygen vacancy defect and an oppositely charged acceptor defect center. The energy
landscape produced by the complex defect interactions requires multiple energy levels to
completely describe the system.

These types of energy landscapes have been treated

phenomonologically and with first principle calculations in the literature [32,33]. A proven
method for finding agreement in the calculation of the energy landscape between experiment and
ab initio techniques, however, is lacking. Better EPR and electrical conductivity data on simple
perovskite systems with well controlled defect chemistries will help develop a database of defect
formation energies which will promote the construction of a more powerful and universal method
of describing local defect interactions.
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Figure 1.2 Local energy landscape produced by the interaction of oxygen vacancies with an
acceptor point defect center in a perovskite lattice. Three different material volumes are shown in
order to describe the important length scales for different types of defect interactions including a)
Cell I showing the unit cell of a perovskite with the central B4+ ion substituted with an aliovalent
dopant. The next coordination shell for oxygen vacancies would be the next-nearest neighbor site
shown in b) Cell II. The 3×3×3 unit cell geometry given in c) Cell III represents the largest
material volume that can be studied using standard ab initio calculation techniques. For analysis
of defect dynamics and transport through the lattice, d) a basic lattice potential must be calculated
using first principles as well as experimental measurements.

There is a substantial amount of research committed to calculating the energetics of
defect association using Coulombic or configurational entropy models [33–40]. Most of these
types of treatments, however, require knowledge of material parameters that are either difficult to
measure, difficult to define at the local (~Å) level, or are difficult to apply universally to complex
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materials chemistries.

As a result, a more general method to determine defect association

energies is needed that will allow for better understanding of experimental measurements in a
wide variety of systems.
Understanding the interactions between point defects in oxides is pivotal to being able to
predict and model dielectric, electrical, and magnetic properties. A focus within the scientific
community on building an encompassing database of materials properties by employing the use
of ab initio calculations presents the perfect opportunity for further collaboration between
fundamental experimental research and well designed first principles studies [41]. Improving the
database of point defect energetics in common oxide systems through parallel experiments and
future computer simulations will serve an important role in this Materials Genome Initiative by
improving the research tools necessary to directly engineer defect chemistry at the nano scale in
order to optimize and improve bulk materials properties and device performance.
The enthalpy of migration of oxygen vacancy defects contains the critical information
required to predict defect mobility. As shown in Figure 1.3, oxygen vacancies are often a critical
component to determining the functionality of a device, and they can just as often serve as
undesirable and unpredictable components to device performance and have negative effects on
reliability.
The ability to grow nano-scale thin films of increasingly complex and diverse oxide
chemistries and superlattice structures promotes the discovery of new and interesting properties
for oxide dielectrics [42–45]. In thin films, however, intimate knowledge of defect formation and
migration energies becomes even more important due to the small length scales for migration as
well as the high surface area available for defect reaction and incorporation.
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Figure 1.3 Representation of the importance of oxygen vacancy related defects in oxide dielectric
materials with blue) the kinetic and thermodynamic considerations for defect formation, and red)
representations of the ways in which oxygen vacancy defects are used to maximize certain
electrical and dielectric properties as well as the possible problems and reliability issues that may
be present as a result of oxygen vacancies in the material. Examples of the most common
materials chemistries related to each device or reliability mechanism are also given.

Electron paramagnetic resonance, or EPR, has advantages in analyzing point defects over
electron microscopy and x-ray absorption techniques because it is a bulk rather than surface
characterization [46]. EPR is used to characterize paramagnetic ions in dilute concentrations in
crystalline host materials. These paramagnetic ions are common in dielectric oxides whether they
are intentionally added as dopants to improve properties or unintentionally added as impurities.
Dopants and impurities include acceptor ions which carry a net negative charge in the crystal
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lattice and require the formation of positively charged oxygen vacancies by reduction reactions in
order to maintain charge neutrality.
Acceptor ions typically have unpaired valance electrons and, as a result, are
paramagnetic. Acceptor ions like Fe3+, Mn2+, and Mn4+ are Kramers ions (ions with an odd
number of unpaired spins or a half integer spin number), and these types of paramagnetic ions are
typically easier to characterize using standard X-band EPR equipment compared to non-Kramers
ions like Mn3+ [47]. It is common to observe non-Kramers ions described as EPR silent for
reasons beyond the scope of the discussion that will follow. Relevant references are provided for
additional information on this topic [48–52]. Using EPR spectroscopy, the degeneracy of spin
states of unpaired electrons in a paramagnetic ion is lifted when it is placed in a strong magnetic
field. The magnitude of splitting of degenerate energy states can then be determined by allowing
the ion to absorb microwave radiation. The resulting spectrum produced from the absorbed
radiation contains a fingerprint of the electron spin energy levels in the material which are
indicative of the type of paramagnetic ion under consideration. The host lattice the ion is
incorporated into has a strong influence over the energy level splitting, and it provides additional
information pertaining to the paramagnetic ion’s local surroundings including the distance and
coordination of its nearest neighbor oxygen ligands. Thus, EPR promotes the investigation of
oxygen vacancies by monitoring changes to the local surroundings of paramagnetic ions. A
paramagnetic ion with a nearest neighbor oxygen vacancy will have a much different EPR signal
than one without a neighboring charge compensating vacancy [28].
Because there is not a proven way to directly characterize the local distribution of oxygen
vacancies in an oxide lattice, multiple techniques must be used in order to collect a sufficient
amount of information to describe the defect energy levels of a given material. Table 1.1 contains
a brief overview of the common spectroscopy techniques used to characterize point defects. Of
all the techniques discussed, none can directly identify an oxygen vacancy, especially when they
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exist in dilute concentrations. However, EPR is a proven technique for analyzing the local
structure around dilute concentrations of defects and indirectly provides the most straightforward
characterization of oxygen vacancies through analysis of their interaction with paramagnetic
defects in the material [53].
Table 1.1 Techniques for Characterizing Oxygen Vacancy Defects
Technique

Dielectric
Spectroscopy

Sub-Technique

Defect Concentration

Comments

N/A

Dielectric spectroscopy is suited for all
concentrations of defects. The challenge with
this technique exists in the difficulty in separating
ionic charge carriers from electronic carriers.
Interfaces
are
extremely
important
in
determining the results of the measurement; and
as a result, grain boundaries and electrode
interfaces can make analysis much more
complicated.

N/A

Samples are heated up to high temperatures in
different PO2 environments and allowed to
equilibrate. These processes always require
high temperatures to speed up reaction kinetics.

> 0.1 mol%

There are few limitations to the type of ionic
species detectable including most of the light
elements. Analysis requires a beamline at a
synchrotron facility.

High

Electron microscopy can give detailed
information on elemental chemical analysis and
local structure. Oxygen vacancies cannot be
detected directly but their concentrations are
often determined indirectly by the presence of
reduced transition metal valance states.

< 1 mol%

These techniques are ideally suited for the study
of defects. They excel at detecting dilute
concentrations and ignore all ionic species in the
material except for the non stoichiometric
species.

Impedance
Bulk
Stimulated Current
Surface Limited
Ferroelectric Hysteresis

Equilibration

Conductivity
Tracer Diffusion

X-ray
Absorption

XANES
EXAFS

Optical

Bulk/Surface

TEM
EELS

Electron/Nuclear
Magnetic
Resonance

EPR
NMR

ab initio

Density
Functional Theory

Bulk
Surface Limited

Surface

Surface

Bulk

Bulk or Surface

3x3x3

> 3.7mol%

This technique is currently time consuming, and
it is only possible to research large defect
concentrations. It is capable of discovering
defect energy levels impossible to determine
using other techniques.

The basic measurement and prediction of defect concentrations and mobilities in oxides
is a fairly straight-forward process at high temperatures. It has been perfected over the many
decades of research and relies heavily on the classic description of mass action laws [30,54,55].
These equations, however, ignore the interaction of defects at the local, nanoscale level.
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Oxygen vacancies in the perovskite structure are typically the only mobile ionic species
in oxide materials at low to moderate temperatures where many devices operate.

In the

prototypical perovskite structure, strontium vacancies mobilities become slow and difficult to
measure at temperatures below ~1000oC [5]. The desire to make more materials and devices
confined to smaller nano-length scales requires detailed information to be gathered on the
thermodynamics and kinetics of oxygen vacancy defects. Interactions of oxygen vacancies with
other immobile point defect centers in the lattice are often unaccounted for in modeling defect
mobility because most standard spectroscopy techniques fail to capture these types of
phenomena. EPR is an under-utilized tool in the dielectric oxide community. Research dedicated
to uncovering the energetics of defect interactions in common and important oxide materials will
provide desired data for the experimental community as well as useful reference for studies
related to fundamental materials physics in the first principles calculations community.
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CHAPTER 2
THEORETICAL AND EXPERIMENTAL BACKGROUND

2.1

Introduction
In this chapter the basic experimental methods used in the following chapters will be

introduced. The background concepts and physical principles will be briefly discussed in order to
aid the discussion and derivations of equations used in subsequent chapters. This chapter will
focus on introducing the concepts critical to understanding the equilibrium thermodynamics of
point defects as well as the kinetics involved with mass transport of charged defects. The
experimental tools that will be used to study defect concentrations, structure, and kinetics include
impedance spectroscopy, thermally stimulated depolarization current measurements, and electron
paramagnetic resonance spectroscopy. These experimental methods will be introduced here and
elaborated upon within each chapter.

2.2

Equilibrium Defect Chemistry
The following discussions will make use of Kröger-Vink notation to describe the

effective charge and concentrations of particular point defects. A brief description of the notation
is given in Table 2.1.
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Table 2.1 Kröger-Vink Notation for Point Defects
Vacancy

Site

A
D

qeff
site Vi

A

Charge (q eff )

intrinsic



dopant or
impurity

.

vacancy



positive

Defects are often
single, double, or

negative triply ionized. The
numeber of charge

neutral

symbols refelects
the respective

interstitial

total charge.

The following discussion of point defects will focus only on the point defects related to the
SrTiO3 and BaTiO3 structures.

The following discussions will also be limited to the

characterization of transition metal dopants acting as acceptors on the B-site or titanium lattice
position. A strong focus is made in this thesis on the characterization of defect complexes. These
defect complexes are defined by the presence of an oxygen vacancy sitting on a nearest neighbor
lattice site adjacent to an acceptor ion. The unit cell structure of a cubic perovskite lattice
containing a defect complex is shown in Figure 2.1.

Ba 2 , Sr 2

O 2

FeTi , MnTi

VO

Figure 2.1 Unit cell of SrTiO3 or BaTiO3 containing a defect complex created by an acceptor
dopant or impurity with an oxygen vacancy located in any one of the six nearest neighbor
positions.
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The Kröger-Vink notation for a defect complex is written as FeTi  VO







or MnTi  VO





in

which the sum of the effective charges of the two defects making the complex is written outside
of the parentheses. Additional introductions to point defects in oxide materials can be found in
the references [30,54,56].

2.3

Thermodynamic Description of Mass Action
All oxide materials contain point defects. Mobile defects like electrons, holes, and

oxygen vacancies are charged and contribute to the conductivity and polarization of oxide
materials.

The equilibrium concentrations of defects like vacancies and interstitials can be

approximated using a standard phenomenological description of the lattice with the
thermodynamic approaches demonstrated in the following discussion [30,54,57].
The Gibbs free energy of the system can be described using the relationship:

G  H  TS

Equation 2.1

where 𝐺 is the Gibbs free energy, 𝐻 is the free enthalpy, and 𝑆 is the entropy.
The entropy of the crystal contains two terms: a configurational and vibrational term.
The enthalpy and vibrational entropy terms are approximately proportional to the number of
vacancies in the system, NV [30]. The magnitude of the configurational entropy is a function of
the vacancy concentration allowing the change in free energy to be described as follows:

G  NV  H  T Svib   T Scon  NV 

Equation 2.2

As a result of Equation 2.2, there is a free energy minimum as a function of the concentration of
vacancies. This minimum in the free energy is plotted in Figure 2.2.
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free energy

NEq

# of defects

Figure 2.2 The free energy diagram for an oxide crystal containing NV number of defects.

The configurational entropy term can be described as follows:

Sconfig  NV   kb ln V

Equation 2.3

where V is the number of combinations that NV can be arranged in a system the size of No [57].
This probability, or mathematical combination, is better written as:

 Ntot 
V  

 NV 

Equation 2.4

The variables within the parentheses in Equation 2.4 represent the total combination of ways to
arrange NV vacancies in a crystal with a total number of lattice sites equal to No+NV with No being
equal to the total number of sites in a perfect crystal with no defects [30]. Because the order in
which the number of vacancies is counted doesn’t matter, the combination of states can be written
as:
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V 

 No  NV !
N o ! NV !

Equation 2.5

where No can also be considered the total number of ions of type N in the crystal.
To find the equilibrium concentration of defects, the derivative of the free energy is taken
and set to zero in order to find the energy minima. The derivative of the free energy with respect
to the number of vacancies in the system is given as:

d G
d
  H  T Svib  
Sconfig
dNV
dNV

Equation 2.6

In Equation 2.6, the concentration independent quantities, the enthalpy and vibrational entropy,
are separated from the concentration dependent configuration entropy. Substituting Equations 2.3
and 2.5 into Equation 2.6 gives the expression:

 N  NV !
d
d
Sconfig  kbT
ln o
dNV
dNV
N o ! NV !

Equation 2.7

The expression inside the factorial can be simplified using the Stirling approximation given as
follows:

ln x !  x ln x  x

Equation 2.8

The Stirling approximation cannot be used for special systems containing nano-sized particles,
but for most materials, the large number of particles considered results in virtually no error when
using Equation 2.8 [57]. The expression for the derivative of the configurational entropy given
in Equation 2.6 can now be written as:

d Sconfig
dNV
d Sconfig
dNV

 kbT

 kbT

d
dNV

 No  NV  ln  No  NV    No  NV  ...


...  No ln No  No  NV ln NV  NV


Equation 2.9

d
 No  NV  ln  No  NV   No ln No  NV ln NV  Equation 2.10
dNV 
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d Sconfig
dNV

 N  NV 
 kbT ln  o

 NV 

Equation 2.11

The expression for the minimum free energy can now be found by substituting Equation 2.11 into
Equation 2.6 and setting the left hand side equal to zero. The result is the following expression:

 H 
 Svib 
NV
 exp 
 exp 

No  NV
 kbT 
 kb 

Equation 2.12

If the enthalpy and vibrational entropy are known, or if they can be measured, the equilibrium
concentration of vacancies can now be calculated at any temperature. The expression to the right
of the equal sign in Equation 2.12 is referred to as the equilibrium mass action constant:

Keq T  

NV
N o  NV

Equation 2.13

For a large system with many sites and a dilute number of vacancies, the denominator of
Equation 2.13 can be simplified to No+NV=No, and the mass action constant is now represented as
the volume fraction of vacancies in the material:

Keq T  

NV
  NV 
No

Equation 2.14

As demonstrated in the previous discussion, the equilibrium mass action constant is a temperature
dependent parameter that is unique to a particular crystal chemistry and structure. As long as the
defect concentrations are dilute and non-interacting, the method used to in Equations 2.1-2.14 can
be applied to all types of possible defects in the lattice. When such an ensemble of equations is
constructed, and the sum of all defect concentrations is forced to obey the law of
electroneutrality, the complete defect profile for a material at a given temperature can be
predicted.
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2.4 Kinetic Description of Mass Action
Another method for deriving the mass action coefficient as demonstrated in Section 2.3
will be repeated using a kinetic rather than thermodynamic strategy. While this practice may be
redundant in terms of describing the mass action constant, the method of defining an equilibrium
state using a kinetic description will be used again at other points in this thesis to derive kinetic
relationships related to mass transport, so the demonstration of these principles in regards to
finding the equilibrium concentration of point defects, a central theme to this thesis, is
appropriate.
The double potential well shown in Figure 2.3 will be used as a helpful reference to show
how the equilibrium defect concentration can be determined using a derivation based on kinetic
principles.

kf

kr
EA



A

B

Figure 2.3 Double potential well defining the two possible energy levels of a particular defect
state.
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There are two possible states depicted in Figure 2.3. In comparison to the derivations made in
Section 2.3, the states A and B in Figure 2.3 can correspond to the energy state of an ion sitting on
its appropriate lattice position and state of that ion placed on the surface of the material, leaving
behind a vacancy [30]. For the simple first order reaction:
kf

A B

Equation 2.15

kr

the rate of change of reactant A and product B are affected by both the forward and reverse
reaction rates kf and kr and can be described by the differential equations:

dA
 k f A  kr B
dt

Equation 2.16

dB
 k f A  kr B
dt

Equation 2.17

If the initial conditions are set at A(0) = 1 and B(0) = 1, the general solutions to these equations
are given as:

A t  

B t  

kr  k f exp  t  k f  kr 
k f  kr
k f  kr exp  t  k f  kr  
k f  kr

Equation 2.18

Equation 2.19

Given enough time, the system will reach equilibrium. Allowing time to go to infinity in
Equations 2.18 and 2.19, the equilibrium values are reached and are given as:

A() 

kr
k f  kr

B ( ) 

kf
k f  kr

Equation 2.20

Equation 2.21

The equilibrium constant can then easily be defined as the ratio of the two steady state values:

17

K eq 

 B eq
 Aeq



kf
kr

Equation 2.22

The rates of hopping between potential wells kf and kr can be described by Boltzmann statistics.
The jump rates of forward and reverse hopping of a defect can be described as:

 E 
k f   A exp   A 
 kbT 

Equation 2.23

 E   
kr   B exp   A

kbT 


Equation 2.24

where vA and vB are the rates of reaction at a temperature of zero Kelvin. These expressions can
now be substituted back into Equation 2.21 to give a representation of the mass action equation
similar to the one given in Equation 2.12 [30].

Keq 

  
A
exp  

B
 kbT 

Equation 2.25

Comparing Equation 2.25 (calculated from a kinetic relationship) to Equation 2.12 (determined
using thermodynamics), it is apparent that the two equations are identical if the following
expression is determined to be accurate:

 S 
A
 exp  vib 
B
 kb 

Equation 2.26

These two equations are, in fact, equivalent, given that the expression for the vibrational entropy
is typically written as:

 
Svib  kb ln  A 
 B 

Equation 2.27

This description of equilibrium mass action can easily be applied to systems containing much
more than two energy states [54,58,59]. A system with a distribution of possible energy states
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will become more important when considering the equilibrium concentration of defect complexes
that will be discussed in subsequent sections and chapters.

2.5 Mass Action Equations Important in Oxide Systems
Typically the treatment of conventional mass action equations related to the common
defect related phenomena in oxide materials are not controversial because they apply to dilute
concentrations of non-interacting defects. In this particular case, the equations presented in
Sections 2.3 and 2.4 to apply. The mass action constants of the most important defect reactions
for a perovskite oxide material will be discussed.
Mass action for a metal oxide has been treated by many researchers [30,54]. The mass
action coefficients for common oxide systems can easily be found in the literature. The equation
describing oxygen incorporation in the material is given by the reduction equation:

O

f
kred

O

r
kred

1
VO  2e  O2 gas
2

Equation 2.28

The concentration of electrons and holes in a pure, undoped material is controlled by the intrinsic
defect equation.
f
kint

nil

e  h

r
kint

Equation 2.29

where nil is the thermodynamic standard state of the crystal in which all of the electronic carriers
are in their respective ground state. The corresponding mass action equation is provided in
Equation 2.30.

 Ego 
Kint  np  K int exp  
 k T 
 b 
o

Equation 2.30
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where the activation energy, E go , is the band gap of the material at zero Kelvin [5,54,57]. The
band gap term is often modified to contain a linear temperature dependence to account for the
thermal dependence of the band gap structure:

Eg  Ego    T

Equation 2.31

A description of mass action for a doped metal oxide is more complex [4–8]. Many aspects of
the dopant need to be considered including the valence state and lattice position of the dopant.
Most transition metal dopants are redox-active and can easily change valence depending on the
availability of excess electronic charge in the material [60,61]. Additionally, the site of the
dopant will have a large impact on the charge compensation mechanism of the material. It is
useful to consider the well-known tolerance factor for a perovskite system given as:

t

rA  rO

2  rB  rO 

Equation 2.32

where rA, rB, and rO are the ionic radii of the respective constituents of an ABO3 compound
[62,63]. The perovskite system SrTiO3 is often used as a model system. It has a tolerance factor
close to unity ensuring cubic symmetry given the ionic radii values of: rA = 1.44Å, rB = 0.605Å,
and rO = 1.40Å [64]. Substitution of cations onto the lattice shifts the tolerance factor away from
unity and results in a higher likelihood the lattice will distort in order to accommodate the lattice
strain. Substitutional defects with ionic radii that deviate from the ideal tolerance factor can also
commonly become amphoteric and sit on a combination of A and B sites in order to accommodate
the ideal perovskite structure [65,66]. Information on the site occupancy and valence state of the
transition metal impurity defects is crucial to understanding the overall defect chemistry of the
system.
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2.6 Point Defect Interactions
There are some problems associated with describing defect complex concentrations using
a mass action approach. Some of these problems arise from the requirement that the mass action
coefficient is only a function of temperature and doesn’t depend on position or concentration. As
stated, the assumptions made in the previous discussion are good approximations given dilute
concentrations of non-interacting defects.

These assumptions, therefore, cannot be directly

applied to the treatment of defect complexes. These problems with the original description using
mass action were documented early in the process of describing ionic conductivity [67].
The standard method for describing the equilibrium concentration of defect associates is
treated using mass action laws [54].

The mass action equation used to describe defect

association is written as:

A  B   A  B

Equation 2.33

A common defect complex, such as the interaction between an Fe3+ impurity ion and an oxygen
vacancy, can be described using the following mass action equation:





 Fe  V   
 Ti O 
K as  
 FeTi  VO 

Equation 2.34

This traditional assumption of dilute and non-interacting defects made by many in the oxide
community maintains that the energy of two systems with an equivalent number of defects is
energetically identical regardless of the manner in which the defects are arranged in the lattice.
As shown in Figure 2.4, this assumption is valid only if there are no interactions between defects.
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TiTi

DTi

Config1

OO

VO

Config 2

Figure 2.4 Two possible scenarios for configurations of an oxygen vacancy defect in a small
planar section of a perovskite TiO2 sublattice are shown. If the dopant or impurity defect DTi is
isovalent to Ti4+, the two energy states in Config1 and Config2 are equivalent. If the impurity
defect is, however, an aliovalent acceptor making <0, the energy of the system changes based
on where the oxygen vacancy is placed if the coulombic forces acting on the defects are
significant.

If additional energy terms like coulombic forces or strain fields create a situation in which
Config1 and Config2 in Figure 2.4 are energetically dissimilar, the mass action equations given in
Equations 2.33 and 2.34 are no longer valid. It is important to note that the effect of strain on
defect complexes likely contributes to the driving force for association. The magnitude of strain
around a vacancy or defect complex is often difficult to measure experimentally, and indirect
methods such as first principle calculations are often employed to approximate this
effect [54,68,69].
A system containing a dilute concentration of defects is typically assumed for systems
containing less than 1mol% of a particular type of point defect. For a theoretical system doped
with a 1mol% dilute concentration of M Ti defects, under oxidizing or even moderately reducing
conditions, the oxygen vacancy concentration compensating the charge of the dopant will be
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equal to the concentration of the dopant. If there is no driving force present for these two
oppositely charged defects to occupy nearest neighbor lattice positions, the statistical likelihood
of finding a defect complex in this lattice will be 1/100. Consequently, if defect complex
concentrations are found in concentrations greater than one hundredth of the dopant concentration
in this scenario, there must be some driving force making formation of the defect complex more
energetically favorable than random site occupation.

2.7 The Significance of the Thermodynamic Activity
The chemical potential of a particular defect is given by the relationship:

i  io  kbT ln ai

Equation 2.35

The thermodynamic activity ai can be written as the product of the defect concentration and an
activity coefficient, Nii. The activity coefficient can be assumed to approach unity for systems
containing dilute concentrations of defects that are non-interacting. In metallic compounds, this
type of assumption is often valid because the high concentration of electrons screens the effective
charge of a vacancy [59]. This screening effect is much different in ionic crystals.
In this section, the Maxwell-Boltzmann derived theory of ion distributions in an
electrolyte will be discussed. Most of the theory surrounding interactions between charged
defects in electrolyte solutions finds its roots in the description of ionic solutions formulated in
the Debye-Hückel theory [70]. The solution of the electrical potential surrounding a charged ion
in solution is dependent on the concentration and permittivity of the net neutral medium. This
solution has been directly applied to defects sitting in ionic lattices as the lattice is assumed to act
as an uncharged electrolyte. The derivation of the Debye-Hückel solution brings insight to
understanding the distribution of charges surrounding a charged ionic defect and is described in
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detail in Appendix A [71]. The differential equation determined by Debye and Hückel to
describe the potential, , around an ion in solution is given as:

 2i  

qe



 zi qei 

 kbT 

 N z exp 
i i

i

Equation 2.36

where qe is the charge on an electron, Ni the concentrations of the defects under consideration, zi
the effect charge coefficient of each defect, and  the permittivity of the lattice. The derivation
and solution of the Debye-Hückel equation leads to the introduction of the following important
expression for the potential around a charged ion:

 r  

zi qe exp  D Ro 

 exp  D r 
r 1  D Ro

Equation 2.37

where Ro is the distance of minimum approach for two oppositely charged ions which is usually
taken as the lattice spacing between two nearest neighbor defects, and D is the Debye length
which is defined in Equation 2.38 [72–76]. The first term in Equation 2.37 is the familiar
Coulombic potential while the second term can be described as a correction factor, and the third
term is the exponentially decaying Debye-Hückel screening term.

D 2 

zi z j e2

 kbT

I

Equation 2.38

with I given as the ionic strength defined in Appendix A. The correction factor comprised of the
middle term in Equation 2.37 is plotted in Figure 2.5 as a function of D/Ro [71].
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Figure 2.5 The correction factor given as the middle term in Equation 2.37 is plotted as a
function of the ratio of the Debye length to the distance of minimum approach of the oppositely
charge defects.
As can be seen in Figure 2.5, when the Debye length is slightly larger than the minimum
approach distance, which is almost always the case, the correction term quickly approaches unity,
and, as a result, can be ignored in most calculations. The corresponding Debye-Hückel activity
coefficient is then derived as:

kbT ln   

zi z j qe 2D
8



1
1  D Ro

Equation 2.39

The chemical potential can now be re-written to include the appropriate activity coefficient:

i  io  RT ln  Ni i 

Equation 2.40

This modified chemical potential now accounts for the electrostatic portion of the interaction
energy created by two oppositely charged defects.
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2.8 Dielectric Response
Impedance Spectroscopy (IS) has become a standard tool used to probe the fundamental
kinetic processes in a wide variety of chemical and solid-state systems, and the fundamentals of
this subset of dielectric spectroscopy have been covered in many texts [77–79]. Over the years,
IS has developed into a tool that can be manipulated to analyze nearly any feasible
electrochemical or solid-state capacitive system. Measuring the impedance of a system involves
the application of a voltage or current perturbation and the corresponding measurement of the
response. The most common type of IS involves the application of a sinusoidal voltage applied to
a system and the corresponding response is measured from the phase shift and change in
amplitude of the output ac current. This method allows for a wide variety of frequencies to be
applied to a system in order to stimulate processes that occur, ranging from slow solutiondiffusion kinetics to fast electrode charge transfer. Applying multiple frequencies over a broad
range of bandwidths allows for the resolution of all of the reactions and kinetics occurring within
a specified system.
The ability of a dielectric material to store charge is characterized by its dielectric
constant and loss. The electrical susceptibility of a material is the constant describing the linear
relationship between the polarization induced by an applied electric field:

P  o  E

Equation 2.41

where o is the permittivity of free space and  is the electrical susceptibility [80]. The electrical
susceptibility is related to the dielectric constant, r, which depends on the polarizability, , of a
particular charging process in the material:

i   r  1  nii

Equation 2.42

where ni is the number of independent polarizable charged species contributing to the particular
mechanism of polarization. For most dielectric materials used in capacitor applications, the
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dielectric constant is engineered to be large, and the susceptibility and relative permittivity can be
assumed to be equivalent.
One of the most obvious differences between different types of polarization mechanisms
is the speed with which they react to an applied electrical field. The orders of magnitude
difference in reaction rate are schematically given in Figure 2.6. Because the dielectric constant
is a complex number, *, both the real and imaginary parts must be considered:

          j   

Equation 2.43

The dielectric permittivity is dependent and sensitive to the frequency, , of the stimulus it is
probed with. This typical frequency response is shown in Figure 2.6.

'
Permittivity

Space Charge
Dipole

Ionic
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Electronic
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1015

Frequency (Hz)
Figure 2.6 Frequency response of the polarization mechanisms common to most dielectric
materials.
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Impedance spectroscopy studies are typically performed over the 10MHz to 1mHz frequency
range. As shown in Figure 2.6, under typical testing conditions, only the dipole and space charge
relaxations are experimentally accessible while higher frequency resonance processes are often
not accessible. These relaxation phenomena, however, are the most useful mechanisms necessary
to describe the ionic and electronic transport in a given material. By monitoring the frequency
dependence of the dielectric constant, it is possible to separate the different conduction
mechanisms in the material such as the mixed conduction of electronic and ionic processes. If the
complex permittivity can be measured over a broad enough frequency range to capture enough
information about a given relaxation, the properties of the material in the form of a parallel plate
capacitor can be identified by calculating the real part of the capacitance, C', as well as the
dielectric loss, tan, by using the following equations:

C    

    A

tan    

t

   
   

Equation 2.44

Equation 2.45

where A and t are the electrode surface area and thickness of a parallel plate capacitor
respectively [79]. The contribution to the ac conductivity of the material for a given mechanism
is closely related to the permittivity through the following relationship:

         j   

Equation 2.46

with the real and imaginary parts of the conductivity given by the equations:

      o 

Equation 2.47

      o      

Equation 2.48

Using IS, the complex permittivity and conductivity can be determined for multiple separable
mechanisms in a dielectric material [57,81–83]. This type of testing, when carried over a range
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of temperatures is used to determine fundamental information concerning the kinetics of
thermally activated conduction mechanisms.

2.9 Impedance Spectroscopy
In the simplest terms, impedance is defined as the response of an output signal to an
applied input signal. These signals are most commonly in the form of an alternating voltage input
and ac output. The analysis of impedance data relies on the necessity that the magnitude of the
input and output singles be linearly proportional to one another, and as a general rule of thumb
the input voltage should typically be kept around the order of kbT [82].
There is a limited amount of information that can be obtained from a response function in
the time domain. Another problem with working in the time domain is that simplifications must
often be made that require measurements to be taken at long or short response times in order to
use specific time functions in the analysis. Impedance functions by definition are described in the
frequency domain. The time dependent perturbation and response functions must be converted to
and analyzed in the frequency domain [4]. Conversion of time to frequency domain is achieved
by applying the Laplace transformation given by the equation:

F  s    f  t  exp  st  dt
x

0

Equation 2.49

where s is the Laplace transform variable, which is a complex quantity given as:

s  s  is

Equation 2.50

The transfer function of a linear system is the ratio of the Laplace transform of the output
function to the input function. The transfer function of a system is fundamental in describing the
impedance of a given electrochemical system.

The transfer function of a linear system is

described as the ratio of the magnitude of the output signal to input response [57,84]:

H  s   output (s) / input (s)

Equation 2.51
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From the transfer function, two important quantities, the admittance and impedance of the system,
can be established and defined. Given a sinusoidal excitation:

x  t   x sin t 

Equation 2.52

The Laplace transform of Equation 2.52 can now be given as:

 x  s   x


s  2

Equation 2.53

2

giving the following output function:

 y s  H s x s 

H  s 

Equation 2.54

 2  s2

If the inverse is taken of the output to convert back to the frequency domain, the following
relationship is established:

y(t )  x H   sin t   

Equation 2.55

The modulus of Equation 2.55 has both real and imaginary parts that can be separated in the
following manner:

H     Re H     Im H  
2

2

Equation 2.56

and the corresponding phase shift  is given as:

 Im H   
  arctan 

 Re H   

Equation 2.57

For an electrochemical system or an electric circuit, the transfer function from the potential
(input) to the current (output) is defined as the admittance, Y:

I    Y   V  

Equation 2.58

Similarly, the transfer function from current to potential is the impedance of the system, Z:

V    Z   I  

Equation 2.59
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The transfer functions in Equations 2.58 and 2.59 are inversely proportional to each other and are
analogous to Ohm’s law with Z() corresponding to the complex resistance and Y()
corresponding to the complex conductivity. The impedance of an electrochemical system will
primarily be the focus of the remaining discussion. The impedance is typically expressed as a
complex function in the following form:

Z    Z     iZ   

Equation 2.60

If the complex impedance of a system is known, it can easily be converted into the complex
admittance, permittivity, or modulus or vice versa [81,85]. Table 2.2 gives the relationships
necessary to convert any complex quantity into a corresponding complex function.
Table 2.2 Transformation functions for complex impedance relationships.
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Z*

Impedance

Z* = Z' + iZ"

Z*

Admittance

Y* = Y' + iY"

Permittivity  * =  ' - i  "
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_1_
Z*
1
i  C o Z*
iCoZ*

Re( ')
"

Im( ")
'

 (  '2+ "2)  (  '2+ "2)
 "

 '

'

"

'
 ' + "2

"
 ' + "2

2

2

2.10 Equivalent Circuit Analogs
Electrical analogs can be constructed in the form of equivalent circuits in order to
replicate the impedance of the system. Equivalent circuits are used to model the impedance
response of a system using common elements that can be plotted in the first quadrant of a
complex impedance plot [86].

All electrochemical cells contain resistive and capacitive

components. The most notable resistive and capacitive components found in a majority of cells
include: double layer capacitance, solution resistance, charge transfer capacitance, and electrode
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polarization effects [81]. It is important to note that a certain degree of cautiousness must be
observed when fitting an equivalent circuit to impedance data. Any function of Z(i) can be fit
well with an equivalent circuit if enough circuit elements are added together in series and parallel
combination [85,87]. However, equivalent circuit modeling becomes an extremely useful tool if
the elements used in the model can be directly assigned to known physical parameters occurring
in the system under question.
Some of the most common and useful electrical circuit elements typically used to
describe transport mechanisms in oxide dielectric materials are given in Figure 2.7.

The

functional form of the common circuit elements can easily be derived. The resistance is solved
for using Ohm’s law:

V t   RI t 

Equation 2.61

It is obvious that the resistive element is independent of frequency, and the simple result is given:

Z 

V  t 
I  t 

R

Equation 2.62

There is only a real component to the resistive element. The impedance of a capacitor can be
determined using similar steps:

I  t   C

dV t 
dt

I t   CV t  je jt

Z 

V  t 
I  t 



1
jC

Equation 2.63

Equation 2.64

Equation 2.65

These basic circuit elements can then be combined in various ways to replicate the response of
dielectric system. The total impedance of elements connected in series is the sum of their
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individual impedances while the total admittance of a system of parallel components is equal to
the sum of the individual admittance of each element.

2.11 Modeling Electrochemical Systems Using Impedance Spectroscopy
In order to fully understand the kinetic processes occurring within an electrochemical
system, and in order to assign values of resistance and capacitance to components such as the
double layer, bulk dielectric, and electrodes, it is necessary to find an appropriate model that can
effectively tie the transfer function of the impedance found during an experiment to physical
parameters. There exist two main categories of models used to describe electrochemical systems
which include:
1)

Analog models which are typically based upon equivalent circuits.

2)

Physical models that attempt to reproduce electrochemical processes and account
for interfacial reaction mechanisms [2].

There exist both positive and negative aspects to both of these models, but the common technique
of analog modeling using equivalent circuits will be discussed briefly along with some of the
disadvantages of using equivalent circuit modeling. Equivalent circuit models will be the focus
of the following discussion because it is a widely used tool with many notable researchers using
the technique to effectively describe complex electrochemical processes [88,89].
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Figure 2.7 Typical complex impedance, admittance, and permittivity response for combinations
of some of the common electrical circuit elements used to describe mixed ionic/electronic
conduction in dielectric materials. These circuit elements include a resistor, capacitor, constant
phase element (CPE), and Warburg element. Additionally, a schematic of the type of dielectric
system responsible for each type of response is shown in the far right column [81]. Arrows
drawn through the entire sample represents a system with non-blocking electrodes, and an arrow
terminating at an electrode represents a system with blocking electrodes.

2.12 Thermally Stimulated Depolarization Measurement
Thermally stimulated depolarization current (TSDC) is a technique used to analyze
relaxation kinetics of polarizable defects [90,91]. TSDC curves can be used to detect relaxation
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currents originating from trapped charges, space charge, and defect dipoles [33,92–108]. The
typical test conditions for a TSDC experiment are shown in Figure 2.8.

Poling Profile

Temperature Profile

Current

Tf
Eapp
Tpol
To

Temperature (constant heating rate)
Figure 2.8 The temperature and poling conditions used for a typical TSDC experiment are
depicted. The sample is heated to a temperature, Tpol, and a field, Eapp, is applied under the
conditions required to align polarizable defects or create a measureable space charge. The sample
is then quenched to To and heated with a linear heating rate, Tf, allowing the poled defect state to
relax to an equilibrium state with a random distribution of defects, and the current resulting from
this depolarization current is measured and used to characterized the process.
During a TSDC experiment a sample is heated to a temperature Tpol and allowed to equilibrate at
that temperature which will allow defects to become easily poled in the direction of an applied
field Eapp. The sample is then poled under a dc field for a time typically on the order of minutes.
The sample is quenched under Eapp to a temperature at which the defects are frozen into the
poled-in state To. The sample is then immediately heated at a constant heating rate and the
leakage current from the depolarization of the relaxing defects is measured with a pA meter.
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Curve fitting and integration of depolarization current peaks can give valuable
information on important material properties like concentration of mobile charge carriers or
dipoles and activation energies of each defect type. If the TSDC peak originates from the single
relaxation of trapped charges, the following equation, modified from thermoluminescent glow
curve theory, can be used to fit the TSDC curve:
T


  EA 
  EA 
I (T )  no s exp 
dT 
 exp   s / b  

kT  
 kT 
To 



sb

EA
  EA 

kTm2 exp 
 kTm 

Equation 2.66

where Ea is the activation energy, Tm is the temperature corresponding to the peak maximum, and
b is the heating rate [93,109,110].

2.13 Electron Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance or (EPR) spectroscopy is a powerful technique that can
be used to identify paramagnetic ions and the local structure surrounding a paramagnetic ion in
dilute concentration in a crystalline host material. The technique offers many advantages over
electron and high energy x-ray spectroscopy techniques because it is a bulk rather than surface
characterization technique, and the sensitivity of the measurement is often increased for lower
concentrations of defects when the opposite is true for the other techniques mentioned. The
negative aspects of EPR lie in the limited amount of paramagnetic ions that are possible to probe
using the technique. Ion’s must be paramagnetic, they must have the required spin relaxation
times, they typically must be in the class of non-Kramer’s ions (ions with an odd number of
unpaired valence electrons), and single crystal samples are often required for the technique in
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order to fully understand the symmetry and orientation of the analyzed point defects as well as
defect dipoles.
During an EPR measurement, a strong dc magnetic field lifts the degeneracy of an ion’s
spin angular momentum. The values of the projected spin quantum number ms can take the
following values:

s, s  1, , s  1, s

Equation 2.67

Hence, the number of possible spin states is given by the spin multiplicity:

2S  1

Equation 2.68

A free electron can have a quantum spin angular momentum described by the vector S with a
projected value along a principle axis equal to ±½ [48,49,80,111]. The quantum number for a
single unpaired electron is S=½. The +½ or  and the -½ or  states are degenerate. The
degeneracy is lifted when they are introduced to a magnetic field.
A paramagnetic material consists of ions with permanent magnetic moments that are
randomly aligned in the absence of any external fields resulting in a net magnetic moment of
zero. The magnetic dipole moment  is linearly proportional to the angular momentum J of a
quantized electron spin.

 =J

Equation 2.69

The constant of proportionality is the magnetogyric ratio given by the expression:

  g

qe
2me

Equation 2.70

The total angular momentum J is the summation of the spin and orbital angular momentum:
J SL

Equation 2.71

Much like the theory of electrical polarizability, the magnetization of a material can be described
as a collection of magnetic dipoles per unit volume:
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M

1
V

N


i 1

i

Equation 2.72

where the magnetic dipole moment is a factor that is directly proportional to the angular
momentum vector J [111].

   gL  J

Equation 2.73

The energy of a magnetic dipole when placed in a magnetic field can be described using the
following equation:

U   T  B
where B is the magnetic field [111].

Equation 2.74

The complete spin Hamiltonian describing only the

interaction between the magnetic dipole moment and the magnetic field is now given as:

H  e B  L  ge S    LS

Equation 2.75

For many transition metal ions, the spin orbit coupling is quenched, L is equal to zero, so spinorbit coupling can be ignored [111].
The paramagnetic ions discussed in this thesis will be Mn2+ and Fe3+. These ions are
isoelectronic and both have five unpaired d-electrons. For an S=5/2 ion in vacuum, the 2J+1
energy levels at zero magnetic field are degenerate, and the spin Hamiltonian can be modeled
using the straight forward Zeeman expression:

H  B geff S  Bo

Equation 2.76

An effective g-value can be given by the relationship geff  hv /  B with h equal to
Planck’s constant,  the Bohr magneton, Bo the applied magnetic field, and S the effective spin
number equal to 5/2 for Mn2+ and Fe3+. The spin Hamiltonian of an electron describes the total
spin energy including an interaction energy component. The spin-Hamiltonian contains the sum
of all of the magnetic interactions between the electron spin and the electric and magnetic
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moments of the electron in its host environment. A simplified version of the spin-Hamiltonian
sufficient to describe a free electron in transition metal is given as follows:

H =

HEZ (Zeeman Effect) + (spin-orbital interaction)…
… + HHF (nuclear-spin interaction ―Hyperfine Coupling‖)…
… + HSS (fine structure interaction ―Crystal Field Splitting‖)
H = B geff S  H  S  A  I  S  D  S

Equation 2.77

This equation fully describes the interaction between nuclear spin and electron spin and the
coupling they share together with the host lattice [48,112,113]. The Zeeman, hyperfine, and fine
structure parts of the spin Hamiltonian are shown with accompanying graphics and equations to
help explain the interactions in Figure 2.9.

H  e ge S  B  S  A  I  S  D  S
Zeeman Interaction

Hyperfine Splitting

Zero-Field Splitting

3 / 2
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Magnetic Field

Magnetic Field
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Energy
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  g e e B
2

Energy
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Magnetic Field

Figure 2.9. Electron Zeeman, hyperfine, and fine structure interactions (zero-field) used in the
effective spin Hamiltonian [48,111,114]. For a an Fe3+ paramagnetic ion in a perovskite lattice,
the Zeeman and fine structure terms are important, and for the Mn 2+ ion, all three terms are
required to fully describe the resonance of the system.
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The modeling of different defect complexes in perovskite materials has been done effectively by
several authors [26,113,115]. Following the past work done on EPR in perovskite materials, the
spin Hamiltonian equation can be used to effectively characterize dopant valence states as well as
defect complexes formed by dopants and neighboring oxygen vacancies. Additional discussion
in regards to the spin Hamiltonian for Fe3+ and Mn2+ in the perovskite structure will be given in
Appendix B.
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CHAPTER 3

LITERATURE REVIEW OF OXYGEN VACACNY MOBILITY
IN STRONTIUM AND BARIUM TITANATE

3.1 Introduction
Much of the following discussion presented in this thesis will focus on the mobility of
oxygen vacancies in SrTiO3 and BaTiO3 lattices. A focus of this thesis has developed into the
seemingly trivial characterization and subsequent defense of the activation energy of vacancy
mobility in the cubic phase of two similar perovskite structures. However, as recently presented
in great detail and clarity, the disagreement that exists currently in published literature over the
magnitude of the barrier height for oxygen vacancy hopping is astonishing and far-reaching and
makes the possibility of making educated extrapolations of ionic conductivity in these materials
over any appreciable range of temperatures a seemingly impossible task [116].
Some of the difficulties involved with measuring ionic conductivity in oxide materials at
high temperature will be introduced in this chapter.

The implications of using the wrong

activation energy term in the expression for the ionic mobility will be discussed. Additionally,
the position that will be defended in subsequent chapters will be introduced concerning the value
of the activation energy for oxygen vacancy migration.
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3.2 Acceptor and Undoped Oxides
Testing the electrical conductivity of an undoped system is most likely not a possibility
for single crystal or for conventionally processed ceramics. The reasons undoped systems are
impossible to obtain are obvious upon inspection of Figure 3.1.

Non-metal/Halogen
Alkali/Alkaline Earth
Semi-/Basic Metal
Lanthanide
Transition Metal
Common Acceptor
Common Donor

6

Natural Abundance (ppm)

10

4

10

2

10

0

10

-2

10

0

20

40

60

80

Atomic Number
Figure 3.1 The natural abundance of the first 83 elements in the Earth’s crust [117]. Both the
common A and B-site acceptor and donor dopants are highlighted in red and blue respectively.
The common acceptors include both alkali and transition metal ions. Isovalent dopants are left
colored black, and the difficulty assigning donor versus acceptor behavior to amphoteric dopants
is disregarded as a result of their relatively low natural abundance as rare-earth elements.
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Figure 3.1 shows that there are far more naturally occurring elements that act as acceptors
compared to donors in perovskite chemistries. In fact, the four most naturally occurring acceptor
ions in order of predominance are aluminum, iron, sodium, and potassium, and even the least
abundant of these four ions occurs naturally in the Earth’s crust more than three orders of
magnitude more frequently compared to one of the most common donor ions (niobium). As a
result, the most common impurities in the raw materials that are used to make barium and
strontium titanate will inevitably contain much more acceptors compared to donors. The effect of
trace impurities on the extrinsic doping mechanism in nominally undoped, pure materials has
been well documented [7,118]. Comparing the listed impurities in refs. [7,118] with the most
abundant acceptor elements shown in Figure 3.1 reveal striking agreement.
Oxygen vacancy mobility derived using an ionic hopping model results in the expression:

ion 

 E 
zi qa 2
vi exp   A 
kbT
 kbT 

Equation 3.1

The parameter vion is independent of temperature and should have a similar value for similar
materials. The value a is the hopping distance in a particular direction making it equal to half the
lattice parameter and allowing it to also be relatively temperature and material independent when
comparing similar perovskite lattices. Although the actual distance between the B-site and a
nearest neighbor oxygen position in the cubic perovskite structure is a 2 /2, the projection of
this distance in one of the principle directions is taken as the hopping distance for the twodimensional transport approximation. The point of re-examining the ionic mobility equation, is
to emphasize the fact that there doesn’t seem to be a good reason for similar perovskite systems,
especially when measured at high temperature in the cubic phase, to have much different
magnitudes of ionic mobility.

However, ionic mobility experimentally measured at high

temperatures can range from 0.3eV in SrTiO3 to 1.5eV in BaTiO3 [119,120]. A comprehensive
list of experimentally measured values for the migration enthalpy of oxygen vacancies in SrTiO 3
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is given in ref. [116]. While the same magnitude of diffusivity may be measured between similar
samples at high temperatures, miscalculation of the activation energy will lead to orders of
magnitude difference when the mobility is extrapolated to lower temperatures where slower
kinetics make it more difficult to make measurements.
In order to demonstrate some of the inherent difficulties involved in measuring the ionic
mobility of oxygen vacancies, a general outline for analyzing high temperature conductivity data
will be presented. To determine the mass action coefficients as well as kinetic terms such as the
electronic and ionic mobilities, the bulk conductivity of the sample is measured over a broad
range of oxygen partial pressures. Using established mass action and mobility parameters, the
theoretical concentrations of defects can be calculated for an acceptor doped or undoped sample.
These calculations were done using the mass action parameters given in Table 3.1.

Table 3.1 Mass Action Coefficients from Literature Sources Measured on SrTiO3

 A  BT 
Keq  Ko exp  

 kbT 

K eq
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In the opinion of the author, all of the mass action coefficients in Table 3.1 come from the most
reputable sources. The best approximation of the true mass action parameters are achieved by
choosing the best parameters from multiple authors; other researchers have used a similar practice
[116]. This practice of mixing different mass action coefficients from different studies can be
rationalized by considering the following:
1)

The first five parameters in Table 3.1 were measured on intentionally donor doped
SrTiO3.

As will be discussed in the following section, unknowns concerning the

ionization energies of acceptor dopants can cause problems in the way high temperature
data are analyzed. By measuring the redox and partial Schottky kinetics on a donor
doped system, the influence of an impurity acceptor dopant can be ignored.
2) The ionization energy of the most common acceptor impurity, iron, was measured
independently using optical methods and compared to conductivity data. Typically,
using the practice that will be demonstrated shortly, high temperature conductivity data
are fit to several unknown parameters. If there is any error in the measurement of one
mass action parameter, that error will carry into the calculation of all of the other
coefficients.
3) The oxygen vacancy mobility highlighted in the last row of Table 3.1, in the author’s
opinion, is a product of the most thorough experimental measurement and analytical
justification of the value given. This mobility was measured without electric fields using
tracer diffusion and SIMS analysis of the diffusion profile of oxygen isotopes into a
SrTiO3 single crystal. Appropriate corrections were taken into account for the intrinsic
space charge regions present at the surface of the crystal that often interfere with analysis
of the diffusion profile.
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3.3 Conductivity of Acceptor Doped and Undoped Oxides at High Temperature
The system that will be considered first has a singly ionized acceptor concentration of
10ppm.

This acceptor concentration was chosen as a lower limit of a typical impurity

concentration level. In most of the early work done on nominally undoped SrTiO 3 and BaTiO3,
the acceptor valence state was assumed to be fixed as a function of temperature and oxygen
activity [7,8,118]. The PO2 dependence of the defect concentrations for the system under
consideration were calculated and plotted in Figure 3.2.
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Figure 3.2 The oxygen activity dependent concentrations of electronic and ionic defects in a
perovskite oxide system with a fixed, singly ionized, acceptor concentration equal to 10ppm.

With a fixed acceptor concentration, the number of unknowns in the system of mass action
equations is greatly reduced and the classic description of the conductivity versus oxygen activity
dependence can be derived using the following equations:
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Kred  VO  n2 PO21/2

Equation 3.2

Ki  np

Equation 3.3

 ATi   n  p  2 VO 

Equation 3.4

Because the electron and hole concentrations are inversely proportional to each other, when the
concentrations of both species are similar, an electronic conductivity minimum exists, and their
respective concentrations fall below the other charged species in Equation 3.4 resulting in the
approximation

 ATi   2 VO  .

The electron and hole concentrations on either side of the

conductivity minimum can be solved for by substituting the acceptor concentration into
Equation 3.2 and solving for n or p:

 2  A 
n

 K red 

1/2

 2  A 
p  Ki 

 K red 

PO 2 1/4

Equation 3.5

1/2

PO 21/4

Equation 3.6

Under the given assumptions, Equations 3.5 and 3.6 are sufficient for calculating the oxygen
vacancy mobility. For the defect concentrations plotted in Figure 3.2, the concentrations were
multiplied by the mobility expressions given in Table 3.1 (an activation energy for oxygen
vacancy mobility was set at 1eV to resemble the analysis made in ref. [8]).
The point in which the ± ¼ red lines cross on Figure 3.3 denote the precise location of the
conductivity minimum. This calculated minimum along with the actual minimum in the data can
be substituted in the following equation to solve for the ionic partial conductivity:

 V   min  2 calc

O

Equation 3.7
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Figure 3.3 The calculated conductivities for the defect concentrations given in Figure 3.2. Slopes
of ± ¼ on either side of the conductivity minimum are plotted.

The value of the ionic conductivity, because the concentration is assumed to be fixed by the
acceptor concentration, is thermally activated by the mobility term. This temperature dependence
allows for the application of a simple regression to provide the activation energy for vacancy
hopping.
This system of defect equations discussed so far may prove to be an oversimplification of
the complete mixed oxide conductivity.

As shown by other researchers, common acceptors

centers can exist over a wide variety of energy levels in the band gap making these acceptor
centers redox active [121–124]. In addition to Equations 3.2-3.4, an additional mass action
equation should always be considered when analyzing conductivity data:

ATi  ATi  h

Equation 3.8
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Equations of the form 3.8 can have a controlling effect on the activation energy of the electronic
conductivity. If acceptor redox reactions are not accounted for, the mass action and mobility fit
parameters of other defects will be compromised.
To illustrate the importance of measuring and calculating the true value of the activation
energy of the ionic mobility, several examples of the temperature dependent conductivity will be
given. Using the mass action parameters given in Table 3.1, the concentration and corresponding
ionic and electronic conductivities are given in Figure 3.4.
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Figure 3.4 Concentration and conductivity dependence of iron doped SrTiO3 on temperature
using mobility and mass action values from published data and an activation energy for oxygen
vacancy mobility fixed at 0.7eV [1,5]. The calculated concentrations and conductivity values
assume equilibrium can be reached at every temperature.

For Figure 3.4, the oxygen reduction reaction given by Equation 3.2 is allowed to progress to low
temperatures. This progression leads to a continuing decrease in oxygen vacancy concentration
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as the temperature is lowered. In reality, the surface exchange reaction between oxygen in the
atmosphere and in the sample is slowed to kinetically inaccessible equilibration times below
temperatures of around 500oC [125]. This rate limiting law for oxygen incorporation is related to
the rate molecular oxygen is trapped at the sample surface and converted to charged ionic
products capable of migrating through the bulk. As a result, this type of kinetically limited
reaction should not depend on sample thickness, and the temperature at which the oxygen
vacancy concentration is frozen into the system should be the same for perovskites with similar
surface free energies. The conductivity for a more realistic sample that experiences kinetically
frozen concentrations of strontium vacancies as well as oxygen vacancies below the appropriate
temperatures of 1000oC and 500oC respectively is shown in Figure 3.5.
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Figure 3.5 Concentration and conductivity dependence of iron doped SrTiO3 on temperature
using mobility and mass action values from published data and an activation energy for oxygen
vacancy mobility fixed at 0.7eV [1,5]. The calculated concentrations and conductivity values
assume equilibrium cannot be reached at every temperature. The equilibrium concentrations of
strontium and oxygen vacancies are frozen-in at temperatures below approximately 1000oC and
500oC respectively due to the kinetic limitations of each reaction [4,5,60,126].
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The frozen concentration of oxygen vacancies allows for the existence of a crossover point in
temperature shown in Figure 3.5 below which the ionic conductivity is the dominant conductivity
mechanism. As shown in Figure 3.5, for systems with redox-active impurities like iron, the
activation energy for oxygen vacancy hopping must be significantly lower than the ionization
energy of dopant or impurity ion in order for the electronic/ionic crossover point to exist.
It will be argued in the following discussions that the activation energy for oxygen
vacancy mobility is, in fact, much lower than the values calculated by high temperature
conductivity measurements [8,30]. The activation energy for oxygen vacancy hopping measured
using highly sensitive tracer diffusion experiments provides a value in the range of 0.6-0.7eV
[116]. This type of measurement doesn’t require the separation of electronic and ionic partial
conductivities like impedance or dc measurement techniques because the time of flight secondary
ion mass spectroscopy technique used to probe the depth of tracer diffusion into a sample is only
sensitive to the oxygen anions under consideration. Conductivity measurements can easily be
affected by difficult to measure electrode reactions or space charge polarizations, and the
unknown valence state of impurity ions will control the electronic conductivity at high
temperatures [57].

Tracer diffusion techniques can eliminate many of these measurement

artifacts; and for these reasons, the experimentally measured values for the barrier height of
oxygen vacancy hopping presented in Chapter 5 will be compared to the values of 0.6-0.7eV as
benchmark for acceptor dope SrTiO3. The conductivity data to be presented in the following
discussions measured at low temperatures, below the ionic/electronic crossover point, resembles
an ionic dominated conductivity mechanism with activation energy values that agree with those
calculated by tracer diffusion experiments [116]. Because the data that will be presented in
subsequent chapters were collected on samples measured at temperatures lower than the
experimental conditions typically used to measure ionic conductivity, the large ionic transference
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numbers available make it much easier to separate ionic from electronic portions of the bulk
conductivity compared to traditional high temperature measurements [8,118].
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CHAPTER 4
NEW SCALING EQUATION FOR BETTER PREDICTIONS OF
DIELECTRIC MEAN TIME TO FAILURE CONTROLLED BY
RESISTANCE DEGRADATION MECHANISMS

4.1 Introduction
This chapter attempts to improve upon the range of applicability and predictability of the
empirical Highly Accelerated Lifetime Testing (HALT) that has been traditionally used to
estimate time dependent breakdown strength performance in multilayer ceramic capacitors
(MLCC) and integrated thin film capacitor structures [12,127–130]. The applicability of the
traditional HALT equation shows evidence of being limited in thin dielectric layers under high
fields, for example, in high capacitance based MLCCs. When the traditional HALT equations are
applied to MLCCs with higher operating electric fields, there are often field dependent voltage
acceleration factors, resulting in ambiguous data analysis [131–133]. Here, a physical model is
re-introduced in the context of MLCC reliability to account for a critical ionic space charge
accumulation during application of a dc bias. This accumulation of space charge is controlled by
the ionic hopping or electromigration of oxygen vacancies leading to an increase in leakage
current typical of dielectric resistance degradation. Mean time to failure (MTTF) degradation data
on experimental capacitors indicates superior predictions with the new non-linear equation than
with the traditional HALT equation to provide more accurate and simpler testing in future
components.
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4.2 The Challenges Involved in Predicting Mean Time to Failure in MLCCs
Degradation resulting from loss of insulation resistance is believed to occur in an oxide
material via the de-mixing of oxygen vacancies from stoichiometry by mass transport of the
positively charged point defects towards the cathode. This process of degradation resulting from
oxygen vacancy migration under a dc bias has been well documented in acceptor doped SrTiO3
[12,14,20]. The displacement of oxygen vacancies toward the cathode under an applied dc field
and the resulting increase in leakage current during the degradation processes is shown in
Figure 4.1 for an acceptor doped system.
Under equilibrium conditions at room temperature, oxygen vacancies can form defect
complexes by sitting at a nearest neighbor site to an acceptor dopant, or oxygen vacancies can sit
at unassociated sites as depicted in Figure 4.1. Under large applied dc fields, the oxygen vacancy
will migrate, regardless of its location at a defect complex or unassociated site, towards the
cathode until it is blocked. The increase in concentration of oxygen vacancies at the cathode and
subsequent decrease in concentration at the anode requires local charge compensation
mechanisms to adjust accordingly. This increase in electronic charge carriers results in a loss of
insulation resistance, and the sample becomes more and more conductive over time.
Resistance degradation is defined as the characteristic time, tdeg, it takes for the minimum
value of the leakage current in a sample to increase by a minimum of a factor of ten [12].

tdeg  t  J  10 J min 

Equation 4.1

For MLCCs, there can be a number of material and device parameters that will have an effect on
the tdeg including: grain size, grain boundary composition, core-shell microstructure, and electrode
interface effects, just to name a few [134–138]. The most common method used to predict the
MTTF of an MLCC is to perform highly accelerated lifetime testing (HALT) on batches of
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capacitors at temperatures and applied fields higher than the operating conditions of the
component in order to speed of the kinetics of the process.
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Figure 4.1 Change in oxygen vacancy concentration as a function of time and normalized
distance across the thickness of the sample and the corresponding increase in leakage current as a
function of time.

The standard practice of analyzing MTTF data has been to then fit the MTTF data for multiple
temperature and poling conditions to a form of an Eyring equation given as:

 E  1 1 
t1  V2 
   exp  A    
t2  V1 
 kb  T1 T2  
n

Equation 4.2

with ti being the MTTF under an applied voltage Vi and temperature Ti. The fitting parameters
include n which is the voltage acceleration exponent and EA which is the activation energy
governing the degradation process.

This equation has been a standard method used to

characterize resistance degradation for many years [139–144].
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The global applicability of Equation 4.2 has been called into question in recent years
[133]. The always consistent trend in MLCC technology is the reduction in the thickness of
dielectric layers in order to increase the capacitance of the device.

Examples of device

miniaturization and dielectric components with increasingly thin layers are prevalent, but a few
common examples include the base metal electrode MLCCs, piezoelectric MEMS devices, as
well as the utilization of thin film technologies to produce thin film tunable devices with
(Ba,Sr)TiO3 chemistries [127,144–146]. With this ever growing trend in the direction of making
thinner and thinner dielectric layers, evidence is mounting regarding the inability of Equation 4.2
to effectively predict failure times or mechanisms has exhibited increasing weakness.
To illustrate the ineffectiveness of Equation 4.2, HALT experiments were performed on
X5R MLCC capacitors with nickel electrodes over a range of temperature and applied fields
[133]. The capacitors supplied for these experiments by Murata Manufacturing and Taiyo
Yuden Co., were BaTiO3 based dielectric multilayer capacitors that contain proprietary additions
of dopants that give the material a core-shell structure. This core-shell structure is crucial for the
dielectric to be able to operate with a steady permittivity over a range of temperatures. The X5R
class dielectric must operate from -55oC to 85oC while only allowing a deviation of capacitance in
the range ±15%. In Figure 4.2, the MTTF of the capacitors tested during these experiments are
plotted along with fits using Equation 4.2.
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Figure 4.2 MTTF data for MLCC capacitors fit using Equation 4.2. The voltage acceleration
factors, n, for each temperature are included at the top of the plot.

While it is obvious from Figure 4.2 that the data can be fit well using Equation 4.2, the physical
significance of the fitting parameters is not immediately apparent. If the samples were failing by
a single type of degradation mechanism, such as the common oxygen vacancy related mechanism
discussed earlier, it would be expected that all of the voltage acceleration factors would have
similar values for the different temperatures tested. The range of values from 5.4 to 15.6 offers
no insight into the degradation mechanism and has no physical meaning.

4.3 Derivation of Ionic Mobility
The mechanism of resistance degradation in many cases is controlled by oxygen vacancy
diffusion.

In order to develop a better scaling law for the effect of applied dc field and
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temperature on resistance degradation, a description of the mobility of oxygen vacancies should
be considered. A simple approximation of the oxygen vacancy sublattice is shown in Figure 4.3.

Figure 4.3 The potential energy landscape for the oxygen sublattice under zero bias and applied
dc bias conditions.

This description of the oxygen vacancy defect lattice includes the terms: EA is the activation
energy for an oxygen vacancy to hop from one site to an equivalent nearest neighbor site, ∆ is
the applied potential, and ao is the distance between equivalent oxygen lattice positions. The
probability of oxygen vacancies migrating forward or from left-to-right through the 2-D lattice
shown in Figure 4.3 can now be described as the difference in the probability of a forward hop
and a jump in the reverse direction. These hopping probabilities can be given as:

 E  z q  
 forward  exp   A ion e 
kbT



Equation 4.3

58

 E  z q  
 reverse  exp   A ion e 
kbT



Equation 4.4

The ionic contribution to the current through the lattice is proportional to the probability of
vacancy hopping:

J ion  zion qe Nion aovion ion

Equation 4.5

where vi is the hopping attempt frequency. Because ion is given as the forward-reverse for a 2-D
model, the expression for ion is now:

 E 
 z q  
 z q   
ion  exp   A  exp  ion e   exp   ion e  
kbT  
 kbT  
 kbT 


Equation 4.6

Substituting an expression for the hyperbolic sine function in to Equation 4.6 results in the
expression:

 E
ion  2 exp   A
 kbT


 zion qe  
 sinh 


 kbT 

Equation 4.7

For small values of , the hyperbolic sine function resembles a linear relationship. Combining
Equations 4.5 and 4.7 and under the restriction of small applied fields produces an expression for
the ionic mobility:

ion 

 E 
J ion
2 z q a 2v
 ion e o ion exp   A 
Nion zion qe  / ao
kbT
 kbT 

Equation 4.8

Equation 4.8 represents the common expression for ionic mobility.
When dielectric layers are reduced significantly in state-of-the-art components, the field
applied to these materials can be large enough to create significant error when applying the low
field approximation to Equation 4.8.
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4.4 Development of a new scaling parameter to analyze MTTF data
In the previous chapter, the appropriate chemical diffusion coefficient and electrochemical flux equations were introduced.

For the problem under consideration, the mass

transport of oxygen vacancies acted upon by a chemical and electrical potential gradient can be
modeled by considering the flux equation:

JV   
O

V


O

z q 
VO

2



VO

 zV  qe
O



Equation 4.9

e

The units for the flux of oxygen vacancies given in Equation 4.9 are number of oxygen vacancies
per meter squared second. It is obvious then that the partial current density supplied for by
oxygen vacancy migration is given by the equation:

jV   zV  qe JV 
O

O

Equation 4.10

O

The flux of the minority charge carriers can be derived using the same practice just described.
For a system with appropriate blocking electrodes or a system measured at a low enough
temperature to ensure a frozen-in concentration of oxygen vacancies as described in Chapter 3,
the appropriate boundary conditions can be made at each blocking electrode, and the spatial and
time dependent concentration profiles for the mobile oxygen vacancies can be solved for [57].
The expression for the concentration of an ionic species that is blocked at both electrodes is given
by the equation:

NV   x, t   NV   x, 0   app
O

  x, t  

O

4



2



  2m  1

m 0

2

tV 

x 1

    x, t  

zV  qe D  l 2

O
O

Equation 4.11

 t
2
 x

exp    2m  1  cos   2m  1 Equation 4.12
 l

 D


where app is the applied potential. Equation 4.11 cannot be solved analytically. Numerical
simulations for the concentration curves are given in Figure 4.4.

The numerical solutions
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provided in Figure 4.4 accounted for a normalized sample thickness and a chemical diffusion
coefficient, D , equal to 10-6 cm2/V-s. A normalized concentration, Nnorm, is plotted along the yaxis of Figure 4.4 using to the relationship:

N norm 

NV   x, t   NV   x, 0 
O

Equation 4.13

O

app

tV 
O
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O

time
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Figure 4.4 Stoichiometry profiles of mobile oxygen vacancies in a mixed conducting system as a
function of time. At time = 0 (yellow) the distribution of oxygen vacancies is homogeneous
across the thickness of the sample. After a sufficient amount of time has passed (black) under the
application of an applied voltage, app, a linear concentration profile develops with a large
concentration of oxygen vacancies blocked at the cathode. The concentration profiles were
numerically calculated using Equation 4.11 with a chemical diffusivity 10-6 cm2/Vs.

While an analytical solution is not possible for Equation 4.11, analytical solutions are possible for
approximations at short times and long times [57]. For experiments in which the MTTF is being
evaluated in order to analyze the resistance degradation of the sample, long time solutions of
Equation 4.11 should provide an accurate description of the kinetics required to cause sufficient
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stoichiometry changes necessary to measure an increase in leakage current in the sample [12].
The long time solution to Equation 4.11 is given as:

 t 2 D 
NV   x, t   exp   2 
O
l 


Equation 4.14

Being able to find a reliable temperature dependence for D is crucial to being able to
characterize the process leading to degradation. The relationship between D and the magnitude
of the ionic and electronic conductivities is given as:

D  tV  Dh  th DV 
O

Equation 4.15

O

Considering the transference numbers tV  for oxygen vacancy partial conductivity and th for the
O

portion of conductivity produced by holes, for a system believed to have its defect chemistry
controlled by acceptors, the inequality tV   th should hold at low temperatures, and DV 
O

should always be much less than Dh .

O

As a result, the chemical diffusivity should be

proportional to the mobility of holes which has a nearly negligible temperature dependence.
Experimentally, this type of relationship is not observed; the chemical diffusivity is found to have
the relationship D  DV  in iron doped SrTiO3, so the expression for the chemical diffusivity
O

requires further analysis in an acceptor doped system [126].
In Equation 4.15, the expression for D is written with the assumption that the
concentration of holes and oxygen vacancies are fixed for a given temperature.

However,

because the system under consideration has blocking electrodes, the concentration of oxygen
vacancies and holes will vary significantly across the thickness of the sample as shown in
Figure 4.3. These concentration profiles have no effect on the oxygen vacancy concentrations
outside of the effect on transport already factored into Equation 4.11 using Fick’s laws. The
concentration of holes, however, is additionally acted upon by the mass action equation:
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FeTi  FeTi  h

Equation 4.16

This ionization reaction with equilibrium constant Kion, can be included in the derivation of
Equation 4.15 to obtain a more appropriate chemical diffusivity. A correction factor,  h , can be
added to Equation 4.11 [126,147].

D   h tV  Dh  th DV 
O

Equation 4.17

O

This correction factor is given as:

h 


1  K

1  K

 h 


ion

ion



2

 h 



2

  Fe  Kion

Equation 4.18

tot
Ti

This correction factor will make the first term on the right hand side of Equation 4.17 much
smaller than its corresponding value using the calculation from Equation 4.11. As a result, the
chemical diffusivity will approach the value of DV  . Values of the chemical diffusivity that
O

approach the value of the oxygen vacancy diffusivity in acceptor doped SrTiO 3 have been
measured experimentally [126].

As discussed in Chapter 3, it is often assumed that the

concentration of oxygen vacancies is high in acceptor doped perovskite systems as a result of the
slow re-oxidation kinetics below ~500oC; and as a result, the ionic transference number is much
greater than the partial electronic conductivity [1,148]. If tion >> telectronic, the chemical diffusivity
in Equation 4.15 approaches the value of electronic diffusivity, not the oxygen vacancy
diffusivity that is measured experimentally. If the trapping factor in Equation 4.18 is considered,
the experimental and theoretical values agree with each other.
Now that appropriate expressions have been determined for the chemical diffusivity and
the concentration of oxygen vacancies as a function of spatial coordinate and time, an equation
for the MTTF will be developed. It will be assumed for the new scaling law presented here, mass
transport of oxygen vacancies under an electro-chemical potential gradient will progress until a
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critical density of charge carriers is collected in the anode or cathode regions. For long time
solutions, this critical charge density will be proportional to the concentration profile described by
Equation 4.14. It will be assumed that the MTTF related to the mass transport of oxygen
vacancies will reach a critical concentration at a critical time according to:

t D
ln  NV   x, tcrit   crit2
 O

l

Equation 4.18

Now, combining Equation 4.18 with the expression derived for the mobility of oxygen vacancies
under large dc fields derived in Equation 4.7, a scaling law can be written that relates the critical
time measured during the degradation process related to the mass transport of oxygen vacancies
towards a blocking electrode:

tcrit

E 
 z q  
 exp  A  sinh  ion e 
 kbT 
 kbT 

1

Equation 4.19

This scaling law will be used to re-evaluate the data plotted in Figure 4.2.

4.5 Demonstration of Scaling Law and Conclusions
The same data fit in Figure 4.2 was plotted again in Figure 4.5. A material dependent
parameter  was selected to create the best fit for the data in Figure 4.5 to approach a slope of -1.
Referring to Equation 4.19, this  parameter is given as:



zion qel
kb

Equation 4.20

where l is the sample thickness. According to Equation 4.20, the  parameter should be straightforward to calculate. The value requires small corrections, however, to achieve the best fit of the
MTTF data. The assumption made for this scaling law in Figure 4.3 was that the perturbation to
the lattice potentials is directly proportional to the applied field. The local permittivity and
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distributed effects caused by grain boundary regions, the core shell microstructure, domain walls,
and electrode interfaces will require some small modifications to these assumptions.
To fit the data presented in Figure 4.2 using the new Equation 4.19, a  value of 4.7×10-5
was chosen so that all of this data re-plotted in Figure 4.5 would have a slope of -1. As shown in
Figure 4.5, the data in the temperature range of 85-170oC have slopes that fit Equation 4.19 well.
The value of b can be predicted using Equation 4.20. The values that should be entered into
equation 4.20 for an oxygen vacancy in a cubic BaTiO3 lattice can be given as 2 and 2×10-10 for
zion and l respectively as a first approximation. When the calculation performed, the theoretical
value of  is found to be 4.64×10-6, which is an order of magnitude off of the value used to plot
the data in Figure 4.5. Missing from Equation 4.20 is a value for the local permittivity. As will
be discussed in subsequent chapters, the value to use for the local permittivity is not obvious, and
a value on the order of 10 is often required to describe data in high permittivity materials similar
to the case presented here [9].

The similar trends in MTTF data measured at different

temperatures is much more recognizable in Figure 4.5 compared to Figure 4.2. The data in
Figure 4.5 suggests that all of the samples fail by a similar mechanism. The high temperature
data is the only data set that appears to deviate from the -1 slope. Because Equation 4.19 was
derived to account for an ionic conduction process, a slope that deviates from -1 suggests a
different transport mechanism. This deviation may suggest that, for the given testing parameters,
a new or mixed failure regime is being approached.
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Figure 4.5 MTTF data for MLCC capacitors fit using Equation 4.19. The slopes for each data set
approach a value of -1 suggesting that the failure in all of the samples is caused by a similar
mechanism. The dashed red line has an exact slope equal to -1 and is to be used as a guide.

According to Equation 4.19, the intercept of the data fit in Figure 4.5 contains
information on the activation energy barrier for vacancy hopping. The fit parameters for Figure
4.5 are given in Table 4.1.

Table 4.1 Fit parameters for a new HALT Equation measured from Figure 4.5

Temperature (oC)
slope

34
0.79

C(T) (s)

3.95×1010

85
1.00

120
1.01

150
1.11

170
1.08

190
1.70

1.37×109 3.39×107 3.76×106 8.31×105 5.91×105
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The natural log of the calculated intercepts was plotted against an inverse temperature
relationship in Figure 4.6. The linear slope in Figure 4.6 was calculated to be 0.93eV±0.06eV.
This activation energy is similar to other values measured for oxygen vacancy hopping in BaTiO3
materials and serves as a validation for the model.
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Figure 4.6 Intercepts of the MTTF data for MLCC capacitors determined from Figure 4.5 fit
using Equation 4.19. The slope of the data gives the low-field barrier height for oxygen vacancy
migration.

A new scaling law used to analyze the MTTF of MLLCs under harsh testing conditions
has been demonstrated. This new scaling law has a more rigorous derivation anchored in the
fundamentals of mass transport in order to provide a more accountable method for analyzing
failure data. Since its development, this new scaling law has been adapted by companies like
Murata and Taiyo Yuden. Equation 4.19 offers a useful and simple approach to predicting MTTF
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in MLCC devices. This new description of classic transport relationships can and should be used
for both high field and low field phenomena. For low field ohmic conduction, the hyperbolic sine
function is linear with applied field and will act like the classic HALT equation. A large
assumption made when deriving Equation 4.19 is that the field in the sample is uniform across the
sample thickness. It can be expected that this assumption will not hold in the electrode space
charge regions or across grain boundaries [149,150]. Modifications may be made to Equation
4.19 in the future if the profile of the applied field is known or can be predicted; but in principle,
this law should serve as a simple tool to help researchers and MLCC manufacturers refine their
highly accelerated lifetime testing strategy in order to get more informative data from this type of
testing.

68

CHAPTER 5
IMPEDANCE SPECTROSCOPY OF ACCEPTOR DOPED
SINGLE CRYSTALS

5.1 Introduction
The complex impedance of acceptor doped SrTiO3 and BaTiO3 single crystals was
investigated in order to determine the majority mobile charge carrier in each system. Single
crystal samples were annealed and equilibrated at high temperatures under various partial
pressures of oxygen in order to determine the effect of oxygen vacancy stoichiometry on the bulk
conductivity of the samples. Samples were tested at low temperatures where the oxygen vacancy
concentration is frozen in at a level equal to the annealing condition.
The bulk impedance response of the samples was determined to be controlled by the ionic
portion of the conductivity. The activation energy for vacancy mobility was determined to be
nearly equivalent in all of the samples tested regardless of the host lattice or acceptor dopant (Fe
or Mn) being investigated. Information concerning the activation energy of vacancy hopping
allows further inferences and predictions to be made on the relative interaction of oxygen
vacancies with oppositely charged acceptor dopants in the lattice.

5.2 Phenomenological Description of Impedance Phenomena for Mixed Ionic/Electronic
Conducting Oxide
In order to describe conduction mechanisms present in acceptor doped and undoped
oxide materials, a mixed conduction model must be used. As described earlier, acceptor dopants
as well as trace impurities and acceptor vacancy centers produced by partial Schottky reactions
produce large concentrations of oxygen vacancies in the oxide host. Impedance spectroscopy
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measured at high temperatures captures the superposition of ionic and electronic conductivity. At
low temperatures, the surfaces of the sample becomes effectively sealed to the atmosphere as a
result of the slow re-oxidation kinetics [125]. The sample is no longer able to exchange oxygen
with the atmosphere, and the result is the creation of chemical gradients of oxygen vacancies in
the sample when transport of ions is blocked at the electrodes. As a result, for low frequency
measurements, the ionic conductivity disappears leaving only the mobile electron component.
For the following experiments, low temperature measurements will be considered for
temperatures below ~400oC, and low frequency typically refers to impedance measurements
made at frequencies below ~1Hz.

A diagram of the high and low temperature transport

phenomena is given in Figure 1.

lo temp

O

V


h•

hi temp

 

VO



h•

Figure 5.1 A schematic diagram of a low temperature (sealed) system in which the surfaces are
blocking to the transport of oxygen vacancies as a result of the slow oxidation kinetics of the
sample with the surrounding atmosphere and a high temperature (permeable) system in which
both electronic components and ionic charge carriers are consistently replenished at one electrode
and consumed at the other.

For the following discussion, the model of a mixed ionic conductor will only include the effects
of mobile oxygen vacancies and holes. As described in Chapter 3, the conductivity of an acceptor
or undoped sample at low temperatures will only contain large concentrations of oxygen
vacancies and holes.
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For a first and reasonable approximation to the high temperature case shown in
Figure 5.1, the response of a system containing two mobile charge carriers to the input of a small
voltage or current perturbation can be described by the superposition of both components of the
conductivity:

 tot   i   ion   el

Equation 5.1

i

For the particular case given for high temperatures in Figure 5.1, the surface re-oxidation kinetics
are assumed to occur fast enough to ensure that space charge regions do not develop at the
electrodes, thus allowing interfacial artifacts in the impedance to be ignored. Now, the total
resistance of the high temperature cell in Figure 1 can be evaluated:

Rtot 

Co
R R
 ion el
 ion   el Rion  Rel

Equation 5.2

The result of Equation 5.2 resembles a parallel combination of resistive elements. An equivalent
circuit can be used to model the resistive response in Equation 5.2 in parallel with the bulk
dielectric capacitance of the material.

Figure 5.2 The equivalent circuit for a mixed conducting system in which both charge carriers are
permeable at the electrodes.

71

The Rtot shown in Figure 5.2 is equal to the parallel combination of resistances as expressed in
Equation 5.2. The impedance and complex modulus response of the circuit shown in Figure 5.2
is schematically shown in Figure 5.3.
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Figure 5.3 The complex impedance a) and modulus b) for a mixed conductor of two mobile
species.

The next case that must be considered is the case in which interfacial effects cannot be ignored.
Such is the case shown by the low temperature cell in Figure 5.1, for a system composed of an
ionic and electronic component, the transport as a function of time for a mobile charge carrier that
is blocked at an interface must include diffusion and double layer capacitive terms. Questions
may arise regarding how effectively an electrode is at blocking the transport of an ionic species.
The experiments described in the following sections report results for low temperature impedance
testing of SrTiO3 and BaTiO3 materials. Testing at low temperatures allows us to ignore the
question of how ions are blocked at the electrodes because the oxygen exchange reaction
effectively seals the oxygen concentration into the system at all of the samples surfaces [60].
Many researchers have derived relationships to describe the transport of the low
frequency response of a material containing multiple charge carriers that contain species that are
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blocked at the electrodes [151,152]. The most all-encompassing model that contains an analytic
solution rather than relying on numerical simulations will be described in the following
discussion [88,89,153].
The current response of the mobile charge carriers in the system is proportional to the
flux of the migrating charged defects. The fluxes of both electronic and ionic species can be
described by using Fick’s first law:

Ji  

Di Ni i
kbT x

Equation 5.3

The electrochemical potential, i ,is defined as:

i  i  kbT ln  ai   zi qe

Equation 5.4

where i is the standard chemical potential,  is the electrical potential, and ai is the
thermodynamic activity. As an initial approximation, for dilute concentrations of non-interacting
defects, the activity is equal to the fraction of defect centers to available sites in the lattice i. The
constant of proportionality in Equation 4 is related to the bulk conductivity by means of the
Einstein relation:

Di 

i kbT

Equation 5.5

zi qe

Combining Equations 5.3 and 5.4 gives the following result for the flux of an individual charged
species in a chemical and electrical potential gradient:

Ji  

i

 zi qe 

2

i
dx

Equation 5.6

The time dependence of the charged particles in an electrochemical gradient is defined by Fick’s
second law which states:

Ni
 2 Ni
J
  Di
 i
2
t
x
x

Equation 5.7
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Additionally, the electric potential in the sample will be manipulated by the changes in the
produced electronic and ionic gradients and must obey Poisson’s equation:

q
 2
 e
2
x


 z N  x
i

i

Equation 5.8

i

The solution to these series of transport equations can be modeled very closely with the
equivalent circuits shown in Figure 5.4 [89,153]. Pictured in the bottom half of Circuit A in
Figure 5.4 is a transmission line element that is often used to model diffuse responses [81]. The
specific transmission line shown in Figure 5.4 is developed to specifically mirror the behavior of
the transport equations given in Equations 5.3-5.8 [88].

Figure 5.4 The complex impedance of a mixed conducting system including a transmission line
element to precisely demonstrate a diffusion component to the system. Additional simplified
circuits can be extracted from the main transmission line under special conditions [89].
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Unlike previous attempts to model the impedance response of a general set of transport
phenomena, the model presented in Figure 5.4 is concise, can be solved with an analytic equation,
and contains relevant fitting parameters for a mixed conducting oxide electrolyte [151,152]. The
fitting parameters are categorized and explained by the following sets of equations:

Cinter 

Cchem

 qe
D

Equation 5.9

qe 2 
1
1

l
 2
2
kbT  zV  NV  zh N h
O
 O






1

Equation 5.10

where D is the Debye length dependent on the space charge produced by ions blocked at an
electrode. The chemical capacitance is derived from the chemical diffusion coefficient and is
related to this intrinsic parameter by the equation:

D



l2

Cchem RV   Rh
O



Equation 5.11

with l being equal to the thickness of the sample. The exact solution to the equivalent circuit
shown in Figure 5.4a

for a mixed conducting system with electrodes that are completely

blocking for ions and completely non-blocking for electrons and holes has been derived and is
given as:

Z mixed 

Ztrans
1  iCdiel Ztrans

Equation 5.12

where Ztrans is:

Ztrans  Rtot 

 Rel  Rtot  tanh

il 2
4D

il 2 i
il 2
  Rion  Rel  Cinter tanh
4D
2
4D

Equation 5.13
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and Rtot is the parallel combination of Rion and Rel given in Equation 5.2. The complex impedance
and corresponding complex modulus response for a theoretical mixed conducting system of
oxygen vacancies and holes is shown in Figure 5.5.

D = slow

D = intermediate

D = intermediate

D = fast

D = fast

-Z''

Z'

M''

log(M')

D = slow

Frequency

Figure 5.5 The complex impedance a) and modulus b) for a mixed conductor of two mobile
species which include both ionic and electronic carriers. The electrodes assumed to be
completely blocking to ionic charge carriers and permeable to electronic carriers for the
temperatures under consideration. The free parameter in plots a) and b) is the characteristic time
constant for ionic diffusion. The slow D values corresponding to low ionic mobility or low
temperature measurements results in the classic 45o angle of a typical Warburg-like impedance.
All parameters are kept constant in Figure 5.5 except for the free parameter D which is the
characteristic relaxation time for the ionic diffusion of oxygen vacancies. The parameter D is
given as:

D 

l2
 2D

Equation 5.14

The angle the low frequency feature makes with the Z' axis is often believed to have the
requirement of a 45o angle in order for the relaxation feature to be described using a Warburg
type or diffuse element. This common misunderstanding is false; the angle the diffuse low
frequency response makes with the real axis is dependent upon the ratio of electronic to ionic
conductivity. The free parameter in Figure 5.5a and 5.5b is the chemical diffusion coefficient. In
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addition to Equation 5.14, the chemical diffusivity is often written as a function of the
transference numbers of the mobile defects:

D

V


o

 tot

Dh 

h



 tot

DV 

Equation 5.15

o

It is clearly seen that the angle the diffuse component of the impedance makes with the real axis
is dependent on the ratio of ionic to electronic conductivity, and only systems with nearly
equivalent conductivities will have a low frequency feature that shows the 45o angle behavior.
Because all the samples that have been tested in this section are assumed to have the oxygen
vacancy concentrations fixed by large acceptor concentrations and all the measurements take
place at low temperatures where the oxygen vacancy concentration is frozen in, the oxygen
vacancy concentration will be much greater than the concentration of holes.

Combining

Equations 5.10 and 5.11 gives the following expression for the chemical diffusivity for a sample
with only oxygen vacancies and holes as majority carriers:

D

V  h k T  1
1 
b



 tot qe 2  p 4 VO  

O





Equation 5.16



As discussed in Chapter 3, if the sample contains even a dilute concentration of acceptors, the
inequality VO 

p will be true. It was shown in Chapter 3 that making measurements at low

enough temperatures to fix the oxygen stoichiometry ensures that the bulk conductivity of the
sample is determined only by the superposition terms proportional to the activation energy of
oxygen vacancy mobility and the temperature dependent concentration of available holes in the
system. The electronic mobility is independent of temperature, and Equation 5.16 can be further
simplified to the following expression:

D

 V  kbT
 kbT
h
 tion h
 tion Dh
 tot qe
qe

O







Equation 5.17
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This relationship will be used again. The important conclusion taken from Equation 5.17 is that
the time constant for diffusion, or the time constant for the low frequency feature in the complex
impedance plane, is proportional to the ionic transference number and a temperature independent
mobility.

5.3 Impedance of Acceptor Doped SrTiO3
Single crystal substrates purchased from MTI Inc., containing different concentrations of
iron dopant were equilibrated at 900oC in an oxygen partial pressure of 2×10-5atm before being
quenched to room temperature. All of the samples displayed a characteristic impedance plot
resembling the two relaxations shown in Figure 5.5a for samples tested at temperatures ranging
from ~25-400oC. As discussed, these two relaxations in the complex impedance plane represent
the bulk conductivity and the resulting electronic conductivity for the high frequency and low
frequency responses respectively. Using the impedance model described by Equation 5.13, the
electronic resistance of the sample can be determined by taking the value of the impedance at the
point where the low frequency feature intersects the real axis as referenced in Figure 5.5. Some
major challenges, however, are met in practice when attempting to measure the complete low
frequency feature. These challenges include:
1)

The time constant for the low frequency feature depends on the inverse of the chemical
diffusivity. As a consequence, this feature requires measurement times that are often not
experimentally accessible at low temperatures.

2) If the sample is heated to higher temperatures in order to decrease the time constant D of
the low frequency feature, the oxidation kinetics of the system will begin to speed up and
allow the oxygen vacancy concentration to equilibrate with the atmosphere
[60,126,154,155].
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3) The electronic conductivity that is measured is the series summation of the bulk
electronic conductivity as well as the conductivity through any interfaces in the material
[148,150,156–162].

These interfaces can include both grain boundaries and

electrode/oxide interfaces. In order to measure a true bulk electronic conductivity using
impedance or dc conductivity measurements, additional models and assumptions must be
made in order to separate the bulk electronic conductivity from the electronic transport
through the interface in the material. Even in the simplest case of a single crystal sample,
oxygen vacancy space charge regions are always present at the electrode interface
[149,163,164]. In order to subtract the interface portion of the electronic conductivity
from the total contribution to determine the bulk conductivity value, special attention and
analysis must be paid to the temperature and applied voltage dependence of the
interfacial capacitance and resistance. The process of properly calibrating the interfacial
resistance and capacitance at intermediate temperatures in the range of ~400-700oC is not
a trivial exercise and requires multiple types of measurements such as combining
impedance spectroscopy with dc measurements.

Insight into this process is best

approached by consulting ref. [57] and the references within.
It is clear from the preceding brief discussion that determination of the electronic conductivity is
by no means a trivial practice.

Miscalculations of the partial electronic conductivity,

consequently, affect the accuracy of determining the ionic conductivity from the parallel
contribution made to the high frequency bulk conductivity value [1,165].
The effect of the interface on the impedance of a material is displayed the complex
impedance data in Figure 5.6. The impedance responses of iron doped samples with different
electrodes as a well as iron doped polycrystalline SrTiO3 are shown.
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Figure 5.6 Effect of the interface on the complex impedance of mixed conducting SrTiO 3. The
type of metal used in the electrode, the grain boundary structure and density, as well as non-trivial
sample preparation affecting the surface roughness play an important role in determining the low
frequency response.

The data in Figure 5.6 confirms that the type of interface in the material, whether that be an
electrode or grain boundary, plays no role on the bulk conductivity of the sample. However, the
low frequency relaxation is controlled by the electronic conductivity through the dominant
interface.
Due to the complexities that exist when attempting to separate the bulk electronic and
ionic conductivity values from impedance data, an attempt will be made to comment on the ionic
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mobility of oxygen vacancies by only analyzing the high frequency feature of the complex
impedance plot. The argument will be made that analysis of the bulk conductivity value from
high frequency impedance data is dominated by either electronic conductivity or ionic
conductivity. If sufficient information is known concerning the defect chemistry as well as the
temperature and oxygen activity history of the sample, important assumptions can be made about
the majority charge carriers that should exist in the system.
For an acceptor doped material, it was shown in Chapter 3 that the oxygen vacancy
concentration will typically be fixed at much higher concentrations than the electron or hole
concentrations during processing.

Therefore, the temperature dependence of the ionic

conductivity will only depend on the mobility term. All of the impedance relaxations referred to
in the following discussion involve relaxations that resemble the impedance plot of Figure 5.6.
Because the systems under consideration are all intentionally doped with acceptor ions, it is safe
to assume that the majority mobile defect in all of the samples is oxygen vacancies.
The fitted conductivity data as a function of temperature for iron doped SrTiO3 single
crystals is given in Figure 5.7. The bulk conductivity is extracted by fitting the high frequency
data in the impedance plot.

Equation 5.13, the Warburg approximation circuit shown in

Figure 5.4c., as well as a simple parallel RC circuit model shown in Figure 5.2 returns relatively
identical values for the fit of the high frequency data. The error bars for a majority of the
resistance data fit using any of these three procedures returns values on the order of 1% and are
not included in the plots as a result.
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Figure 5.7 The bulk conductivity of iron doped SrTiO3 single crystals for varying degrees of
dopant concentration.

Two conductivity regions can be seen in Figure 5.7 for the low temperature region tested in these
experiments. The conductivity data shows a slope of 0.7eV to 0.75eV in the low temperature
region and a slope of greater than 1.1eV in the high temperature region.

The appropriate

activation energies that can be used to explain the data in Figure 5.7 are given in the following
equations:

h 


 Fe p  K
 Fe 


i

 E 
exp   i 
 kbT 

Equation 5.18
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 ion 

 E 
1
exp   A 
T
 kbT 

Equation 5.19

The presence of two relaxation features at low temperatures requires the system to be described
by more than one charge carrier. A diagram is presented in Figure 5.8 showing all of the possible
permutations of a mixed conducting system for the conditions considered in which the ionic
charge carrier concentration is fixed and blocked at the electrodes while the electronic
conductivity can completely permeate the electrodes.
There may remain a concern over whether or not it is appropriate to claim the bulk
conductivity plotted in Figure 5.7 is equivalent to the ionic conductivity of the system. In order
to make this claim, the measurement must be made deep enough into the ionic dominated region
pictured in Figure 5.8a to ensure measurements are made of sufficient ionic transference. The
crossover from ionic dominated conduction to electronically dominated conductivity occurs near
300oC in Figure 5.7. The crossover from electronic to ionic dominated conductivity as the
temperature is lowered can found by fitting the high temperature portion of Figure 5.7. It has
been well-documented in the iron doped SrTiO3 system, that the redox-active iron defect site will
easily partake in an ionization reaction if a sufficient charge compensating source is made
available [60,126,155]. As the sample is heated, the surface redox reaction, given by the first
equation in Table 3.1, becomes kinetically available, and the oxygen activity in the sample will be
permitted to equilibrate with the atmospheric partial pressure. This change in oxygen activity
will be compensated on the iron impurity site, and the Fe3+/Fe4+ ratio in this sample will begin to
change in the temperature range under consideration. As the sample is heated, the release of free
holes during a reduction reaction on the iron defect site will increase the electronic conductivity.
This ionization reaction has an activation energy of around 1.18eV, and this slope can be seen in
Figure 5.7 as the temperature increases above ~300oC [1,166]. Below this temperature, the
electronic conductivity is suppressed by the oxidation reaction as free charge carriers in the form
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Figure 5.8 Theoretical Arrhenius plots for the mixed electronic and ionic conductivity of an oxide
material at low temperatures. The shaded grey regions are used to describe the dominant
conductivity mechanism and are described by the corresponding complex impedance response to
the right.
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of holes are trapped on the iron site. This electronic conductivity denoted by a grey line in Figure
5.7 falls orders of magnitude below the bulk conductivity at temperatures fall below ~300 oC.
Subtracting the electronic conductivity from the bulk conductivity in this temperature range
results in a large, dominant ionic conductivity.
The ionic/electronic crossover point is modeled in Figure 5.9 as a function of varying
values of E = Ei-EA. The data in Figure 5.9 shows that data measured below 180oC for all E
greater or equal to 0.2eV results in a bulk conductivity value that consists of at least 80% ionic
weight. For the data presented in Figure 5.7 which shows a upper and lower bound of nearly of

E = Ei-EA = 1.2-0.7 = 0.5eV, it can be assumed that the measured value of the bulk
conductivity represents a sufficient estimate of the ionic conductivity value.
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Figure 5.9 Transference number as a function of temperature for a sample dominated by ionic
conductivity at low temperature with an activation energy for hopping of EA and a high
temperature region determined by the ionization energy of the dopant Ei.
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The bulk conductivity alone does not provide enough information to allow complete
characterization of a conduction mechanism.
Additional investigation of the conductivity of iron doped SrTiO3 single crystals will
provide subsequent evidence of ionically dominated conduction in the system. The impedance
data for single crystal samples doped with 0.16mol% iron is given in Figure 5.10. All of the
samples were annealed and equilibrated under the given conditions before quenching to room
temperature.
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Figure 5.10 Bulk conductivity for 0.16mol% Fe doped SrTiO3 samples equilibrated at high
temperature under different oxygen activities and then quenched to room temperature. Dark and
light shaded regions were included with slopes of 0.70 and 0.85eV respectively to help visualize
the activation energies of the data that fall in between these limits.
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The data in Figure 5.10 confirms that regardless of the annealing and condition, the conductivity
is changed very little because the primary charge carrier in the system is fixed by the dopant
concentration.
Conductivity data modeled using the mass action coefficient data given in Table 3.1 of
Chapter 3 is plotted in Figure 5.11. The conductivity data matches well with the concentration
and oxygen activity data presented in Figures 5.7 and 5.10, providing further evidence to support
the method of mobility extraction directly from the low temperature conductivity data.
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Figure 5.11. Theoretical conductivity of Fe doped SrTiO3 single crystals using mass action data.
A shaded region is included with a slope of 0.70eV to use as a guide to help confirm the
activation energy of the low temperature region dominated by ionic conductivity.
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5.4 Impedance of Single Crystal Acceptor Doped BaTiO3
In order to draw conclusions regarding the differences in defect association between
oxygen vacancies and acceptor dopant sites in paraelectric and ferroelectric perovskite materials,
the impedance of manganese and iron doped BaTiO3 single crystals was studied. All of the
samples in this study were doped with 0.5mol% acceptor and were special ordered from
Ceracomp Co. The crystals were grown using a solid state crystal growth technique. The single
crystals were equilibrated at high temperature under varying oxygen activities and quenched
before each impedance test was made.
A typical complex modulus plot for a crystal doped with manganese is shown in
Figure 5.12. Additional complex modulus data for the remainder of the samples discussed in this

M'

section are given in Appendix C.
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Figure 5.12 The real a) and imaginary b) modulus of 0.5mol% Mn doped BaTiO3 single crystal
equilibrated in air at 600oC. Data is given for a range of temperatures with each temperature step
equal to 10oC over a range from 30 to 250oC.
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The real and imaginary modulus is plotted as a function of frequency as a way to view all of the
relevant impedance data over a broad range of temperatures. As a reminder from Table 2.2 in
Chapter 2, the complex modulus is the reciprocal of the complex permittivity. If the high
frequency relaxation related to the bulk conductivity of the capacitor can be fit with a simple RC
circuit as was done in Section 5.2, the frequency at which the imaginary modulus reaches a peak
maximum is directly related to the RC time constant as was shown in Figure 5.3.
Values of the bulk conductivity as a function of temperature for iron doped single crystal
samples of BaTiO3 are given in Figure 5.13.
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Figure 5.13 The bulk conductivity of 0.5mol% Fe doped BaTiO3 single crystals equilibrated
under different oxygen activities.
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It is obvious from Figure 5.13 that the bulk conductivity is continuous through the Curie
transition temperature as the sample transitions from the cubic to tetragonal phase.

The

discontinuous transition of the bulk dielectric permittivity is readily observable in Figure 5.12.
Because the conductivity is continuous through the transition whereas the permittivity is not, a
clear discontinuity can be seen in the RC time constant in Figure 5.12. The smooth transition of
the bulk conductivity through the phase transition is important.

At these low measuring

temperatures the bulk conductivity is argued to be controlled by oxygen vacancy mobility. The
simple expression for doubly ionized vacancy mobility activated by nearest neighbor hopping is
typically given as:

 G 

 kbT 

V  o exp  

Equation 5.20

2qe a 2v
kbT

Equation 5.21


O

where the pre-factor o is:

o 

with a being the characteristic hopping distance equal to the distance between neighboring
oxygen sites in the lattice and v being equal to the lattice vibrational energy [56]. The only
quantities in Equation 5.21 that could possible show a discontinuous change through the phase
transition are the hopping distance and vibrational frequency. The change in lattice parameter
before and after the phase transition is nearly negligible and should have a small effect on the
vacancy hopping distance. The vibrational frequencies in the cubic versus the ferroelectric
phases are the only quantities that could be perceived as having an effect on the magnitude of the
conductivity as the sample is heated or cooled through the transition temperature. However, there
seems to be no noticeable anomaly. As a consequence of this observation, the large discrepancies
in measured activation energy of vacancy hopping between similar lattices of SrTiO3 and BaTiO3
are again called into question.

The smooth relationship of the conductivity as it is cooled or
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heated through the transition temperature is also present in 0.5mol% manganese doped BaTiO 3
single crystals. The conductivity data for Mn doped crystals equilibrated under varying degrees
of oxygen activity is shown in Figure 5.14.
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Figure 5.14. The bulk conductivity for 0.5mol% Mn doped BaTiO3 single crystals equilibrated
under different oxygen activities.
Again, the bulk conductivity exhibits a nearly perfect Arrhenius behavior at low temperatures in
the case of manganese doped BaTiO3 as in the case of iron doped BaTiO3 and SrTiO3.
Unlike the case of iron doped BaTiO3 and SrTiO3, however, the manganese dopant
results in much larger changes to the magnitude of the conductivity as a function of oxygen
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partial pressure during high temperature equilibration. For both the SrTiO3 and BaTiO3 iron
doped compositions, the color of the crystal appears to stop changing after the sample is annealed
at partial pressures of 2×10-5atm. The manganese doped sample, however, continues to change
color as it is annealed under more reducing conditions. These results agree well with often
reported results of Hagemann and Ihrig [167]. For the equilibration conditions used for the iron
dopant, the ion is most often predominantly in the Fe3+ state at room temperature.

The

manganese ion however, can more easily take on multiple valence states though the reactions:

MnTi  MnTi  h  K Mn4/3 

MnTi  MnTi  h  K Mn3/2 

 MnTi  p
 MnTi 

 MnTi  p
 MnTi 

Equation 5.22

Equation 5.23

Exhausting the maximum acceptor compensation for a manganese doped material takes a much
broader range of oxygen partial pressures than it does for the iron doped system. As can be seen
in Figure 5.14, saturation of the oxygen vacancy concentration, and thus frozen-in ionic
conductivity at low temperatures, is achieved somewhere between approximately 10-12 and 1017

atm PO2 at temperatures of 900oC.
In addition to fitting the complex impedance data of the BaTiO3 samples in order to

extract the bulk conductivity values, the static dielectric permittivity can also be calculated from
the fit of the high frequency relaxations. In order to demonstrate the appropriateness of the
equivalent circuit model used to fit the impedance data, the static dielectric constant calculated
from the fit of the impedance data is plotted as a function of temperature in Figure 5.15.
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Figure 5.15 The fitted permittivity data extracted from the complex impedance measured on a)
0.5mol% Fe doped BaTiO3 and b) 0.5mol% Mn doped BaTiO3.
The data in Figure 15 matches nicely with the expected permittivity data for BaTiO3 as function
of temperature through the tetragonal/cubic transition. The data also exhibits a typical shift in the
Curie temperature as a function of equilibration atmosphere for the manganese doped samples
[167,168]. In addition to the permittivity data plotted in Figure 5.15, the fit of the impedance
data can be checked against the required Curie-Weiss behavior that should be exhibited in the
tested crystals. The Curie-Weiss law is given as:

 r 1 

C
T  To

Equation 5.24

where C is the Curie constant and To is the Curie temperature. A plot of 1/r versus absolute
temperature should result in a linear relationship with a slope equal to the Curie constant and
intercept at the y-axis equivalent to To. The relationship as described is plotted in Figure 5.16.
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Figure 5.16 Fits of the data in Figure 5.15 to the Curie-Weiss law for a) 0.5mol% Fe doped
BaTiO3 and b) 0.5mol% Mn doped BaTiO3.
The Curie constant and TO for the fitted data in Figure 5.16 are presented in Table 5.1.
Table 5.1 Curie-Weiss Fit Parameters for Fe and Mn
Single Crystal Samples Equilibrated Under Various PO2 Conditions.

Fe Annealing Condition (atm)
TC (oC)

0.2

2×10-5

4×10-14

1×10-18

104±1

103±1

100±2

106±2

C (×104 oC) 17.2±0.2 16.9±0.2 16.7±0.3 15.7±0.4
Mn Annealing Condition (atm)
TC (oC)

0.2

2×10-5

5×10-12

2×10-19

115±1

107±2

104±1

102±2

4 o

C (×10 C) 15.8±0.2 17.5±0.4 16.9±0.1 18.0±0.4

A large shift is confirmed in the manganese doped samples. In the previously mentioned study, a
similar magnitude shift in TO of approximately 15oC is seen for similar 0.5mol% Mn doped
BaTiO3 between samples annealed in oxygen and samples annealed in hydrogen mixtures while
minimal shifts in TO are seen for iron doped samples similar to the results presented in Table 5.1.
Higher reduction conditions result in a shift of the TO to lower temperatures away from the
common value of an undoped sample around 118oC [169]. Even though the iron dopant shows
little change in TO as a function of the reduction conditions, it still shows a large shift away from
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the undoped, intrinsic, value, and the Mn doped samples, in fact, approach the values of the Fe
doped samples under strong reducing conditions. The reason for this shift has been explained by
Muller and will be dealt with in much more detail in Chapter 8 [170]. In summation, the Fe3+
and Mn2+ ions remain centered in the oxygen octahedra and do not participate in ferroelectric
displacements. The larger the concentration of Fe3+ or Mn2+ in the sample, the larger the volume
of regions that do not take part in the collective spontaneous polarization of the ferroelectric
phase. As was shown from the impedance data, the iron doped samples are all nearly saturated
with Fe3+ regardless of the preparation conditions whereas the Mn doped samples require low PO2
reduction conditions to saturate the concentration of Mn2+.

5.5 Conclusions
It has been argued that the impedance data produced for acceptor doped SrTiO3 and
BaTiO3 systems shows predominantly ionic conductivity when measured at low temperatures
regardless of the type or concentration of dopant or the equilibration conditions. The acceptor
dopant concentration fixes the large oxygen vacancy concentrations during processing or
subsequent equilibration process, and the slow surface re-oxidation kinetics limit the ability of the
sample to undergo the necessary redox reactions required to oxidize the acceptor dopants to the
room temperature equilibrium neutral states. As a result, there is a competition between the high
mobility/low concentration hole carriers and high concentration/low mobility oxygen vacancy
defects at low temperatures to determine the dominant charge carrier. It has been shown, that the
nature of the impedance and modulus plots require any model to incorporate mixed conduction
including at least one species that is not blocked at the electrodes. The ratio of the low frequency
relaxation to the high frequency intercept in the complex impedance plane strongly suggests that
the ionic conductivity is much higher than the electronic conductivity at the temperatures in
question. Additionally, the strong similarity in the magnitude and activation energy for the bulk
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conductivity between SrTiO3 and BaTiO3 samples with different acceptor dopants also supports
the claim that the bulk conductivity is dominated by a similar conduction mechanism.
Ferroelectric samples were shown to follow nearly identically ionic conductivity behavior
to non-ferroelectric SrTiO3. The similarity in structures between these two systems suggests a
hopping conduction mechanism should behave similarly in both materials. The data presented in
this chapter offers strong evidence to support that both systems obey similar re-oxidation kinetics
and share complementary ionic conductivity behavior.
The results from this chapter will be used in the following discussion to investigate the
interaction of oxygen vacancies with additional defects in the lattice. The main conclusions
drawn from this chapter include:
1) Oxygen vacancies are the majority charge carrier in acceptor doped and nominally
undoped BaTiO3 and SrTiO3.
2) Oxygen vacancies have much higher mobilites than those typically reported in the
literature as a result of the low activation barrier for hopping.
3) Manganese allows the host oxide the ability to incorporate higher concentrations of
oxygen vacancies into the lattice compared to iron dopants because it is able to
undergo additional redox reactions compared to iron.
These conclusions will help further the narrative of the effects of oxygen vacancies interactions in
SrTiO3 and BaTiO3 lattices.

96

CHAPTER 6
EPR ANALYSIS OF DEFECT ASSOCIATION
IN IRON DOPED STRONTIUM TITANTATE

6.1 Introduction
Information on the temperature dependent mobility of oxygen vacancies facilitates the
prediction of mechanisms that may lead to reliability issues involved with oxygen vacancy
migration. Ionic mobility is affected at low temperatures by defect complex formation. A new
equation is introduced to allow for a more universal treatment of the association energy of oxygen
vacancies forming defect associates. Using electron paramagnetic resonance, a technique is
presented to monitor in-situ defect complex dissociation under applied dc bias. In-situ electron
paramagnetic resonance results confirm the existence of large driving forces for association of
oppositely charged defects in oxide systems at low temperatures.
Perovskite oxides are used in a variety of capacitor, actuator, resonator, and energy
related applications. Progress is always sought in improving reliability for any application.
Many times, the most important factor determining device reliability is oxygen vacancy
concentration and mobility [12,13]. Oxygen vacancies are often the only mobile ionic defect in
the material and are responsible for large pinning polarizations when a complex is formed with
oppositely charged defects or large space charges when free to migrate across a sample and pile
up at an electrode interface [10,14–19]. The oxygen vacancy mobility can be characterized using
the familiar equation:

 (T )   o / T exp  E A / kT 

Equation 6.1

where EA is the activation energy and o is a constant. Often the mobility is measured at high
temperature where oxygen diffusion is fast and easily measurable on a laboratory time scale.
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However, extrapolation of the mobility to low temperature may prove incorrect given that oxygen
vacancies can interact with charged defects at lower temperatures and form defect complexes.
These interactions will modify the energy barrier height for oxygen vacancy diffusion, giving the
barrier height a strong dependency on temperature and defect concentration at low temperatures:

 (T , N D )   o / T exp  E A T , N D i  / kT 
i

Equation 6.2

To understand the temperature and concentration dependence of the mobility, the oxygen
vacancy defect complex concentration will need to be monitored as a function of both parameters.
In the free state, the oxygen vacancy is free to move with its mobility restricted only by structural
defects or grain boundaries. In the associated state, the oxygen vacancy is not free to move long
distances. It is attracted, either by strain gradients or Coulombic potentials to another defect in
the lattice. These two types of oxygen vacancy states are pictured in Figure 6.1. A free oxygen
vacancy is able to migrate across the bulk of a dielectric layer unrestricted and can cause
reliability issues such as resistance degradation while an associated oxygen vacancy is trapped in
the vicinity of its oppositely charged counter defect and can only hop short distances and can be
responsible for problems such as ferroelectric aging.
If care is taken during processing to limit the impurities in the material, an undoped oxide
may still contain large concentrations of acceptor sites resulting from high temperature partial
Schottky reactions responsible for cation vacancies [5].

The interaction between oxygen and

cation vacancies as well as the structure of these types of defects have been debated at length in
the literature [171,172]. The authors will not attempt to answer these types of questions in this
letter but rather acknowledge the existence of potentially high concentrations of acceptors in the
form of cation vacancies in undoped SrTiO3. Regardless of the type of acceptor in the system, at
low temperatures, there should be some higher interaction potential between defects in the lattice
which will modify the mobility of oxygen vacancy defects.
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There is a substantial amount of research committed to calculating the energetics of defect
association using Coulombic or configurational entropy models [33–40]. Most of these types of
treatments, however, require knowledge of material parameters that are either difficult to
measure, difficult to define at the local (10-10m) level, or are difficult to apply universally to
complex material chemistries. As a result, a more general method to determine defect association
energies is needed that will allow for better understanding of experimental measurements in a
wide variety of systems.
All measurements were performed on iron doped SrTiO3 single crystals purchased from
MTI Corp. All single crystals were pre-conditioned before any tests were performed in order to
fix the oxygen vacancy concentration and ionization state of the iron dopant [60,154,173]. The
well-established mass action coefficients for this system were given in Table 3.1 in
Chapter 3 [1,5,148]. Using the mass action coefficients, the equilibrium defect chemistry as a
function of temperature was calculated for a fixed PO2 in Figure 6.1. All samples used in this
study were annealed at 900oC at a PO2 of 2x10-5atm for at least 8hrs followed by a fast quench to
room temperature.

Using this type of treatment, the oxygen vacancy concentration can be

considered fixed up to temperatures ~500oC as a result of the slow oxygen incorporation kinetics
at the surface of the material.
Electron paramagnetic resonance offers the unique ability to be able to characterize
quantities and orientation of defects. The EPR signals for iron doped SrTiO3 have been well
documented [28,174,175]. Obtaining an EPR spectrum from a single crystal sample facilitates
the ability to record the anisotropy of the defect orientation with respect to the crystal lattice. All
of the EPR signals for the defects considered in this study can be explained by the fine structure
terms given in the appropriate spin Hamiltonian:

1
1

 a

D S z2  S 2  S   S x4  S y4  S z4  S  S  1 3S 2  3S  1 
3
5

 6










Equation 6.3
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In the iron doped system, the two predominant defects are the Fe3+ ion surrounded by a full
oxygen octahedra and the Fe3+ ion with a nearest neighbor oxygen vacancy, or the associated
complex.

Figure 6.1 Defect concentrations as a function of temperature in a) a sample doped with
1x1019/cm3 Fe and b) an undoped sample at a PO2 of 2x10-5atm.

The EPR signals for iron doped SrTiO3 have been well documented [28,174,175]. All of
the FeTi related EPR signals can be modeled using a spin Hamiltonian with an isotropic g-factor,
zero-field splitting parameter D, and a cubic-field splitting parameter a which were all given in
Table 6.1.

In the iron doped system, the two predominant paramagnetic defects are the
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coordinated FeTi ion surrounded by a full oxygen octahedron and the FeTi ion with a nearest

 Fe

neighbor oxygen vacancy, or the associated complex

Ti





 VO . The spin Hamiltonian



parameters for the EPR resonance signal related to the FeTi  VO





complex that are given in

Table 6.1 are only appropriate for associated oxygen vacancies in the first coordination sphere
around the FeTi defect [53]. The moment an oxygen vacancy from an associated complex
makes a single hop away from the FeTi ion onto a next nearest neighbor site, the intensity of the
associated EPR resonance signal will be reduced by a proportional amount. The effective Landé
g-factor, crystal field splitting parameter, and zero-field splitting parameter for the system are
given in Table 6.1.

Table 6.1 Measured EPR parameters for the Fe:SrTiO3 System

g*

D (MHz) a (MHz)

Ref.

Fe 3+

2.004

0

600

[169]
[142]
1

Fe 3+ - Vo
VO

2.010

43500

0

[28]
[115]
2

The large anisotropic zero-field splitting term makes characterization of the orientation of the
associated defect straightforward. The simulated resonance pattern for a

001 oriented crystal

obtained using the Easyspin software package is shown in Figure 6.2 [176].
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Figure 6.2 Angle of rotation dependent resonance lines for a

001 oriented single crystal.

Because the concentration of a particular defect is proportional to the intensity of the EPR signal,
in-situ changes to defect concentration and orientation can be monitored as a function of
temperature and applied field. The top left subfigure shows a single crystal sample placed in
between two EPR magnets. The sample is placed with the thickness direction oriented parallel to
the applied magnetic field. Going through the single crystal, there is a dotted line drawn to
represent the axis of rotation for the data plotted in this example. Before rotating, at the 0o
orientation, the sample has two degenerate sets of nearest neighbor defect complexes oriented
perpendicular to the magnetic field labeled ┴1 and ┴2 and one set of defect complexes aligned
parallel to the field labeled ║.

6.2 Development of the oxygen vacancy potential energy landscape
The discrepancy between the high and low temperature mobility will be discussed in
terms of the relative interaction between the mobile defect and its local surroundings. A free
oxygen vacancy has no effective interaction with point defects in the lattice and is free to migrate
with its mobility restricted only by structural defects or grain boundaries. An associated oxygen
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vacancy experiences local defect interactions through strain gradients or Coulombic forces.
Device reliability is affected negatively by a free oxygen vacancy that is able to migrate across
the bulk of a dielectric layer resulting in resistance degradation, while an associated oxygen
vacancy is trapped in the vicinity of its oppositely charged counter defect and can be responsible
for ferroelectric aging [10,12,14,16–20,134,135,177].

Low temperature vacancy mobility

equations should include terms that take into account these local defect complex interactions as
suggested with Equation 6.2.
To model the association of defect complexes, a proposed defect lattice is presented in
Figure 6.4. This oxygen vacancy potential energy landscape will be considered the result of
predominately Coulombic interactions between oxygen vacancies and acceptor ions.

zq

U

no bias
dc bias

U relaxed U i

VO as

VO free

r

Figure 6.3 The two dimensional oxygen vacancy defect lattice shows a periodic energy
perturbation with local minima sitting at the oxygen sites in the lattice. The local energy
distribution can be altered with the application of a dc potential .

The superposition of a lattice potential and defect association potential has been used in other
studies [36,38,178]. The association energy between two isovalent defects is often described
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using a Debye-Hückel screened Coulombic potential:

U min  r    qe zi /  r  exp  r / D 

Equation 6.4

where qe is the charge, zi is the valence,  is the permittivity, and D the Debye length [179].
Calculating defect association energies using a screened potential developed for electrolyte
solutions has been successful in certain systems, but the robustness of this type of treatment is
called into question for transition metal oxide systems [35,40].

Regardless, it will be

demonstrated in the conclusions of this thesis that Equation 6.4 acts as a good approximation to
describe low temperature interaction phenomena between counter charged defects. It is often the
practice to only describe the association energy in terms of an electrostatic potential despite the
knowledge of strain gradients in the vicinity of point defects which may affect the strength of
association and require small corrections be made to Equation 6.4 in the future [180,181].
A thermodynamic approach is often used to solve for the enthalpy of association for
defect complexes and is first addressed by considering the mass action equation:

VO  A

 A  V 

O



Equation 6.5

in which the oxygen vacancy and singly ionized acceptor dopant combine to form an associated
defect and are represented here in Kröger-Vink notation [54]. However, Equation 6.5 can just as
easily be re-written in the form:

VO free  A

VOas  A

Equation 6.6

The problem with using Equation 6.5 to describe defect association is that it suggests oxygen
vacancies become immobile as the reaction progresses to the right.

The potential energy

landscape model in Figure 6.3 refutes this suggestion. Oxygen vacancies are always mobile;
however, slight perturbations to the hopping barrier of the defect are encountered as a function of
the each defect’s position in regards to an acceptor site. As shown in Figure 6.3, the only
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difference between the associated and free oxygen vacancy is the site the oxygen vacancy sits on;
the acceptor site before and after the reaction remains unchanged and can be removed from the
mass action equation giving the expression for the equilibrium constant:

Kas  [VOas ] / [VO free ]  exp  U / kbT 

Equation 6.7

Equation 6.7 describes the equilibrium kinetics of a double potential well with U representing
the difference in energy barrier heights between the forward and reverse reactions as was
discussed in Section 2.4. However, in a dilute system like the one pictured in Figure 6.3, there
are sites available for oxygen vacancy occupation.

The contribution of all possible sites

surrounding the immobile defect must be taken into account when calculating the mass action.
The probability of finding a particular energy level occupied in the lattice can be
determined using a partition function:

 U i 
exp  

 kT 
Pi 
 U 
i exp   kT i 

Equation 6.8

The ground state for this system as shown in Figure 6.3 is the associated site and has its U fixed
at zero. The probability of finding an associated oxygen vacancy in one of the six coordinated
sites around an acceptor ion in a cubic perovskite lattice is given by:

PV  
O as

C1

 U relaxed 
 U 2 
C1  C2 exp  
  ...  Ci exp  
kT 
 kT 


Equation 6.9

where Ci is the reciprocity of a site at a particular distance from the acceptor. Unless the exact
relationship for the potential energy landscape is known, Equation 6.9 should not be used to fit
experimental data given the number of unknown energy level values.
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Some assumptions will be made to make Equation 6.9 more practical. The denominator
of Equation 6.9 will be simplified to give the following expression:

PV  
O ass

6
 U Avg 
 U dis  3
6  24 exp  
 exp  


kT 
 kT  


Equation 6.10

with Udis being the potential energy difference between the associated and next nearest neighbor
sites,  representing the dopant molar fraction, and Uavg is the average Ui for a given potential
energy distribution.

The numbers 6 and 24 substituted into Equation 6.10 are found by

considering the cubic perovskite structure. There are six oxygen sites surrounding a B-site
dopant, and 24 next nearest sites. These C1 and C2 values can be modified for any type of
structure. The final term in the denominator of Equation 6.10 gives the total number of oxygen
sites per dopant ion when the dopant concentration  is substituted into the expression. This
approximation is shown in Figure 6.5 for a selection of common distribution functions where it is
shown that the approximation and full summation differ by a maximum of only ~3%.
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Figure 6.4 Relative error for the approximation of Equation 6.10 for a selection of
common distribution functions.

To elaborate, the potential energy function that is superimposed over the oxygen vacancy
sublattice in Figure 6.3 can be assumed to exhibit a screened Coulombic potential given by
Equation 6.4. However, Figure 6.4 shows that the exact function describing the interaction
potential does not necessarily need to be known.

6.3 Application of the defect association model
To test the validity of the model, Equation 6.10 was fitted to published data on the iron
doped SrTiO3 system in Figure 6.5 [182]. In ref. [182] the concentration of nearest neighbor
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defect complexes as a function of temperature was measured by EPR analysis.

The

corresponding values of the fitted energies Udis and Uavg are given in Table 6.2.

18

1.0

0.8

% Associated

3

2.8x10 /cm
18
3
5.0x10 /cm
19
3
2.8x10 /cm
19
3
5.0x10 /cm

0.6

0.4

0.2

0.0
-50

0

50

100

150

200
o

250

300

Temperature ( C)
Figure 6.5 Thermal dissociation of iron-oxygen vacancy defect complexes in SrTiO3
from ref. [182]. The data is fit with the distributed defect complex Equation 6.10.
Some simple conclusions can be drawn from the data presented in Table 6.2. The difference in
energy between the associated nearest neighbor site and an oxygen vacancy site far from the iron
dopant is large enough to provide a driving force for defect association at room temperature, but
it is not large enough to warrant the use of a mass action equation like the one given by
Equation 6.5. This maximum difference in energy on falling between 0.2-0.3eV is not significant
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enough to treat the acceptor site as a trap like redox equation given in Equation 3.8 where the
activation energy is upwards of 1.1eV.

Table 6.2 Fitted parameters of Equation 6.10 for data from ref. [182].

R2

 U dis

 U avg

(eV)

(eV)

0.075

0.25

1.00

5x10

0.06

0.26

0.99

2.8x1019
19
5x10

0.036

0.23

0.95

0.032

0.23

0.97

Fe Concentration
(cm-3)
18

2.8x10
18

The results in Table 6.2 suggest that defect association in this system should be treated as a
perturbation to the vacancy mobility rather than a mass action driven effect on concentration.

6.4 Dissociation of defect complexes in iron doped SrTiO3 measured using in situ EPR
techniques
In a single crystal, the associated defect can align itself in only three possible positions
along the principle axis directions. The crystal field for defect complexes in the perovskite
structure that are aligned parallel to each other are degenerate in energy and indistinguishable
using EPR analysis [48]. The simulated resonance pattern for the orientation dependence of the
defect complex signals was shown in Figure 6.2. In addition to the thermal energy necessary to
remove an oxygen vacancy from an associated site, it is of great interest to determine the effect of
dc bias on the time dependent orientation and concentration of associated defects as both of these
processes relate to aging and degradation phenomena in other systems. Previous studies have
shown that defect complexes can align under an external bias in the ferroelectric phase but not in
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the paraelectric [183–185]. The assumption has been made that the tetragonal distortion of the
ferroelectric unit cell is a key component to the facilitation of defect dipole alignment. As a result
of its cubic structure, alignment of associated defects has not been observed in SrTiO3. Attempts
to align defect dipoles in iron doped SrTiO3 were limited to ceramic samples [183]. The
resonance signal for defect complexes in a ceramic must be averaged over all possible
orientations. As a result, the resonance signal is significantly reduced in magnitude in the
referenced studies, and relative changes in EPR signal intensity may be difficult to quantify.
The distribution of defect complex orientation in single crystals can be determined with
EPR analysis. In-situ experiments were developed to monitor changes to the EPR signals of iron
doped SrTiO3 single crystals with an applied dc bias using a Bruker X-band EPR spectrometer.
The change in concentration of the associated defect for a sample held at 75oC with an applied dc
bias of 20kV/cm across a 0.5mm thick single crystal sample with sputtered platinum electrodes is
shown in Figure 6.6.
In Figure 6.7, the normalized intensity of the defect resonance signals obtained using a
double integration method is plotted with respect to time for samples biased under 20kV/cm at
50, 75, and 100oC. The resonance signals plotted in Figure 6.6 correspond to the first derivative
of the absorbed microwave energy. Hence, double integration of these signals will result in the
area under the absorption curve which is proportional to the number of defects responsible for the
corresponding resonance signal. Double integration with appropriate baseline correction was
performed using a custom Matlab code given in Appendix D. This double integration technique
is a standard technique used to acquire relative concentrations of paramagnetic defect species
[111]. For the in situ experiments, the samples were rotated ~8o in the EPR cavity in reference to
Figure 6.2 to make it easier to view all of the defect resonance signals. Because the resonance
lines for the defects aligned both parallel and perpendicular to the applied electric field decay at
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the same rate, it is apparent that under the given dc bias, the defect complexes dissociate before
alignment occurs to any measurable extent within the oxygen octahedra.
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Figure 6.6. In situ evidence of the decay of both the parallel and perpendicular oriented
defect complexes in the crystal as a function of time for samples poled at 75oC with a
20kV/cm applied electric field. The resonance signals for the defect complexes are given
in red while the resonance signals for the fully coordinated iron site are highlighted in
blue. Two orientations of the defect complex can be viewed in the single crystal sample.
These orientations of the defect complex are defined as an oxygen vacancy placed in one
of the two available nearest neighbor sites along the crystallographic axis aligned parallel
to the applied magnetic field as well as the applied electric field, or an oxygen vacancy
placed in one of the four equivalent nearest neighbor sites in the plane perpendicular to
the applied magnetic and electric fields.
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If alignment of the defect complexes were to occur, the intensity of the resonance signal
assigned to defect complexes aligned perpendicular to the applied field would decrease as a
function of time while the intensity of the resonance signal belonging to complexes aligned
parallel to the applied field would increase. This result confirms the ex situ experiments on
ceramic samples in ref. [183]. It is important to note that there may be a special range of poling
temperatures and applied electric fields that allow defect complexes to align before dissociating.
Other field and temperature combinations were attempted, but none were successful in aligning
defect complexes. However, the results presented here do not prove that it is impossible to align
defect complexes in a cubic system; but after many attempts, alignment was not achieved in this
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Figure 6.7. Normalized intensity of the associated and coordinated defect resonance
signals as a function of time and temperature. The coordinated resonance lines
correspond to FeTi with six nearest neighbor oxygen vacancies while the associated
signal intensities correspond to nearest neighbor defect complexes,  FeTi  VO  .
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The data in Figure 6.7 clearly shows that the concentration of coordinated defects remains
constant during the experiment requiring local charge compensation in the form of

FeTi  h  FeTi . As oxygen vacancies are removed a critical distance from the associated iron
sites, local oxidation of the newly created coordinated iron defects occurs leaving EPR invisible

FeTi defect sites. Under dc bias conditions, this type of oxidation mechanism of iron in the
anode region of a sample has been well documented [186].
During the beginning stages of the in situ poling experiment, the applied field should be
constant throughout the sample. Using published mobility values, the time constant for an
oxygen vacancy to hop one lattice site as opposed to migrating across the length of a sample can
be estimated by the equations  hop  d 2 / 6 DV  and  dif  4 L2 / DV   2 respectively where
O

O

DV  is the vacancy diffusion coefficient and d and L are the respective hopping distance and
O

sample thickness [9,57]. At 75oC, the time constant for vacancy hopping is on the order of
seconds while the time constant for diffusion is on the order of hours [1,156]. The time scales
for complete defect complex dissociation presented in Figure 6.6 and Figure 6.7 resemble a
diffusion controlled process, and order of magnitude increases in the leakage currents observed
during the experiments reinforce the conclusion that oxygen vacancies are migrating large
distances [20].

6.5 Conclusions
In conclusion, the slow decay of the associated resonance signals during the in situ dc
bias experiments suggest that the bulk diffusion of oxygen vacancies is controlled by the potential
energy landscape created by the introduction of the acceptor dopant into the lattice. As shown in
Figure 6.7, the intensity of the coordinated resonance signal shows no measureable change during
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the experiment. After an oxygen vacancy dissociates from a nearest neighbor defect complex
site, an associated site is destroyed and a coordinated site is created. As a result, the intensity of
the fully coordinated signal should increase. This result suggests that after an oxygen vacancy
dissociates from an FeTi defect, it migrates quickly over smaller energy barriers in the direction
of the cathode until it is re-trapped by another FeTi defect. At low temperature, a majority of the
oxygen vacancy’s time is spent as an associate during the diffusion process. This result has large
implications for defining the low temperature oxygen vacancy mobility in a lattice with defects.
The effective activation energy for oxygen vacancy mobility should be a function of the
distribution calculated using Equation 6.10.
Fitting the data presented in Figure 6.7 for meaningful materials parameters like oxygen
vacancy diffusion coefficients may prove challenging.

The difficulties are summed up as

follows:
1) The local electric field experienced in the sample is a complex function of time and
position in the dielectric and is modified by electrode polarization effects [12,187,188].
2) During the poling process, the sample experiences resistance degradation, and local
concentrations of oxygen vacancies will increase dramatically in the cathode region and
should affect the local equilibrium concentration of defect associates according to
Equation 6.7.
Despite the difficulty in modeling degradation related phenomena using in situ EPR, this
chapter should display the power of these measurements manifested in the ability to monitor local
defect chemistry interactions under bias.

The discussion details the hidden dangers of

extrapolating high temperature ionic mobilities to lower temperatures and may help explain
inconsistencies in the reporting of these values as addressed in ref.[46]. Even undoped materials
have high concentrations of cation and anion vacancy defects that may affect low temperature
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ionic mobility [5,65,189–191]. The defect concentration and temperature dependence of the
activation energy for ionic mobility should be considered when making measurements and
analyzing low temperature conductivity data.
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CHAPTER 7

MEASURMENT OF OXYGEN VACANCY DYNAMICS
USING THERMALLY STIMULATED DEPOLARIZATION
TECHNIQUES

7.1 Introduction
As shown in Chapters 5 and 6, there is strong evidence that proves defect complexes
form between iron and oxygen vacancies in SrTiO3. However, it was shown in Chapter 6 that
these defect complexes do not align under an applied dc bias as was originally believed.
Regardless, strong evidence exists for dipole-like behavior in the thermally stimulated
depolarization current data measured on single crystal and ceramic samples of iron doped SrTiO3.
A new model for the depolarization current measured using TSDC will be introduced. It
will be shown that the dissociation of distributed defect complexes, as predicted in Chapter 6, is
responsible for a low temperature relaxation found in TSDC measurements. The activation
energy for this relaxation is found to agree well with the activation energy for oxygen vacancy
hopping measured by impedance measurements in Chapter 5.

7.2 Motivation
As reported in the previous chapter, defect associates have been experimentally verified
to form in perovskite systems. For perovskite materials, some of the most convincing evidence of
nearest

neighbor

defect

association

is

in

transition

metal

doped

cubic

oxide

systems [26,28,53,175,192]. Many studies have also experimentally shown defects to strongly
associate in doped alkali halide salts [193]. In order to discuss the kinetic processes related to
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formation, dissociation, and polarization associated with dipole orientation by hopping
mechanisms, it is important to begin with an investigation on a material like the paraelectric
SrTiO3 doped system that: is easy to obtain high quality and high purity single crystal substrates,
has well documented mass-action constants so that the defect state under various annealing
conditions can be predicted and modeled, and has well documented proof of acceptor-oxygen
vacancy defect association.

7.3 Modeling TSDC Relaxations in Mixed Oxides
TSDC offers an advantage over other characterization techniques in that it allows the
observation of large field dependent phenomena in the frequency domain without the application
of any field. Well established methods used to measure oxygen vacancy mobility and diffusivity
coefficients often include high temperature impedance spectroscopy, oxygen concentration cells,
or tracer diffusion techniques [57]. As has been discussed in Chapter 3, the high temperature
mobility data can often differ significantly for low temperature values because association
between charged defects becomes more important at low temperatures.
There are many difficulties in making reliable measurements of ionic conductivity and
diffusion at low temperatures. Measurements that require long diffusion lengths like tracer
diffusion or bulk polarization in the form of Warburg impedance take too long to reasonably
measure at temperatures nearing ambient. Measurements based on dc methods such as HebbWagner polarization methods have been used, but the difficult process of separating the partial
ionic conductivity from the electronic portion as described in Chapter 5 remains.
One technique that has been used frequently in semiconductor and organic materials
research

is

Thermally

Stimulated

Depolarization

Current

(TSDC)

[33,94,96,98,103,106,107,137,194,195]. Attempts have been made to apply this measurement
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technique to oxide materials. Like all measurement techniques, interpretation of data is the most
critical part.
Modeling the leakage current associated with dipole depolarization can be treated with
Debye kinetics. The common description for transient polarization can be used:

 t
P  t   Pe exp   
 

Equation 7.1

where Pe is the equilibrium polarization, and  is the relaxation time given by the classic
Boltzmann distribution:

 EA 

 kbT 

 T    o exp 

Equation 7.2

where o is a characteristic time constant and EA is the activation energy.
The kinetic parameters described for the relaxation can now be used to derive the leakage
current resulting from the depolarization of the Debye process. The depolarization current is
given as follows:

jdep 

dP  t 
dt



P t 

 T 

Equation 7.3

This differential equation will be solved to account for non-isothermal conditions. A change of
variables is used to convert Equation 7.3 into a function of temperature. The differential equation
is solved as follows:

1

1

 P t  dP  t     T dt

Equation 7.4

For all of the experiments under consideration, a linear heating rate is used to depolarize the
sample. If a linear heating rate, , is used, a change of variables is applied to give the solution:

 1

1
P  t   Pe exp   
dT 
   T  

Equation 7.5

118

Equations 7.2 and 7.3 can now be substituted into Equation 7.5 to give the final expression for the
depolarization current as a function of temperature:

jdep 

 E
exp   A
o
 kbT
Pe

 1

 exp  
  o 


 EA  
exp
T   kbT  dT 
o

T

Equation 7.6

The resulting depolarization current can be used to extract activation energy from depolarization
current data.

7.4 TSDC of Acceptor Doped SrTiO3
TSDC was performed on single crystals of SrTiO3 doped with iron. The goal of the
following experiments was to prove the existence of a dipole peak and determine the nature of the
defect complex responsible for the dipole. Wayne Liu has previously reported on the existence of
a dipole peak in iron doped SrTiO3 [106,107].
The TSDC relaxations of 0.03mol% Fe doped SrTiO3 single crystal substrates are shown
in Figures 7.1-7.4.
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Figure 7.1 Evolution of TSDC peaks in Fe doped SrTiO3 with increasing poling times. Samples
were poled under a dc bias of 2kV/cm at a temperature of 50oC and heated at a rate of 8oC/min.
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Figure 7.2 Evolution of TSDC peaks in Fe doped SrTiO3 with increasing poling times. Samples
were poled under a dc bias of 2kV/cm at a temperature of 75oC and heated at a rate of 8oC/min.
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Figure 7.3 Evolution of TSDC peaks in Fe doped SrTiO3 with increasing poling times. Samples
were poled under a dc bias of 2kV/cm at a temperature of 100oC and heated at a rate of 8oC/min.
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Figure 7.4 Evolution of TSDC peaks in Fe doped SrTiO3 with increasing poling times. Samples
were poled under a dc bias of 2kV/cm at a temperature of 125oC and heated at a rate of 8oC/min.

Some manifestation of the three visible TSDC relaxations shown in Figures 7.1-7.4 have been
reported before [106,107,196]. The very basic assumptions that the temperature of the current
maximum shifts in a well-defined manner as proposed in the past in ref. [196] may hold true in
highly resistive polymer systems with low dielectric constants, but in perovskite oxides, high
permittivity and electronic and ionic space charges produced during poling may produce internal
bias fields that may significantly shift the temperature maximums of TSDC peaks in difficult to
model ways. It was found in this study that only the low temperature peak which relaxes around
70oC was highly reproducible in the single crystal samples tested. As is shown in Figure 7.5, the
type of electrode used in the experiment had a significant effect on the behavior of the higher
temperature curves.
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Figure 7.5 Effect of the type of electrode on the TSDC relaxations. Symmetric electrodes of
platinum, gold, or silver were applied to each face of the sample by sputtering. The same sample
was used for all three measurements. Samples were poled at a temperature of 75oC under a dc
bias of 2kV/cm and heated at a rate of 8oC/min.

The low temperature relaxation peak is seen to saturate at relatively low temperature and poling
time combinations. As can be seen in Figure 7.5, only the low temperature relaxation can be
considered to result from a bulk effect. All of the other relaxations are influenced by the
electrode interface. It was found that the surface quality of the crystal had a similar effect on the
higher temperature relaxations as the influence of the electrodes. As discussed in Chapter 5, it is
more than possible to be able to characterize interfacial effects in dielectric systems. However,
the series combination of bulk and electrode effects are difficult to separate using a single
measurement, and given the added complexity of the TSDC measurement taking place at nonisothermal conditions, it was decided for the purpose of clarity, that the low temperature
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relaxation would be the primary focus of the TSDC analysis. Because the low temperature
relaxation became the primary focus of investigation, the samples were tested at low temperatures
with short poling times in order to halt the progression of the higher temperature peaks.

7.5 Defect Dipole-Like Behavior in SrTiO3
Despite the confirmation that nearest neighbor defect complexes do not align under
applied dc bias in SrTiO3, the following discussion will address the dipole-like nature of the low
temperature relaxation peaks shown in Figures 7.1-7.4.

First, as shown in Figure 7.6, for

relatively small applied dc fields, the increase in the magnitude of polarization, related to the
maximum current density, of the low temperature relaxation peak is linearly proportional to the
applied bias. Additionally, there is little movement in the peak position with changes to the
applied field. Both of these phenomena are characteristic of dipole relaxations [196].
The polarization of a dipole free to rotate under an applied field is given by the equation:

P  N  cos

Equation 7.7

where  is the dipole moment and  is the angle between the dipole orientation and the direction
of the applied field [79]. When analyzing single crystals, the angle of the dipole orientation with
respect to the poling axis is easy to identify given that the dipole orientation can only be aligned
in one of three directions for nearest neighbor defect complexes. In a polycrystalline sample,
however, Equation 7.7 needs to be modified to include a term to allow for an average dipole
orientation [197]:

P  N  cos 

Equation 7.8

This average orientation can be calculated using a Boltzmann distribution as follows:
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cos  

 2 sin  cos  e
0



 E cos / kbT

 d
Equation 7.9

 2 sin   e

 E cos / kbT

 d

0

The solution to Equation 7.9 gives the following relationship:

  E  kbT
cos   coth 
 L( a )

 kbT   E

Equation 7.10

where L(a) is the Langevin function plotted in Figure 7.6 along with the constant slope
assumption appropriate for use when poling with small applied fields.
For small values of E/kbT, or for E<<kbT, the Langevin function has a slope of 1/3 [197].
As a result, the magnitude of dipole polarization with respect to applied field is linear for small
perturbations. If large enough fields are applied to a sample, the magnitude of the polarization
should saturate and reach a maximum value.
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Figure 7.6 Langevin function along with the constant slope assumption acceptable for use
with small fields.
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The magnitude of the polarization for the low temperature relaxation peak was measured
as a function of applied field in a single crystal sample. The magnitude of the polarization was
calculated by integrating the area under the curve and dividing by the heating rate.

The

polarization for each curve is plotted in Figure 7.7 as a function of the applied field used to pole
the material at a temperature of 75oC for a total of 10mins.
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Figure 7.7 Polarization versus applied poling field with a fitted Langevin function curve.

The polarization as a function of applied field is shown, and the data is fit with the Langevin
function given in Equation 7.7. The Langevin function is typically used for determining the
average orientation with respect to an applied field for a polar molecule or gas. In a single crystal
perovskite dielectric, however, the dipole orientation is limited to one of three directions. The
magnitude of the polarization, therefore, should be proportional to the number of aligned defect
complexes if only nearest neighbor complexes are considered. Because it has been stated that the
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orientation of nearest neighbor defect complexes does not occur during poling, the nature of the
dipole-like behavior will be explained in the following discussion.

7.6 Analysis of the low temperature TSDC relaxation in Fe doped SrTiO3
The bulk conductivity of single crystal samples was analyzed in Chapter 5. It was shown
that the bulk conductivity of Fe doped SrTiO3 single crystals is controlled by oxygen vacancy
migration at high frequencies until a significant concentration of oxygen vacancies is blocked at
the electrode resulting in a purely electronic response. The time constant for the high frequency
relaxation measured using impedance spectroscopy on a single crystal is shown in Figure 7.8.
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Figure 7.8 Time constant of bulk conductivity of an Fe doped SrTiO3 single crystal calculated
from the product of bulk resistance and high frequency capacitance.
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Comparing Figures 7.1-7.4 to Figure 7.8, it is demonstrated that the time constant required to
charge the capacitor is much smaller than the time needed to saturate the low temperature
relaxation peak formed during TSDC. As a result, it can be assumed that the oxygen vacancies
are mobile for the poling conditions used in Figures 7.1-7.4.
In ref. [116], oxygen vacancy diffusivity calculated using tracer diffusion techniques was
found to obey the equation:

 0.67eV 
DV   7.01103 cm2 / s exp  

O
kbT 






Equation 7.11

The time constant for oxygen vacancy diffusion across the length of a 0.5mm thick single crystal
at 75oC can then be calculated to be on the order of 108sec. This result then suggests that the
poling time and temperature are high enough to ensure oxygen vacancies are mobile but low
enough to prevent significant mass transport of oxygen vacancies resulting in the onset of
resistance degradation.
The data in Figure 7.9 shows a single relaxation for ceramic SrTiO3 doped with 0.5mol%
iron. For samples poled at higher temperatures, a small second feature begins to appear at
depolarization temperatures above approximately 160oC. Longer poling times, larger poling
fields, and higher poling temperatures will act to slightly increase the magnitude of the higher
temperature feature; however, the high temperature peak remains small and insignificant for the
poling conditions that stop short of electrically degrading the sample.
Similar poling experiments as those shown in Figure 7.9 on polycrystalline samples were
performed on single crystal samples.

The results of the TSDC experiments are given in

Figure 7.10. The depolarization current of the single crystal sample in Figure 7.10a shows nearly
identical behavior to that of the polycrystalline sample in Figure 7.9a for low temperature poling
conditions at 50oC. However, the depolarization data differs significantly when the samples are
poled at higher temperatures as shown in Figures 7.9b and 7.10b.
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Figure 7.9 TSDC of 0.5mol% doped polycrystalline SrTiO3 ceramics. Samples were poled under
2kV/cm for 10min at a) 50oC and b) 150oC. Depolarization leakage currents are given for
samples heated at varying linear rates.
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Figure 7.10 TSDC of 0.05wt% doped SrTiO3 100 oriented single crystals. Samples were
poled under 2kV/cm for 10min at a) 50oC and b) 110oC. Depolarization leakage currents are
given for samples heated at varying linear rates.

The differences between the ceramic and single crystal samples can be explained by
considering the discussion in Chapter 5. Both types of samples have interfaces that inhibit the
transport of oxygen vacancies. The ceramic samples have a much higher density of these
interfaces in the form of grain boundaries. Therefore, the extra series resistance added to the
ceramic sample is much greater than the added series resistance resulting from the electrode
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interface in the single crystal sample. As the grains become chemically charged during the
process of oxygen vacancy accumulation, the voltage drop across the bulk of the grains becomes
much smaller as most of the potential is formed across the grain boundary region. The lower
applied fields in the bulk slow down the transport of oxygen vacancies which are responsible for
the high temperature relaxation peaks.

7.7 A distributed dipole model applied to TSDC relaxations
It will now be argued that the low temperature relaxation can be modeled as a defect
dipole-like relaxation. A model was introduced in Chapter 6 in regards to the potential energy
landscape for the oxygen vacancy sublattice in proximity to an oppositely charged acceptor
center. It was shown in Chapter 6 that under large applied dc bias, the concentration of defect
complexes is almost fixed for the poling times used to saturate the low temperature TSDC
relaxation peak shown in Figures 7.1-7.4. It can be inferred from these results that the potential
landscape of the oxygen vacancy sublattice is changed very little by the application of a large dc
bias. However, the distribution of oxygen vacancies near the acceptor defect center should be
slightly affected by the poling field. This proposed change in the relative distribution of the
potential landscape is shown in Figure 7.11.
Upon application of an applied field at low temperature, the distribution of oxygen
vacancies in the vicinity of the acceptor site is made slightly asymmetric. When the sample is
quenched in this state, the asymmetry is frozen-in, creating a distributed dipole. Upon heating,
the oxygen vacancies are allowed to migrate short distances back to the equilibrium nearest
neighbor site. Taking advantage of the relationship:



d2
6 DV 

Equation 7.12

O
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where d is the length of the hopping distance which can be on the order of a couple unit cell
lengths. In reference to Equation 7.11, Equation 7.12 gives a time constant for this short-range
hopping on the order of seconds at temperatures in the 50-100oC range.
Treating the depolarization mechanism as a dipole depolarization rationalizes the use of
Equation 7.6 to model the depolarization current. A convenient expression can be derived from
Equation 7.6 to help extract the activation energy of the dipole depolarization time constant.
Taking the derivative of Equation 7.6 with respect to time and setting the resulting expression to
zero gives an expression for the temperature dependence of the peak position This relationship is
given as:

 E 
T 2 
EA
ln  max  
 ln  o A 
   kbTmax
 kb 

Equation 7.13

where Tmax is the temperature where the depolarization current reaches a maximum.
Data that satisfies the linear relationship given in Equation 7.13 is plotted in Figure 7.12
in order to determine the effective activation energies for the relaxation process.

The

characteristic relaxation time o can be extracted from the intercept of y-axis in Figure 7.12. The
longest relaxation time is measured in the single crystal poled at high temperature, and the
shortest relaxation time is measured in the ceramic. This result suggests that oxygen vacancies
are allowed to migrate slightly longer distances in the crystal compared to the ceramic. This
result is expected. The ionic space charge polarization occurs at a faster rate in the ceramic given
the size of the grain in relation to the thickness of the single crystal. Development of space
charge polarization will limit the local migration of oxygen vacancies.
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Figure 7.11 Redistribution of the oxygen vacancy potential energy landscape in response to the
linear effect of an applied dc bias. The oxygen vacancy distribution is forced into an
asymmetrical distribution to compensate the applied bias. This distribution can be frozen-in
when the field is removed if the sample is quenched with the field applied.
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Figure 7.12 Fitting of the parameters necessary to satisfy the linear relationship of Equation 7.13
in order to determine the activation energy of the dipole depolarization for both single and
polycrystalline Fe doped SrTiO3.

The activation energy for both single crystal and ceramic are remarkable similar and
range from 0.57±0.012 to 0.66±0.014eV. An improvement on Equation 7.6 may be required in
the future to effectively model the distributed nature of the defect dipole. However, the activation
energies extracted from Equation 7.14 are similar to the migration enthalpy for oxygen vacancies
given in Equation 7.11 as well as the activation energy for ionic mobility measured in Chapter 5.

7.8 Conclusions
The energy values calculated using TSDC are slightly smaller than the values calculated
using the other methods. These slightly smaller values, however, may possibly be explained by
the nature of the direction of oxygen vacancy motion with respect to the local potential energy
landscape.

For conductivity measurements, the mobility of oxygen vacancies refers to the
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average barrier height of the energy landscape shown in Figure 7.11.

However, for the

depolarization measurement, the direction of oxygen vacancy migration is primarily driven by the
re-association process. That is, vacancies are primarily migrating downhill with respect to the
bottom distribution shown in Figure 7.11. The barrier heights for hopping in this direction
towards the acceptor site are on average smaller than the barrier heights in the direction away
from the acceptor site. This discrepancy may explain the lower activation energy measured using
TSDC. The low temperature relaxation measured using TSDC in acceptor doped perovskites has
been determined to obey dipole depolarization kinetics. It is believed that the depolarization
current can be used to analyze the relaxation rate of a distributed defect dipole.
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CHAPTER 8
EPR ANALYSIS OF DEFECT ASSOCIATION
IN IRON AND MANGANESE DOPED
BARIUM TITANTATE SINGLE CRYSTALS

8.1 Introduction
As discussed in previous chapters, the formation and strength of association of oxygen
vacancies with acceptor point defect centers may control vacancy mobility at low temperatures
where oxygen vacancies are located near acceptor sites. These types of near neighbor defect pairs
are of particular interest in ferroelectric materials as a result of the effects of defect dipole
polarization on the pinning of domain wall mobility or stabilization of spontaneous polarization
[17,21,25]. Single crystals of acceptor doped ferroelectric BaTiO3 were studied so that defect
association could be investigated and relationships could be established between defect
association and ferroelectric aging.
Despite the more recent analysis of defect complexes in the tetragonal phase of BaTiO 3,
the experimental evidence in this section, along with re-analysis of literature data, does not
support the assignment of nearest neighbor defect complexes in ferroelectric BaTiO3 as being the
majority defect center [183–185,198]. Defect complexes are not observed in iron doped crystals
even though ferroelectric aging is observed in these crystals. A newly discovered defect center is
observed in the manganese doped system, and it is argued using multiple methods that this defect
center belongs to an associated defect complex. This defect center, however, appears to exist in
small, minor, concentrations, and the implications of these results on the ferroelectric aging
models will be discussed.
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8.2 Effect of Acceptor Dopants on the Ferroelectric Properties of BaTiO3
EPR has proven to be a successful tool used to evaluate local structural evolution and
order-disorder transitions in BaTiO3 and SrTiO3 systems [174,199–202]. The calculation of the
EPR parameters necessary to make structural calculations using methods like the Newman
superposition analysis is not a trivial practice. Multiple microwave frequencies are often needed
for the exact calculation of parameters like the zero-field splitting parameter [28,203,204]. The
precise measurement of the most important EPR parameters for both iron and manganese doped
crystals has been made by various research groups, and a comprehensive list of these parameters
are given in Table 8.1.

Table 8.1 Experimentally Measured EPR Parameters for SrTiO3 and BaTiO3
Selected EPR Parameters for Fe 3+, Mn2+, and Mn4+ Doped BaTiO3 and SrTiO3
Fully Coordinated
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The parameters listed in Table 8.1 can be used to model the EPR resonance fields using the
Easyspin program [205,206]. A Matlab script file detailing the method used to simulate the EPR
resonance patterns provided in this chapter is given in Appendix D.
All of the results in this chapter will be reported on 0.5mol% Fe or Mn doped BaTiO 3
(100) oriented single crystals. As discussed in Chapter 7, the dielectric response of the crystals
exhibits the typical behavior of acceptor doped BaTiO3 [167]. Plots of the permittivity as a
function of temperature measured at 1kHz with a 1V applied voltage for both Mn and Fe doped
samples equilibrated under different oxygen activities are given in Figure 8.1. As discussed, the
cubic to tetragonal TC is shifted to lower temperature values with higher degrees of reduction.
There is not as clear of a trend for the lower temperature phase transitions.
For Mn and Fe doped systems, it has been discussed in detail that the main charge
compensation mechanism for changes to the valence state of the dopant ions is oxygen vacancies.
Because oxygen vacancies form defect complexes in SrTiO3, EPR measurements clearly confirm
that the following charge compensation mechanism is achieved:

 FeTi   2 VO 

Equation 8.1

Because the ionic conductivity in Fe and Mn doped BaTiO3 is nearly identical to that of SrTiO3, it
will be assumed that Equation 8.1 also holds for Fe doped BaTiO3 and the following equation
holds for the Mn doped case:

 MnTi   2  MnTi   2 VO 

Equation 8.2

As was discussed in the preceding chapter, the presence of defect associates in SrTiO 3 crystals
and the observation of ferroelectric aging in acceptor doped BaTiO3 have led to the natural
assumption that the same defect associates would form in BaTiO3 systems. The Fe and Mn single
crystal samples tested in this study show the same ferroelectric aging behavior observed by other
researchers [15,17–19,207]. The aging effect on the ferroelectric properties during the typical
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evolution of internal bias of a reduced, unaged Mn doped sample at room temperature in the
tetragonal phase is shown in Figure 8.2.
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Figure 8.1 The dielectric permittivity measured as a function of temperature for a) 0.5mol% Mn
doped BaTiO3 and b) 0.5mol% Fe doped BaTiO3 single crystals.
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Figure 8.2 The effect of aging on 0.5mol% Mn doped BaTiO3 that has been equilibrated at 950oC
under 2×10-5atm PO2 before being quenched to room temperature. The samples were allowed to
age at room temperature, and the effect of aging can be seen as a result of the changes to a) the
pinching of the polarization hysteresis loop b) the butterfly strain loop, and c) the depolarization
current all measured at 1Hz.

The PE and strain hysteresis loops were measured at the same time using a modified SawyerTower circuit with a triangle waveform. The depolarization current was measured from the
polarization data using the equation:

J

dP  E 
dt



dP dE

dE dt

Equation 8.3

where the derivative of the field with respect to time is a straightforward calculation when using a
triangle waveform [19]. These reduced Mn doped crystals clearly aged in the unpoled state as
shown in Figure 8.2. Likewise, asymmetrical shifts of the PE loops are observed when poled
samples are allowed to age.

Both the iron doped and manganese doped crystals exhibit

ferroelectric as well as dielectric aging regardless of the thermal annealing history.
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8.3 EPR of Fe Doped BaTiO3 Single Crystals
The changes to the domain structure of BaTiO3 single crystals can be observed by
performing in situ poling experiments.

In Figure 8.3, the obvious changes to the relative

intensities of resonance signals with the application of a field larger than the coercive field of the
sample can be observed.

The zero-field splitting vector is aligned along the direction of

polarization. Before the sample is poled, two types of defect centers are observed with one
aligned parallel to the sample thickness and one aligned perpendicular as a result of a-c domain
structure of the crystal. As can be seen in Figure 8.3, after poling, many of the 90o domains have
been switched, and the resulting EPR resonance favors the poling direction. Applying a field of
similar magnitude but opposite polarity to the sample after the initial poling does little to change
the resulting EPR pattern of the sample. The remaining 90o domains that have not been switched
may experience some back switching, but a majority of the samples only exhibit 180o domain
switching after the initial poling treatment above the coercive field. The switching of 180 o
domain walls does not change the magnitude or direction of the zero-field splitting vector, so no
changes are seen to the resonance pattern.
The EPR spectra for iron doped BaTiO3 single crystals is given in Figure 8.4 as a
function of crystal orientation with respect to the applied magnetic field. The samples were poled
with an electric field greater than the coercive field prior to the experiment. The positions of the
resonant fields for the sample shown in Figure 8.4 were simulated with Easyspin and are plotted
in Figure 8.5. The 

5
3
  transitions are not visible for the crystal studied. All of the visible
2
2

transitions can be modeled using a Fe3+ center with parameter values similar to the ones listed in
Table 8.1 for tetragonal BaTiO3. The value of the zero-field parameter is allowed some small
amount of variability from the value listed in Table 8.1 because this parameter is highly sensitive
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to the local structure, and the magnitude of the zero-field splitting parameter should change with
temperature as the local oxygen displacements shift with the spontaneous polarization.
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Figure 8.3 The effect of poling on the resonance pattern of iron doped BaTiO3 single crystals.
All of the resonance signals can be assigned to a single paramagnetic center consisting of iron on
the B-site with six nearest neighbor oxygen ligands [203].

Samples analyzed using EPR were annealed under different oxygen activities. No obvious
differences could be determined from the resonance signals of oxidized versus reduced samples
for the iron doped system. As shown from the permittivity and conductivity data on these
samples, this result is expected given that the defect chemistry of the material should be
controlled by the electroneutrality condition given in Equation 8.1.
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Figure 8.4 Effect of crystal orientation on the EPR signals of Fe doped BaTiO3. The angle of 0o
corresponds to a crystal oriented with poling direction perpendicular to the applied magnetic
field.
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Figure 8.5 Simulation of the crystal orientation on the EPR signals of Fe doped BaTiO3. The
angle of 0o corresponds to a crystal oriented with poling direction perpendicular to the applied
magnetic field. The spin Hamiltonian parameters used in the simulation are comparable with the
experimental values reported in Table 8.1 and include: giso=2.003, a=270MHz, D=2700MHz.
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There are no resonance lines in Figure 8.4 that can be explained using a large zero-field splitting
term on the same order of magnitude as the term used to describe the

 Fe

Ti

 VO





defect

complex in iron doped SrTiO3. All of the resonance signals observed in the 0.5mol% Fe doped
crystals are consistent with the previously reported defect centers belonging to fully coordinated
Fe3+ ions sitting centered in the oxygen octahedron.

8.4 Defect Center Assignment of Mn doped BaTiO3 single crystals
Unlike the iron doped samples, the manganese doped single crystals required the samples
to be annealed with N2/H2 mixtures at temperatures of 900oC and above before any resonance line
associated with manganese ions became visible using X-band EPR as a probe.

Reliable

characterization of Mn3+ in BaTiO3 acting as a B-site acceptor using X-band spectroscopy has not
been reported in the literature. There is plenty of interest in the Mn 4+ valence state in BaTiO3. It
has been shown that unlike Mn2+, Fe3+, and Cr3+ to name a few, the isovalent Mn4+ ion
participates in ferroelectricity and follows the same displacements as Ti4+ [168,199,200,208].
These studies, as well as investigations made by additional research groups, are in agreement in
determining that annealing samples in oxidizing conditions is required in order to resolve the
Mn4+ valence state [209,210]. These studies have also determined that Mn4+ can only be viewed
in the rhombohedral phase. The reason Mn4+ is not observable in the higher temperature phases
is determined to be a result of order-disorder nature of the high temperature phase transitions.
Because Mn4+ acts like the Ti4+ ion, the frequency of the displacements of Mn4+ along the cube
diagonals in the higher temperature phases becomes fast enough to sufficiently broaden the EPR
signal of the defect center, making it unobservable [199].
There is less consensus concerning the necessary processing conditions required to
produce Mn2+ centers. The former studies discussed thus far have shown that reducing conditions
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at high temperatures are necessary to produce Mn2+ centers, and their results agree with other
notable studies concerning the Mn valence state in BaTiO3 [167].

Other researchers have

reported Mn2+ related defect centers in crystals with no history of reduction [198,211,212]. The
presence of Mn2+ valence states in the single crystal samples reported in this study requires strong
reducing conditions agreeing well with the results of EPR, magnetic susceptibility, and
thermogravimetry studies [26,167,209,213].

The EPR resonance patterns for iron and

manganese doped BaTiO3 single crystals equilibrated under various oxygen activities before
being quenched to room temperature are given in Figure 8.6.
The resonance lines for the different annealing conditions are not normalized with respect
to the EPR cavity Q-factor or the sample mass, so direct comparisons cannot be made between
the intensities, and therefore relative defect concentrations of different samples. However, it is
clear from Figure 6 that the Fe3+ valence state is always present in the iron doped samples. This
result again suggests the dominance of the defect reaction given in Equation 8.1 and helps explain
the negligible changes to the shift in TC or changes to the magnitude or activation energy of the
low temperature conductivity already previously discussed. Unlike the Fe dopant, it is also clear
from Figure 8.6 that reduction at high temperature is necessary to produce the Mn 2+ valence state.
In samples equilibrated in air at high temperature or N2 atmospheres equivalent to approximately
10-5atm in the 900-1000oC temperature range, EPR results show no sign of the characteristic
sextet produced by the 55Mn nuclear isotope. An oxidized sample will contain Mn4+ and Mn3+;
but as discussed, the order-disorder dynamics of the Mn4+ site as well as large zero field splitting
caused by the static Jahn-Teller effect at the Mn3+ site causes both of these defect centers to be
undetectable at high temperatures when using X-band EPR [51,214,215]. There appears to be
some small amount of impurity in the manganese samples related to iron resonance signals
observed in the oxidized samples.

For samples annealed in mixtures of N2/H2 at high

temperature, the Mn2+ valence state is achieved.
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Figure 8.6 Development of defect resonance signals for both Fe (blue) and Mn (red) doped
BaTiO3 crystals annealed under various oxygen activities.
For samples reduced enough to produce EPR signals related to Mn 2+, a new defect
resonance signal previously unreported in the literature is also found. The angular dependence of
a poled Mn doped BaTiO3 single crystal reduced in a N2/H2 mixture at high temperature is shown
in Figure 8.7. The angle of zero corresponds to the magnetic field directed perpendicular to the
electrode surface or parallel to the poling direction.
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Figure 8.7 Effect of orientation on poled Mn doped BaTiO3 single crystal sample. The angle of
0o corresponds to the direction of poling aligned perpendicular to the applied magnetic field
direction.
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Figure 8.8 Effect of orientation on the simulation of a poled Mn doped BaTiO3 single crystal
sample. The angle of 0o corresponds to the direction of poling aligned perpendicular to the
applied magnetic field direction.
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Figure 8.8 contains the simulated EPR spectrum as a function of orientation. The simulated
spectrum contains two different types of Mn2+ related defect centers. The first center is the
original defect center first reported by Ikushima in Mn doped BaTiO3 single crystals and is
centered around a resonance field of approximately 340mT or geff~2 [211]. The parameters for
this defect center can be found in Table 8.1 for the fully coordinated Mn2+ center in tetragonal
BaTiO3. The resonant energy levels for this defect center oriented perpendicular to the magnetic

9.8 GHz

field, or 0o in Figure 8.7 are given in Figure 8.9.
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Figure 8.9 Simulated energy level splitting for the geff~2 signal using Easyspin [205]. The Mn
doped BaTiO3 single crystal with the c-domain oriented perpendicular to the applied magnetic
field was modeled with the parameters: D=720MHz, Aiso=240MHz, and a microwave frequency
of 9.8GHz.

The 

5
3
  signals are labeled in Figure 8.9. Similar to the iron data presented in Figure
2
2

8.4, these resonant signals for the manganese system are broad resulting in smaller intensity
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features. The data presented for the iron doped system in Figure 8.4 is missing many of the
allowed transitions allowed by the spin Hamiltonian. Likewise, for the manganese doped sample,
the resonant signal intensities are not perfectly described in the simulation in Figure 8.8. The
lineshape of the EPR resonance signal is a complex function of temperature, polarization, and
local structure [48]. It is not necessary for the present discussion to be able to fully describe the
linewidth and signal intensity of the given spectra. For this discussion, the important structural
parameter is the magnitude of the zero-field splitting, and this magnitude is not affected by the
lineshape of the resonant spectrum. Because there are five observable sextets centered around
geff~2, these resonance lines are only observed in reduced crystals, the calculated hyperfine
constant for the manganese center is characteristic of Mn2+, and because the resonance pattern
matches that of other well-documented cases, the high field resonance at geff~2 can be
characterized as belonging to a Mn2+ related defect [211].
The argument will now be made that the high field defect signal can be assigned to a
fully coordinated Mn2+ center as it has been characterized in the past rather than the

 Mn  V 
Ti


O



defect center characterized more recently by Eichel [26,198,209,211,216].

Evidence will also subsequently be provided to assign the additional defect resonance signal



observed in Figure 8.7 to the defect MnTi  VO





center. The best experimental evidence to

support assignment of the high field EPR resonance signal to a fully coordinated center and the
low field signal in Figure 8.7 to a defect complex is the temperature dependence of the EPR
signals. The resonance signals for a reduced crystal in each phase of BaTiO3 are shown in Figure
8.10.
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Figure 8.10 EPR signals of a reduced Mn doped BaTiO3 single crystal over a range of
temperatures covering all four BaTiO3 phases. The samples were measured at 140oC, 40oC,
-20oC, and -110oC for the cubic, tetragonal, orthorhombic, and rhombohedral phases respectively.

As shown in Figure 8.10, the low field geff~6 signal observed as a function of orientation in



Figure 8.7 is also observed in every phase of BaTiO3. The FeTi  VO





defect complex in cubic

SrTiO3, when oriented perpendicular to the applied magnetic field, is centered at geff~6 [28]. It is
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shown in Figure 8.10 that the new defect signal found in manganese doped BaTiO3 annealed
under reducing conditions has a similar effective g-value of 6<geff<5.7.
Changes to the local oxygen symmetry around both of the paramagnetic defect centers in
each phase of BaTiO3 are easy to visualize in Figure 8.10. The local symmetry for each phase of
BaTiO3 with respect to the direction of the zero-field splitting vector is represented in Figure 8.1l.
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Figure 8.11 Effect of local symmetry on the zero-field splitting parameter in BaTiO3.
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The direction of the zero-field splitting vector is highly sensitive to the symmetry of the local
oxygen octahedron. If the paramagnetic defect center is surrounded by six oxygen ions, the ion
will either be centered in the oxygen octahedral or it will have an average displacement along the
direction of spontaneous polarization. As shown in Figure 8.11, if the paramagnetic ion has six
oxygen ligands and is centered in the oxygen octahedron as predicted for Mn doped BaTiO3, the
local field produced by the oxygen ligands that is responsible for the zero-field splitting term will
have non-axial symmetry in the rhombohedral and cubic phases and axial or lower symmetry in
the remaining phases [170].

The cubic octahedral symmetry of the rhombohedral and

paraelectric phases should then result in a zero-field splitting term equal to zero. For a centered
ion, the zero-field splitting term should be large and non-zero for the orthorhombic and tetragonal
phases [217]. It is shown in Figure 8.10 that the high field resonance structures centered at geff~2
in the rhombohedral and cubic phase do in fact exhibit cubic symmetry based on the observation
that only six lines resulting from the hyperfine splitting term are observable. Any deviation
towards a lower octahedral symmetry will split the Zeeman energy position along the energy axis
shown in Figure 8.9 and produce additional resonance signals in multiples of six.

These

additional splittings can be viewed in the high field signals of the orthorhombic and tetragonal
phases shown in Figure 8.10 but not in the rhombohedral or cubic.
For a paramagnetic ion surrounded by five oxygen ligands and an oxygen vacancy, the
local symmetry at the defect center will always be less than cubic; and as a result, there will
always be a large zero-field splitting term in the spin Hamiltonian. For the case of a nearest
neighbor defect complex, unlike the direction of the zero-field splitting vector in the case of an
ion placed in the center of the oxygen octahedron, the zero-field splitting will be directed along a
vector between the defect center and oxygen vacancy. As shown in Figure 8.11, for the case of
BaTiO3, because the angles  and  are small, the direction of the zero-field splitting vector
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changes little in each phase of the material. It would appear then that the low field resonance
signal at geff~6 shown in Figure 8.10 again meets the criteria of a nearest neighbor defect
complex.
The temperature dependence of the defect signal at geff~2 can be examined further. In
Figure 8.12, the range of magnetic field is contracted to focus on the geff~2 signal at various
temperatures in the tetragonal phase. Figure 8.12 clearly shows a decrease in the value of the
zero-field splitting parameter as the sample approaches the tetragonal-cubic phase transition.
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Figure 8.12 Effect of temperature on the zero-field splitting in Mn doped BaTiO3 in the tetragonal
phase.
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The normalized values of the zero-field parameter as a function of temperature were calculated
and plotted in Figure 8.13 along with additional measured and calculated parameters following
the same trend as the magnitude of the zero-field splitting.
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Figure 8.13 Effect of local symmetry on the zero-field splitting parameter in BaTiO3 as a function
of temperature. Local ion displacements were taken from Megaw et al. [218].

In Figure 8.13, it is shown that the magnitude of the zero-field splitting follows the polarization of
the sample calculated from the pyroelectric current of a poled sample heated through the phase
transition.

Both the magnitude of the zero-field splitting parameter and magnitude of the

spontaneous polarization should be related to the magnitude of the ionic displacement between
the oxygen ions and the paramagnetic ion; so additionally in Figure 8.13, the normalized lattice
displacement as well as the magnitude of the theoretical zero-field splitting parameter calculated
using the Newman superposition model are plotted on the same graph.

The Newman

superposition model will be covered in detail in the remaining sections.

The Newman

superposition data was calculated using the Wyckoff positions of the oxygen ions collected by
Megaw assuming the Mn2+ ion remains centered in the octahedron [218]. The similarity in the
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trends shown in Figure 8.13 provide additional evidence that the geff~2 signal is related to a fully
coordinated Mn2+ center rather than that of a defect complex.

8.5 Newman Superposition Analysis
The spin Hamiltonian for a paramagnetic ion in a strong axial field is given in
Equation 8.4. The zero-field splitting term D, or ZFS, in the spin Hamiltonian equation can be
used to describe the local octahedral structure surrounding a paramagnetic ion.

1


H axial  B ge S  B  D  S z 2  S  S  1
3



Equation 8.4

This ZFS parameter D often has multiple notations in the literature, and is commonly referred to
0

as b2 using Stevens’ notation. The application of the Newman Superposition Model, or NSM, to
describe the local structure of perovskite materials using EPR data was practically introduced by
Karl Müller [53,170]. The superposition model, developed by D.J. Newman, allows for the
calculation of the ZFS parameter by adding together all of the interactions between the
paramagnetic ion and the surrounding ions in the lattice [219,220]. According to Newman, it is
generally accepted in crystal field theory that only nearest neighbor ions, or coordinated ions, or
ligands, significantly contribute to the crystal field and have an effect on the ZFS parameter. The
higher the degree of coordination around the paramagnetic ion, the more accurate this assumption
can be applied. For octahedrally coordinated ions, the assumption that the crystal field depends
mostly on the ligands is a practical assumption [219].
The superposition model can be described by the following equation:

bnm   bn  Ri  K nm i , i 

Equation 8.5

i
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This superposition equation can be separated into two sets of parameters. Half of the equation
m

depends upon the spherical harmonic functions given by K n

[170]. Only two sets of these

functions are generally considered for a paramagnetic ion in octahedral symmetry:

K 20   
K 22  ,  





1
3cos 2   1
2



3
sin 2  cos 2
2

Equation 8.6



Equation 8.7

where  and  are the polar and azimuthal angles respectively of the oxygen ligands with respect
to the z-axis of the octahedron as shown in Figure 8.14.

A-cation

i
Ri

i

B-cation/
dopant

O2--anion
Figure 8.14 Visualization of the polar and azimuthal angles required for the NSM calculations
with respect to the perovskite unit cell.

The second set of parameters is often referred to as the intrinsic parameters and are functions of
the length Ri of each ligand under consideration. These intrinsic parameters are assumed to
follow a power law as follows:
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R 
bn  Ri   bn  Ro   o 
 Ri 

tn

Equation 8.7

where the parameters bn  Ro  and tn are intrinsic values that are typically calculated from
uniaxial strain data [53]. For an octahedral complex with axial symmetry, Equation 8.6 is equal
to zero. Equation 8.6 is only relevant for octahedral complexes with rhombic symmetry. The
0

final equation for the ZFS parameters of a paramagnetic ion in axial octahedral symmetry, b2 , is
then given by the following equation:
t2

R 
b  b2  Ro    o  K 20 i , i 
i 1  Ri 
N

0
2

Equation 8.7

Therefore, if the intrinsic parameters are known for a particular paramagnetic ion in octahedral
coordination with oxygen anions, the precise local structure can be calculated using Equation 8.7.

8.6 Application of Newman Superposition Analysis to Mn doped BaTiO3
As discussed, the high field geff~2 resonance pattern with an experimental value of
~700MHz for the ZFS parameter found when BaTiO3 is doped with Mn2+ can be explained using
the NSM if the dopant ion is allowed to shift back towards the center of the oxygen octahedron.
Because this experimentally observed EPR resonance signal has recently been reported as a
defect complex, not as a fully coordinated ion as originally reported, the NSM will be applied to
both scenarios in order to elucidate the theoretical local structure of a Mn2+ ion associated with
the reported zero-field splitting parameter [170,198]. Two plots are provided in Figures 8.16 and
8.17 showing the NSM calculations for Mn doped BaTiO3 in the tetragonal phase with and
without a nearest neighbor oxygen vacancy. In the provided figures, two free parameters are used
in the calculations. In both Figures 8.16 and 8.17 the point (0,0) is marked by a star, and this
point denotes the position of the Mn2+ ion sitting on the exact Ti4+ site in the tetragonal phase of
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BaTiO3. Figure 8.15 shows the free parameters in used in the NSM calculations for Figures 8.15
and 8.16.
Intrinsic Positions

Coordinated Model

Vacancy Model

negative c-shift
positive a-shift

negative c-shift
positive a-shift

O I
Ti
OII

O I

Figure 8.15. Free parameters used for NSM calculations. All ionic shifts considered are made in
reference to the intrinsic positions of the Ti4+ and O2- ions in the tetragonal phase at room
temperature.
The value of the x-axis in Figure 8.16 and 8.17 refers to the c-shift, or the distance the Mn2+ ion is
allowed to move along the c-axis. The a-shift parameter refers to the distance all of the oxygen
anions are allowed to move away from the Mn2+ dopant. The intrinsic position of the six oxygen
ions and titanium at 300K were taken from neutron diffraction literature [221].
.

As shown in Figure 8.16, only small displacements are necessary to achieve the

experimentally observed value for the zero-field splitting parameter of 0.7GHz. For this fully
coordinated model, the experimental value of the zero-field parameter is obtained simply by
allowing the Mn2+ ion to move towards the center of the oxygen octahedron which is located at
close to -10pm from the intrinsic Ti4+ position. This solution also allows all of the O2--Mn2+ bond
lengths to have larger values than the intrinsic O2—Ti4+ values by allowing for positive values of
the a-shift parameter. As a first approximation, the a-shift parameter could have a significant
positive value given that the high spin Mn2+ ionic radius is about 20pm larger than the ionic
radius of the site it is substituted for [64].
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Zero-Field Spitting (GHz)
Figure 8.16. NSM calculations for tetragonal BaTiO3 with a Mn2+ dopant ion on the B-site and six
nearest neighbor oxygens octahedrally coordinated. The color bar to the right of the plot
represents the magnitude of the zero-field splitting and is in units of GHz. The range of the
experimentally calculated zero-field spitting parameters for the geff~2 resonance feature is
highlighted with a black box. The manganese ion is allowed to shift along the c-axis of the unit
cell for the calculations and the (002) oxygen ions are also allowed to shift position in this model
with positive values of a-shift representative of displacements away from the dopant ion. The
star signifies the point directly in the center of the oxygen octahedron.

In comparison to the fully coordinated model shown in Figure 8.16, if the experimental value for



the zero-field splitting parameter is assigned to the MnTi  VO





defect center, it is shown in

Figure 8.17 that the Mn2+ ion must move more than 30pm away from oxygen vacancy to explain
the experimental value of the ZFS parameter. This type of local structure cannot necessarily be
ruled out without further experimental proof or evidence from possible first-principle
calculations.

However, this type of structure is counterintuitive.

The oxygen vacancy is
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positively charged with respect to the lattice while the Mn2+ dopant is negatively charged. It is
typically assumed that Coulombic forces would prefer that these two defects move closer towards
each other as opposed to further apart [53].

Zero-Field Spitting (GHz)
Figure 8.17. NSM calculations for tetragonal BaTiO3 with a Mn2+ dopant ion on the B-site and a
nearest neighbor oxygen vacancy placed at the ½,½,1 position. The manganese ion is allowed to
shift along the c-axis of the unit cell for the calculations with positive values of c-shift
representing displacement towards the oxygen vacancy. The (002) oxygen ions are also allowed
to shift position in this model with positive values of a-shift representative of displacements away
from the dopant ion. The star signifies the point directly in the center of the oxygen octahedron.

The zero-field splitting term for the geff~6 center cannot be explicitly calculated without
additional experiments using multiple EPR resonance frequencies. For X-band EPR experiments,
the resonance field of an S=5/2 paramagnetic center saturates at geff~6 for values of the zero-field
splitting parameter greater than about 20GHz.

This saturation of the effective g-value is
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simulated in Figure 8.18 for an S=5/2 defect center oriented perpendicular to the applied
magnetic field under X-band conditions.
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Figure 8.18 Simulated spectrum showing the saturation of the axial geff~6 value as a function of
the zero-field splitting parameter.

The saturation of the geff value requires that the zero-field splitting value for the resonance signal
observed in Figure 8.7 must be at least 20GHz in magnitude. This large value is reasonable and
has be experimentally observed in other systems containing defect complexes [28]. In order to
characterize the geff~6 signal as that belonging to the

 Mn  V 
Ti


O



defect center using

Figure 8.17, the oxygen anions must be allowed to relax into the unit cell towards the Mn 2+ ion.
This type of relaxation may be rationalized by allowing for a reduction of the Mn2+ ionic radius as
a result of its lower coordination after one of its nearest neighbor oxygen ligands is removed.
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8.7 Transient behavior of the geff~6 signal following domain switching
After poling an Mn doped single crystal sample, the EPR resonance signal is locked and
doesn’t change if the sample is poled with subsequent fields alternating between ±Ecoercive. The
signal at geff~6 which has been assigned to the

 Mn  V 
Ti


O



defect center in the previous

section exhibits transient behavior upon 180o domain switching.

After giving the sample

sufficient time to equilibrate after poling (on the order of 10’s of minutes at room temperature)
applying a field opposite the spontaneous polarization results in an immediate change in the
resonance intensity at geff~6. The signals become weak and then slowly increase back to the
steady state value. This process is reproducible. This effect is shown in Figure 8.19 for a sample
switched at room temperature.
The magnitude of the change in intensity was calculated at each time interval using a
double integration method.

The integrated intensity is plotted as a function of time and

temperature in Figure 8.20.
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Figure 8.19 Transient behavior of the geff~6 signal measured in situ after applying a field higher
than EC in a direction opposite the spontaneous polarization.
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Figure 8.20 Intensity of the transient geff~6 signal as a function of time and temperature. The
data are fit with a Debye relaxation time at each temperature as shown in red.

The data in Figure 8.20 can be fit with a Debye relaxation equation. The activation energy for
this relaxation process is calculated to 0.90±0.11eV. The relaxation is dipole in nature, and the
activation energy agrees with the barrier height required for oxygen vacancy hopping.

9

Conclusions
The experimental value of the zero-field splitting parameter can be used to explain the

structure of the geff~2 Mn2+ paramagnetic center as having a local structure that is fully
coordinated with six oxygen anions using the NSM model. Arguments can also be made for the
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geff~6 signal being assigned to the MnTi  VO





defect center. Without knowing the exact ionic



displacements and local structure of a MnTi  VO





defect complex, the validity of the NSM

analysis cannot be fully vetted. The possibility of making exact structural measurements on the
local structure of a defect complex is a non-trivial matter. As shown earlier, the driving force for
defect association appears to strongly decrease as the dopant concentration increases [182]. The
ability to effectively evaluate the local structure of a dilute concentration of defect centers using
experimental methods is challenging. The preceding discussion, however, has provided evidence
that the defect complex formed by the association of Mn2+ and a nearest neighbor oxygen
vacancy can be characterized using EPR with a large, >20GHz, zero-field splitting parameter.



Based on the intensity of the assigned MnTi  VO





defect center, it appears to exist in much

smaller concentrations than the majority fully coordinated Mn2+ center. Hopefully the results
described in this section will inspire additional experiments and first-principle calculations to be
made on single crystal acceptor doped BaTiO3 samples to confirm the assignment of the

 Mn  V 
Ti


O



defect complex. If the assignment is correct, based on the relative intensity of the

center in the EPR experiment compared to the fully coordinate resonance signal, the implication
would be that the driving force for defect association in BaTiO3 is much smaller than it is in
SrTiO3.
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK

9.1 General Remarks
Oxygen vacancies are typically the only mobile ionic species in oxide materials at low to
moderate temperatures where many devices operate. The desire to make more materials and
devices confined to smaller nano length scales requires detailed information to be gathered on the
thermodynamics and kinetics of oxygen vacancy defects. Interactions of oxygen vacancies with
other immobile point defect centers in the lattice are often unaccounted for in modeling defect
mobility because most standard spectroscopy techniques fail to capture these types of
phenomena. EPR is an under-utilized tool in the dielectric oxide community. Research dedicated
to uncovering the energetics of defect interactions in common and important oxide materials will
provide highly coveted data for the experimental community as well as useful reference for
studies related to fundamental materials physics in the first principles calculations community. In
this thesis, a framework has been developed to fully characterize local interactions between
oxygen vacancies and acceptor defect centers.

9.2 Universality and Proposed Improvements for the Distributed Dipole Model
Much more information is needed concerning the energy landscape of the oxygen
vacancy sublattice in oxide materials used in electronic applications. One of the large questions
that remains after completion of this thesis lies in the reason defect complexes tend to form in
SrTiO3 but defect association is difficult to characterize in BaTiO3. Some insight into this
question may be uncovered by considering the model that, so far, has been able to explain many
of the observed phenomena involved with low temperature oxygen vacancy kinetics.
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The universality of the distributed defect dipole model introduced in this thesis will be
summed up and expanded upon. Using the Debye-Hückel expression for the potential formed
between two oppositely charged ions in solution as introduced in Chapter 2 and derived in
Appendix A, the expression for the potential is again given as:

 r  

zi qe exp  D Ro 

 exp  D r 
r 1  D Ro

D 2 

Equation 9.1

zi z j e 2  Ni  N j 

Equation 9.2

2 kbT

These equations will be used to super-impose an interaction potential onto the oxygen vacancy
sublattice to produce a potential diagram like the one first introduced in Chapter 1, Figure 1.2. A
perovskite lattice consisting of 27 unit cells with an acceptor located at the center is also shown in
Figure 1.2. The distribution of available oxygen vacancy sites for this 3×3×3 lattice is calculated
and plotted in Figure 9.1 assuming a lattice constant of 4Å.
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Figure 9.1 Density of oxygen lattice positions with respect to a centered acceptor dopant placed
on the B-site in a 3×3×3 lattice. The red diamond is used to emphasize the six nearest neighbor
positions in the octahedron.
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Using Equations 9.1 and 9.2, the potential produced by an acceptor-oxygen vacancy interaction as
a function of distance between the two defects can be calculated. This potential can then be
superimposed on a sinusoidal potential to produce a defect potential landscape. This calculation

0.6eV

was performed for different values of dielectric permittivity in Figure 9.2.

0.6eV

T=25oC

r = 300 T=25oC

0.6eV

Potential Energy

r = 30

r = 3000 T=25oC

Distance from Nearest Neighbor Site
Figure 9.2. Oxygen vacancy potential energy landscape for the lattice described in Figure 9.1 as a
function of permittivity. The red lines are to be used as a visual guide to illustrate the effect of
the Coulombic potential, given in Equation 9.1, on the oxygen potential energy landscape.
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The lowest energy potential well in Figure 9.2 corresponds to the nearest neighbor site marked by
a red diamond in Figure 9.1. The hopping barrier height eventually relaxes to a value that was
fixed at 0.6eV in order to agree with the high temperature measured value of unassociated oxygen
vacancies in SrTiO3 [116]. As shown in Figure 9.2, the perturbation to the intrinsic defect lattice
created by the interaction potential disappears after about one or two hops away from the
acceptor. This result agrees with similar calculations found in the literature [36,38,222,223].
It is predicted using Equations 9.1 and 9.2 and shown in Figure 9.3 that the permittivity
has a large effect on the probability of a nearest neighbor defect being formed. Using the density
of states from Figure 9.1 and a partition function as introduced in Chapter 6, the probability of
forming a nearest neighbor complex is calculated as a function of temperature and permittivity
and plotted in Figure 9.3. For samples with small concentrations of defects, the number of
available oxygen vacancy sites plays an important role in the partition function:

PV  
O ass

6
 U dis 
 U relaxed 
6  24 exp  
 Ci exp  

kT 
 kT 


Equation 9.3

Unlike Chapter 6, the value of each energy minima Ui in Equation 9.3 can be calculated using
Equation 9.1 and 9.2. For every lattice position at distances further than the maximum distance
rmax shown in Figure 9.1, Ui is fixed at the energy value for U(rmax). This assumption is valid
given the energy potential reaches a steady state value at distance much shorter than rmax as shown
in Figure 9.2. As a first approximation using the Debye-Hückel screening potential, Figure 9.3
shows satisfactory predictions of the effect of permittivity on the degree of defect association in a
material. The SrTiO3 samples with an intermediate permittivity show defect dissociation as the
samples are heated through the 100-400oC range which is shown to be true experimentally using
EPR measurements as was discussed in Chapter 6.
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Figure 9.3. Probability of finding oxygen vacancies in nearest neighbor sites vs. unassociated
sites calculated using Equations 9.1-9.3.
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The model for the distributed dipole gives an explanation for the lack of evidence of
nearest neighbor defect complexes in BaTiO3. The high permittivity of the material makes the
probability of forming a nearest neighbor associate unlikely. In contrast, nearest neighbor defects
are commonly found in low permittivity materials, and the large dissociation energy at room
temperature shown in Figure 9.2 of low permittivity materials agrees with the experimental
measurements made on alkali halide materials [224]. The static dielectric constants used for the
calculations are an approximation of the actual local permittivity. It is not well understood if the
bulk permittivity value can be used in Equation 9.1 to effectively describe local interactions in an
ionic solid. Small correction factors to the permittivity are often required for calculations when
using equations similar to Equation 9.1 [182]. Future theory and first principle calculations can
help determine this local value.
It will be reiterated here, the exact driving force responsible for defect association is not
known. A simple model is given as a first approximation describing the dominant driving force
for defect association as belonging to Coulombic interactions. However, it is not obvious from
experiment or theory that the bulk, static dielectric constant is the correct value to use as the
screening term in Equations 9.1 and 9.2 [9]. Ferroelectricity may also have a significant effect
on the value of the local permittivity.

Effective permittivities are often required when

constructing a phenomenological model describing the positive temperature coefficient of
resistivity (PTCR) effect in BaTiO3. The effective permittivity that is used scales with the
magnitude of the spontaneous polarization and is much higher than the bulk dielectric constant
[225]. A similar effective permittivity may also be required when calculating the effect of a
Coulombic screening term on local point defect interactions. Additionally, it should be expected
that local lattice strains will have some effect on the driving force for defect association. The
magnitude of this elastic effect compared to a purely Coulombic term is not yet understood. The
formation of elastic dipoles created by point defects in perovskite materials has been well
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documented [180,181,226,227]. The coupling of elastic and Coulombic effects to defect dipole
formation should be addressed in the future development of defect dipole energetics.
The distributed defect dipole model can also be used to understand the effect of local
defect interactions on the activation energies for vacancy mobility measured using impedance
spectroscopy as was done in Chapter 5. The ionic conductivity for the three different permittivity
materials simulated in Figures 9.2 and 9.3 was calculated for various defect concentrations in
Figure 9.4. As was alluded to in Chapter 6, modeling defect association using classic mass action
theory is dangerous. Thinking about defect association using the equation:



FeTi  VO  FeTi  VO





Equation 9.4

suggests that once a defect complex is formed, the oxygen vacancy involved in the reaction is
immobile. If the reaction in Equation 9.4 goes to completion, the concentration of free oxygen
vacancies in the material is reduced to zero, and there should be no resulting ionic conductivity in
the system. The distributed defect dipole model reveals the flaw in this type of thinking. Oxygen
vacancies located in the lowest energy, or associated, state in Figure 9.2 are not immobile; rather,
they have a slightly higher energy barrier for hopping than vacancies located at other positions in
the lattice. The activation energy term in the mobility equation should, therefore, represent the
superposition of all of the barrier heights in the potential energy landscape.

The ionic

conductivity can now be approximated by the equation:

 V  zV qe NV

O


O


O

o
T



Ei 



b

 exp   k T  P
i



i

Equation 9.5

where Ei is the barrier height for hopping at each lattice position, Ntot is the oxygen vacancy
concentration, and Pi is the probability of finding an oxygen vacancy at a particular energy state
as calculated in Equation 9.3.
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Upper and lower limits for Ei were chosen as 0.6 and 1.0eV for the calculation used to
make Figure 9.4. The upper value of 1.0eV is predicted by the calculations of the Debye-Hückel
interaction energy given in Figure 9.2. In Figure 9.4, the 0.1 and 0.05mol% concentrations for

r=300 correspond to the material parameters measured on the iron doped SrTiO3 crystals using
impedance spectroscopy in Chapter 5. As can be seen in Figure 9.4, the magnitude of the
conductivity agrees well with the measured values from Chapter 5, and the slope falls between
0.6 and 1.0eV similar to the data measured on SrTiO3 single crystals.
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Figure 9.4 Calculated conductivity data for the defect association model given in Figures 9.2 and
9.3. Concentrations include 0.5, 0.1, 0.05, and 0.01mol% for each value of permittivity and
correspond to color intensity from darkest to lightest respectively.
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As discussed in Chapter 7, the distributed dipole model is useful and necessary to explain
the depolarization data from TSDC measurements. The model was also discussed in Chapter 8 as
a tool that may better predict aging rates in ferroelectric systems. Future work should include
additional experiments on aging rates in various ferroelectric systems to further test the
applicability of the distributed dipole model.

9.3 Future Experiments
If experiments are set up appropriately, the concentration of nearest neighbor defect
complexes can be quantitatively determined using EPR.

If EPR is performed at multiple

microwave frequencies, the need for single crystals is not necessarily a requirement to be able to
characterize the resonance signals of defect complexes, and ceramic samples can be substituted
[115,228–230].

In future experiments, solid solutions of SrTiO3, BaTiO3, and additional

perovskite compounds should be processed using chemical solution techniques. A set of samples
with a systematic change in permittivity across the compositional spectrum will facilitate a more
in-depth analysis of the applicability of the Debye-Hückel screening potential to the oxygen
vacancy potential energy landscape.

Proposed future work on additional defect association studies was approved for a postdoctoral appointment at the National Institute of Standards and Technology. Pure and doped
single crystal oxide materials will be purchased for use in the proposed experiments. A table of
the proposed material systems that will be considered for the research is given in Table 9.1. As
discussed, some of these materials will be purchased as single crystal substrates, and high quality
doped and pure polycrystalline materials will be processed when single crystals aren’t available.
A concentrated effort will be made to make exhaustive measurements on single crystal
samples followed by supporting measurements on polycrystalline samples. Measurements on
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polycrystalline samples will require advanced EPR methods that will be performed through
collaborations and on-site visits to the National High Magnetic Field Laboratory (NHMFL) in
Tallahassee, FL.

Table 9.1 Perovskite Systems and Dopant Chemistries Proposed for Future Studies
Alkali

Polar Transition

A2+B4+O3 Perovskites

NaNbO3

Antiferroelectric

PbZrO3

NaTaO3

Octachedral Tilt

SrZrO3

KNbO3

Ferroelectric /w
Polymorphic
Transition

BaTiO3

Donor Transition Metals
('EPR Silent' X-band)

KTaO3

Incipient

SrTiO3

Co-Doping

N/A

Tetragonal
Ferroelectric

PbTiO3

Rare Earths
(A-site Donor)

La3+,Ce3+

Na1/2Bi1/2TiO3

Relaxor

PbMg1/3Nb2/3O3

Amphoteric Rare Earths

Eu2+,Gd3+

Proposed Dopants
Acceptor Transitions Metals Fe3+,Mn2+/4+,Ni3+,
('EPR Active' X-band)
Cr4+,V4+,Cu2+
Acceptor Transitions Metals
Mn3+,Fe2+/4+
('EPR Silent' X-band)
Nb5+,W5+
Fe2+/3+-Nb5+,
Mn2+/3+-Nb5+

It will be important to investigate the local defect interactions of families of materials like those
listed Table 9.1 in order to better understand the effect of lattice parameter, permittivity, tilt
systems, and partial Schottky disorder on the ionic conductivity of perovskite systems.
In conclusion, a new defect dipole model based on an electrostatic perturbation to the
potential energy landscape of the oxygen vacancy sublattice has been introduced and used to
explain the equilibrium concentrations and transient kinetics of oxygen vacancies in acceptor and
undoped perovskite systems. The model was successful in explaining the behavior of oxygen
vacancy mobility over a range of length scales and measured using three separate and
independent techniques. Many questions remain unanswered, but the results provided in this
thesis will serve as a foundation for continued research in this area in the near future.
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APPENDIX A
DERIVATION OF THE DEBYE LENGTH

The Debye-Hückel equation is derived by taking into consideration all of the ions in the
system. For the purposes of keeping the following derivation concise, a two component system
of ions and cations will be considered following refs. [71,231]. A distribution of cations and
anions in solution is shown in Figure A.1. It is the goal of Debye and Hückel to describe the
equilibrium, time-averaged distribution of the ions.





















anion



cation







Figure A.1 Electrolyte solution containing equal numbers of cations and anions.

The system that is enclosed in Figure A.1 obeys the law of conservation of charge according to
the equation:

zc

i i

 qca  qcc  0

i

Equation A.1

where zi is the ion charge coefficient, q is the charge of an electron, and ca and cc are the
concentrations of anions and cations respectively.

To derive a description of the charge
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distribution and potential surrounding a particular ion in the solution, one ion will be selected as
shown in Figure A.2.
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Figure A.2 Electrolyte solution containing equal numbers of cations and anions with one cation
singled out for analysis to describe the potential surrounding it.

The charge inside the grey circle in Figure A.2 must be balanced by the charge outside the circle,
requiring the remainder of the ions to have a charge of negative one. The summation of the
charges outside the grey sphere can be mathematically described using the equation:


 4 r  dr  e
2

a

Equation A.2

To determine the distribution of ions as a function of distance moving away from the ion under
consideration, a Boltzmann distribution is assumed in which the average local concentration of a
particular type of ion at any particular point in space is given as a probability defined by the
electrical potential energy at that point:

 z q  r  
na  r   na exp   a c

kbT 


Equation A.3

Debye and Hückel made a critical correction to Equation A.3 by applying a Taylor expansion to
the exponential term. The Taylor expansion is given as:
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e x  1  x 

x 2 x3
  
2! 3!

Equation A.4

It is important to next consider the Poisson equation:

 2  




Equation A.5

In Equation A.5 the Laplacian operator for polar coordinates is given as:

2 

1   2  
1
 

r
 2
 sin 
2
r r  r  r sin   


1
2


 2 2
2
 r sin  

Equation A.6

where  and  are the polar and azimuthal angles respectively. The symmetry of the problem
under consideration allows the angular dependence of the Laplacian to be ignored and only the
first term is required for solution of the distribution problem giving the following expression
when combining the simplified Laplacian with Equation A.2 [71]:

  2  
 2
r
 r
r  r 


Equation A.7

Solution of this equation gives the expression:

D 2 

zi z j e2
2 kbT

I

Equation A.8
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APPENDIX B
SPIN HAMILTONIAN PARAMETERS

EPR Spectroscopy of Fe3+ S=5/2 Ions with Octahedral Ligands
Information in this appendix can be found in refs. [48,111]. In many cases involving
transition metal ions, the spin Hamiltonian can be defined by considering the superposition of the
Zeeman, Fine Structure, and Hyperfine terms. The common terms of the spin Hamiltonian for
most transition metal ions are given as follows.

Hˆ  Hˆ Zeeman  Hˆ FS  Hˆ Hyperfine

Equation B.1

For the Fe3+ ion, the only significant isotope with nuclear spin is 57Fe and has a natural abundance
of around 2%, so the Hyperfine interaction term in Equation B.1 can be ignored because the
majority paramagnetic iron defects that are visible under standard X-band frequencies will have
no nuclear spin.
The spin Hamiltonian is provided in the literature using either the conventional notation
or with the extended Stevens operators.

The Zeeman interaction is always given using

conventional notation:

Hˆ Zeeman  e  B  g  S 

Equation B.2

The fine structure is commonly referred to as zero-field splitting, or ZFS, because the degeneracy
of the spin states is lifted even when there is no applied magnetic field.

The choice of

Hamiltonian for the fine structure depends on the symmetry of the ion’s local surroundings.
Typically, the fine structure terms using the Stevens operators are as follows:
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Hˆ axial  B20O20  B4  O40  5O44   B40O40

Equation B.3

Hˆ rhombic  B20O20  B22O22  B40O40  B42O42  B44O44

Equation B.4

The second order terms B20 and B22 in Equations 3 and 4 are only relevant for
anisotropic defect centers and are used to describe axial and rhombic distortions respectively.
The fourth order terms B40 , B42 , B44 , in Equations 3 and 4 are used to describe the cubic field
splitting term. For ions with large axial or rhombic distortions, the zero-field splitting resulting
from the anisotropic terms is much greater than the field defined by the cubic terms. The spin
Hamiltonian for a system written using conventional notation is given as:





Hˆ   e B  g  Sˆ ...









1


...  D  Sˆz 2  Sˆ Sˆ  1   E Sˆ x 2  Sˆ y 2 ...
3


a
1

...   Sˆx 4  Sˆ y 4  Sˆ z 4  Sˆ Sˆ  1 3Sˆ 2  3Sˆ  1  ...
6
5

F
... 
35Sˆz 4  30Sˆ Sˆ  1 Sˆz 2  25Sˆ z 2  6Sˆ Sˆ  1  3Sˆ 2 Sˆ  1
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Equation B.5












2

where the first line gives the Zeeman and cubic fine structure terms, the second line gives the
second order axial fine structure terms, and the third line represents the effect of the second order
rhombic fine structure terms. The coefficients for the Stevens and conventional notations are
related and given as follows [217]:

B20 

1
D
3

Equation B.6

B22  E

Equation B.7

1
B40  B40  B44
5

Equation B.8
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1 4
B4
5

Equation B.9

a
F

120 180

Equation B.10

a
24

Equation B.11

B4 
B40 

B44 

For most systems with significant axial or rhombic local symmetry distortions, such as systems
with paramagnetic ions charge compensated with nearest neighbor point defect vacancies or
interstitials or in systems that experience deviations from cubic symmetry through displacive
ferroelectric phase transitions, the second order axial and rhombic fine structure parameters are
usually at least an order of magnitude larger than the fourth order cubic crystal field splitting
parameters. As a result, for ions with local axial or rhombic distortions, the spin Hamiltonian can
be simplified to by dropping fourth order terms and take the following form:













1


Hˆ  e B  g  Sˆ  D Sˆz 2  Sˆ Sˆ  1   E Sˆx 2  Sˆ y 2 Equation B.12
3


Equations B.5 and B.12 have been solved for ions with octahedral ligands with axial anisotropy.
For analysis of single crystals with axial distortion, the resonance fields as a function of rotation
angle with respect to the applied EPR magnetic field allow for highly effective analysis of the
paramagnetic ion in its local surroundings. Diagonalization of the appropriate spin Hamiltonian
is the only way to obtain exact solutions of the appropriate resonance fields. Diagonalization is
possible for systems with single spin ½, but quickly becomes increasingly more difficult and
eventually impossible for analytic solutions to be obtained for higher spin systems.

The

diagonalization of the appropriate spin matrix is not always possible for systems like ions with
S=5/2 with multiple fine structure variables. As a result, an alternative method is often used to
find the solutions to Equations B.5 and B.12 by using perturbation theory. This method allows
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for approximate solutions to spin Hamiltonian problems by breaking the Hamiltonian into parts
with known solutions and higher orders of correction operators:

 





ˆ 1  E 2  E3  ...
Hˆ  e B  g  Sˆ  Sˆ  D  S=E

Equation B.13

where E(1) are higher order correction terms [206]. This perturbation method works well for
certain solutions depending on the size of the fine structure parameters used. For example, the
two solutions for to Equations B.5 and B.12 have been solved with good approximation to the
exact solution of the spin Hamiltonian under the appropriate conditions. For small D values,
perturbation theory using second order corrections will approximate the exact solution of the spin
Hamiltonian [48]. For large axial distortions, however, the solution of Equation B.12 that has
been given uses only third order corrections that agree well with exact solutions but only for very
large D values [28]. The solutions for the resonant fields using second order perturbation
corrections as a function of angle of rotation between the z-direction along the principle axial axis
of the paramagnetic ion ligand field and the applied magnetic field for small values of D are
given in Equations B.14-B.24, and the solutions for third order corrections allowing for
calculation of resonant fields for large values of D are given in Equations B.25-B.26.
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Equation B.15



Equation B.18
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a 2 10

 3     7  25 
hv  3


Equation B.19

q   35cos4   30cos2   3

Equation B.20

1 

D2
cos 2  sin 2 
hv

Equation B.21

D2
sin 4 
4hv

Equation B.22

2 

  l 2 m2  m 2 n 2  n 2l 2

Equation B.23

Where l,m, and n are the direction cosines of the x,y, and z principle axes respectively. For
rotation around a principle axis orthogonal to the z-axis, Equation B.23 reduces to:

  cos2  sin 2 

Equation B.24

Third Order (large D):

1
1
hv
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2
 1  8sin 





F    sin 2 



1/2


 h2v 2

F   
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 18D



11sin 2   2
8sin 2   1

1

Equation B.25

Equation B.26

For large values of D, the splitting is so large between the M=±1 allowed transitions that only
the 

1
1
  transition is observable using X-band frequencies. Exact solutions obtained by
2
2

performing many iterative adaptive diagonalizations of the spin Hamiltonian until all of the
possible solutions are found is possible using the Easyspin program [176].
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APPENDIX C

M'

ADDITIONAL IMPEDANCE DATA OF
ACCEPTOR DOPED BaTiO3 SINGLE CRYSTALS
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Figure C.1 The real a) and imaginary b) modulus of 0.5mol% Mn doped BaTiO3 single
crystal equilibrated in under a PO2 of 2×10-5atm at 900oC before being quenched to room
temperature. Data are given for a range of temperatures with each temperature step equal
to 10oC over a range from 30 to 250oC.
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Figure C.2 The real a) and imaginary b) modulus of 0.5mol% Mn doped BaTiO3 single
crystal equilibrated in under a PO2 of 5×10-12atm at 900oC before being quenched to room
temperature. Data are given for a range of temperatures with each temperature step equal
to 10oC over a range from 30 to 250oC.
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Figure C.3 The real a) and imaginary b) modulus of 0.5mol% Mn doped BaTiO 3 single crystal
equilibrated in under a PO2 of 2×10-19atm at 900oC before being quenched to room temperature.
Data are given for a range of temperatures with each temperature step equal to 10oC over a range
from 40 to 250oC.
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Figure C.4 The real a) and imaginary b) modulus of 0.5mol% Fe doped BaTiO3 single crystal
equilibrated in air at 600oC before being quenched to room temperature. Data are given for a
range of temperatures with each temperature step equal to 10oC over a range from 30 to 250oC.
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Figure C.5 The real a) and imaginary b) modulus of 0.5mol% Fe doped BaTiO3 single crystal
equilibrated at a PO2 of 2×10-5atm at 900oC before being quenched to room temperature. Data
are given for a range of temperatures with each temperature step equal to 10oC over a range from
90 to 250oC.

187

M'

1x10

-3

1x10

-5

1x10

-7

1x10

-9

1x10

-11

1x10

-13

M"

0.01
1x10

-3

8x10

-4

6x10

-4

4x10

-4

2x10

-4

0
0.01

o

500 C
o
- - - - 40 C
o
60 C
0.1

1

10

100

1000

10000

0.1

1

10

100

1000

10000

Frequency (Hz)
Figure C.6 The real a) and imaginary b) modulus of 0.5mol% Fe doped BaTiO3 single crystal
equilibrated at a PO2 of 4×10-14atm at 900oC before being quenched to room temperature. Data
are given for a range of temperatures with each temperature step equal to 40oC over a range from
60 to 500oC.
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Figure C.7 The real a) and imaginary b) modulus of 0.5mol% Fe doped BaTiO3 single crystal
equilibrated at a PO2 of 1×10-18atm at 900oC before being quenched to room temperature. Data
are given for a range of temperatures with each temperature step equal to 20oC over a range from
30 to 250oC.
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APPENDIX D
MATLAB CODE FOR EPR
AND DEFECT CALCULATIONS
EPR Energy Levels
%=======================================================
=====================
% EPR Energy Levels
- The Easyspin software package for Matlab must be downloaded
and installed from easyspin.org
- An energy level diagram will be plotted to show the available
spin states as a function of magnitude of applied magnetic
field for a single crystal sample.
%=======================================================
=====================
Values of hyperfine and fine structure parameters are in
units of MHz
% Spin parameters
Sys1.g = [2.002]; % isotropic g matrix for anisotropic
[gx gy gz]
Sys1.S = [5/2]; % the effective spin value
Sys1.Nucs = '56Fe'; % the nuclear isotope, for Mn2+ 55Mn
Sys1.A = [0 0 0]; % the hyperfine constant matrix
Sys1.aFrame = 4; % the cubic symmetry frame, 4=fourfold,
3=threefold axis
a = 0; % standard fine structure parameters
F = 0; % rhombic distortion
D = 35000; % axial distortion
Sys1.B4 = [a*5/120 0 0 0 a/120 0 0 0 0]; % cubic ZFS
parameter
Sys1.B2 = [0 0 D/3 0 0]; % second order ZFS parameter
% Crystal Orientation and calling levelsplot function
Ori = [0;0]*pi/180; % crystal orientation with the euler
angles [phi;theta]
FieldRange = [0 500]; % magnetic field units of mT
GhzRange = [-30 30];
Freq = 9.4; % X-band frequency 9.4GHz
levelsplot(Sys1,Ori,FieldRange,Freq)
% Plot formatting
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xlabel('Magnetic Field (mT)')
ylabel('Energy (Ghz)')
figureHandle = gcf;
set(findall(figureHandle,'type','text'),'fontSize',12,'f
ontName','Times')
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EPR Single Crystal Magnetic Resonance Fields as a Function of Rotation
%=======================================================
% EPR Single Crystal Magnetic Resonance Fields as
a Function of Rotation
- The easyspin software package for Matlab must be downloaded
and installed from easyspin.org
- Resfields plotted vs. single crystal rotation with respect to
z direction of applied magnetic field.
%=======================================================
% Spin parameters
Sys1.g = [2.002]; % isotropic g maxtrix for anisotropic
[gx gy gz]
Sys1.S = [5/2]; % the effective spin value
Sys1.Nucs = '55Mn'; % most stable isotope of Mn2+
Sys1.A = [240]; % isotropic hyperfine constant
Sys1.aFrame = 4; % the cubic symmetry frame, 4=fourfold,
3=threefold axis
a = 0; % standard fine structure parameters F = 0;
D = 700;
Sys1.B4 = [a*5/120 0 0 0 a/120 0 0 0 0]; % cubic ZFS
parameter
Sys1.B2 = [0 0 D/3 0 0]; % second order ZFS parameter
Sys.lwpp = [2]; % linewidth in mT of Gaussian shaped
lines at FWHM

% Experimental parameters
Exp.mwFreq = 9.4; % X-band frequency GHz
Exp.Range = [0 600]; % magnetic field mT
% Experimental options
Exp.Harmonic = 1;
Exp.Temperature = 300;
Exp.Orientations = [0;theta]*pi/180; % [phi;theta]
Opt.Transitions = [];
Opt.Threshold = 1e-10; % low intensity lines from
unallowed transition ignored
Opt.Transitions=[]; % all possible transitions will be
considered
Opt.Transitions=[1 2]; %axial
rotN = [0 1 0]; % rotation axis
number = 91; %Number of angular increments
RA = pi/2; %Rotation Angle
[phi,theta] = rotplane(rotN,[0 -RA],number);
Exp.Orientations = [phi;theta];
Exp.Orientations*180/pi
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% Call function to determine resonance fields
x = resfields(Sys,Exp,Opt);
% Calculate resonance fields for each rotation step
counter=1;
for i=0:(RA)/(number-1):RA
ang(counter) = i;
counter=1+counter;
end
h = plot(x,ang*180/pi,'r','linewidth',2);
save my_data1.txt x -ASCII; % data saved for easy txt
file access
save my_data2.txt ang -ASCII
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Newman Superposition Analysis
%======================================================
%
Newman Superposition Analysis Used for the plots
in Figures 8.10 and 8.11
%=======================================================
a = 3.995;
c = 3.995;

%BT Lattice Parameters
%BT

% zTi zO1 zO2 c a
P = [0 0 0 3.995 3.995]; Wyckoff Positions
R0=P(4)/2;
dca = 0;
dcc = 0;
dza = 0;
t2 = 7;
Fe

%Mn2+ Power Factor

[53,170]

=

[P(5)/2 P(5)/2 (1/2+P(1))*P(4)+dcc;...
(1/2,1/2,1/2+zTi)
P(5)/2 P(5)/2 P(2)*P(4)+P(4);...
(1/2,1/2,zO1)
P(5)/2 P(5)/2 P(2)*P(4);...
(1/2,1/2,zO1)
P(5)/2 -dza (1/2+P(3))*P(4);...
(1/2,0,1/2+zO2)
P(5)/2 P(5)+dza (1/2+P(3))*P(4);...
(1/2,0/2,1/2+zO2)
-dza P(5)/2 (1/2+P(3))*P(4);...
(0,1/2,1/2+zO2)
P(5)+dza P(5)/2 (1/2+P(3))*P(4)];
(0,1/2,1/2+zO2)

x

=

y

=

z

=

[Fe(1,1) Fe(2,1)
Fe(7,1)];
[Fe(1,2) Fe(2,2)
Fe(7,2)];
[Fe(1,3) Fe(2,3)
Fe(7,3)];

%

Ti

% O1
% O1
%

O2

%

O2

%

O2

%

O2

Fe(3,1)

Fe(4,1)

Fe(5,1)

Fe(6,1)

Fe(3,2)

Fe(4,2)

Fe(5,2)

Fe(6,2)

Fe(3,3)

Fe(4,3)

Fe(5,3)

Fe(6,3)

figure(1)
scatter3(x,y,z,200,'r','fill')
da = 1;
dza = 0;
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dcc =
dza =
mincc
maxcc
minza
maxza
dcc =
dza =

-.5:.001:.5;
-.5:.001:.5;
= min(dcc);
= max(dcc);
= min(dza);
= max(dza);
meshgrid(dcc);
transpose(meshgrid(dza));
%b2R0 = -.41225*(2.101/(R0))^t2; %Fe BT
b2R0 = -.208*(2.101/(R0))^t2; %Mn BT
R01= @(dcc,dza) sqrt((P(5)/2-P(5)/2)^2+(P(5)/2P(5)/2)^2+(P(2)*P(4)+P(4)-(1/2+P(1))*P(4)dcc).^2);
K201 = 1;
N1 = @(dcc,dza) (R0./R01(dcc)).^t2.*K201;
R02= @(dcc,dza) sqrt((P(5)/2-P(5)/2)^2+(P(5)/2P(5)/2)^2+(P(2)*P(4)-((1/2+P(1))*P(4)+dcc)).^2);
K202 = 1;
N2 = @(dcc,dza)(R0./R02(dcc)).^t2.*K202;
R03=
@(dcc,dza)
sqrt((P(5)/2-P(5)/2)^2+(-dzaP(5)./2).^2+((1/2+P(3))*P(4)((1/2+P(1))*P(4)+dcc)).^2);
R03t
=
@(dcc,dza)
3.14159/2asin(((1/2+P(3))*P(4)((1/2+P(1))*P(4)+dcc))./R03(dcc,dza));
K203 = @(dcc,dza) .5*(3*(cos(R03t(dcc,dza))).^21);
N3
=
@(dcc,dza)
(R0./R03(dcc,dza)).^t2.*K203(dcc,dza);
R04=
@(dcc,dza)
sqrt((P(5)/2P(5)/2)^2+((P(5)+dza)P(5)./2).^2+((1/2+P(3))*P(4)((1/2+P(1))*P(4)+dcc)).^2);
R04t
=
@(dcc,dza)
3.14159/2asin(((1/2+P(3))*P(4)((1/2+P(1))*P(4)+dcc))./R03(dcc,dza));
K204 = @(dcc,dza) .5*(3*(cos(R04t(dcc,dza))).^21);
N4
=
@(dcc,dza)
(R0./R04(dcc,dza)).^t2.*K204(dcc,dza);
R05= @(dcc,dza) sqrt((-dza-P(5)/2).^2+(P(5)/2P(5)/2).^2+((1/2+P(3))*P(4)((1/2+P(1))*P(4)+dcc)).^2);
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R05t
=
@(dcc,dza)
3.14159/2asin(((1/2+P(3))*P(4)((1/2+P(1))*P(4)+dcc))./R03(dcc,dza));
K205 = @(dcc,dza) .5*(3*(cos(R05t(dcc,dza))).^21);
N5
=
@(dcc,dza)
(R0./R05(dcc,dza)).^t2.*K205(dcc,dza);
R06=
@(dcc,dza)
sqrt((P(5)+dzaP(5)/2).^2+(P(5)/2-P(5)/2).^2+((1/2+P(3))*P(4)((1/2+P(1))*P(4)+dcc)).^2);
R06t
=
@(dcc,dza)
3.14159/2asin(((1/2+P(3))*P(4)((1/2+P(1))*P(4)+dcc))./R03(dcc,dza));
K206 = @(dcc,dza) .5*(3*(cos(R06t(dcc,dza))).^21);
N6
=
@(dcc,dza)
(R0./R06(dcc,dza)).^t2.*K206(dcc,dza);
%sumN
=
N1(dcc,dza)+N2(dcc,dza)+N3(dcc,dza)+N4(dcc,dza)+N5
(dcc,dza)+N6(dcc,dza);
sumN
=
N2(dcc,dza)+N3(dcc,dza)+N4(dcc,dza)+N5(dcc,dza)+N6
(dcc,dza);
b20 = b2R0.*(sumN)*100*3e8/1e9; %Fe
%b20(b20>.8)=.8;
%b20(b20<.5)=.5;
figure(2)
contour3(dcc*100,dza*100,b20,200)
%([mincc maxcc minza maxza -10 10])
axis([-50 50 -50 50 -50 50])
caxis([-30 30])
%alpha(.1);
xlabel('\it{c} \rm{shift (pm)}')
ylabel('\it{a} \rm{shift (pm)}')
set(gca,'YTick',[-25 0 25 50])
%set(gca,'XTick',[-50 -30 -20 -10 0 10 20 50])
set(gca,'XTick',[-50 -25 0 25 50])
set(gca,'ZTick',[-50 0 50])
zlabel('ZFS (GHz)')
colorbar
hcb=colorbar;
%set(hcb,'YTick',[-50,-40,-30,-20,10,0,10,20,30,40,50]))
%set(hcb,'YTick',[-10,-8,-6,-4,-2,0,2,4,6,8,10])
figureHandle = gcf;
set(findall(figureHandle,'type','text'),'fontSize',18,'f
ontName','Times')
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set(gca,'fontSize',14,'fontName','Times')
%view(250,30)
view(0,90)
break

%High Resolution Figure
rez=1200; %resolution (dpi) of final graphic
f=gcf; %f is the handle of the figure you want to export
figpos=getpixelposition(f);
%dont
need
to
change
anything here
resolution=get(0,'ScreenPixelsPerInch'); %dont need to
change anything here
set(f,'paperunits','inches','papersize',figpos(3:4)/reso
lution,'paperposition',[0
0
figpos(3:4)/resolution]); %dont need to change
anything here
path='C:\Users\Russell\Desktop\CDS\Newman\'; %the folder
where you want to put the file
name='3D_Mn_vac.png'; %what you want the file to be
called
print(f,fullfile(path,name),'-dpng',['r',num2str(rez)],'-opengl') %save file
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%Kroger Vink Diagrams
syms Vsr Vo n p Ap Ax real positive;
k = 8.6e-5;
% Define Three Temperature Regimes
Tc = 1400; % Vsr active regime
Tc2 = 1000; % Vo active regime
Tc3 = 500; % Below 500C oxygen vacancies are quenched
Tc4 = 100;
PO2 = 2e-15;
Atot = 1e18;
% Number of steps taken within each temperature range
n1 = 5;
%15
n2 = 5;
%20
n3 = 5;
%30
for i=1:1:n1
T

=

(Tc
+
273)-(i-1).*(Tc-Tc2)./(n1-1)
Temperature

%

Sweep

Nc = 4.1e16*T^1.5;
Nv = 3.5e16*T^1.5;
Eg = 3.17;
B = 5.66e-4;
Kred
Ki =
Ks =
Ka =

= 5e71*exp(-6.1/(k*T)); % [5]Moos mass action
Nc*Nv*exp(-(Eg-B*T)/(k*T));
3e44*exp(-2.5/(k*T));
2.77e21*exp(-(1.18-3.7e-4*T)/(k*T)); % Maier Waser
Munch mass action data

%

Solve a system of 6 equations to determin defect
concentrations
as
a
function
of
temperature
(temperature can just as easily be fixed and PO2
can be varied)
[solutions_Vsr, solutions_Vo, solutions_n, solutions_p,
solutions_Ap, solutions_Ax] = ...;
solve(Vo*n^2*PO2^.5-Kred==0,...;
n*p-Ki==0,...;
Vsr*Vo-Ks==0,...;
2*Vsr+n+Ap-2*Vo-p==0,...;
Ap*p/Ax-Ka==0,...;
Ap+Ax-Atot==0,'IgnoreAnalyticConstraints',
true,
'Real', true);
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solutions = [solutions_Vsr, solutions_Vo, solutions_n,
solutions_p, solutions_Ap, solutions_Ax];
solutions = solutions(1,:);
V_o(i) = solutions(1);
V_sr(i) = solutions(2);
ne(i) = solutions(3);
ph(i) = solutions(4);
A_p(i) = solutions(5);
A_x(i) = solutions(6);
T_o(i) = T-273;
%

Multiply concentrations by mobility terms at each
temperature to get conductivity
Temp = Temp+273;
nmob = 3.95e4.*(Temp).^-1.62; % Moos
pmob = 1.1e6.*(Temp).^-2.36; % Moos
Vomob = (1e4./(Temp)).*exp(-0.66./(k.*Temp)); % Vacancy
mobility
ncon = 1.6e-19.*nmob.*n; %n-type conductivity
pcon = 1.6e-19.*pmob.*p; %p-type conductivity
Vion
=
2.*1.6e-19.*Vomob.*Vo;
%oxygen
conductivity
tot = ncon+pcon+Vion;
tion = Vion./(tot); %ionic transference number

vacancy
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Relative Paramagnetic Species Concentration
%======================================================
%Double Integration and Baseline Correction for EPR Data
%=======================================================

i = 1; %Multiple fils can be evaluated at a time from a single file by
changing the value of i
p = 1; % 1 for pause
for j = 1:1
%file = ['C:\file location ' num2str(j) '.lvm'];
file = ['C:\Users\file location'];
% file opening commands, depending on the type of file these might have
to be changed
fid = fopen(file);
mydata = textscan(fid, '%f %f %f %f %f %f %s %s %s %s %s %s %s %s %s %s
%s %s %s %s','delimiter','/t','Headerlines', 26);
fclose(fid);
x = mydata{1};
y = mydata{6};

% Apply data smoothing methods.
%------------------------------------------------------------------------m = 10; % half-width of smoothing window
y_binom = smooth(y,m,'binom'); % binomial moving average
lo = 1; %lower limit of data to analyze
hi = 1024; %upper limit of data to anlayze
x = x(lo:hi);
y = y(lo:hi);
y_binom = y_binom(lo:hi); %apply binomial smoothing
if p == 1
plot(x,y_binom,x,y+.3); %plots raw data and smoothed data stacked on
same figure to determine if more or less smoothing should be applied
pause
end
legend('binom','none');
%first integral
yint = cumtrapz(x,y);
yintbi = cumtrapz(x,y_binom);
if p == 1
plot(x,yintbi,x,yint);
pause
end
legend('binom','1st derivative');
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%subtract baseline *Download baseline correction file Copyright (c)
2009,
%Mirko Hrovat All rights reserved.
@http://www.mathworks.com/matlabcentral/fileexchange/24916-baseline-fit
%Use cursor to select many points on either side of the resonance
feature
%you are taking the integral of, a baseline will be draw and subtracted
%from the raw data
[yintf,yfit] = bf(yintbi,'confirm','linear')
%second integral
yint = cumtrapz(x,yintf);
if p == 1
plot(x,yint);
pause
end
legend('binom','2nd derivative');
yint = yint-yint(1);
i
total_yint(i) = max(abs(yint)) %Relative Concentration – a more precise
concentration can be achieved by comparing this value to the double
integrated value of a standard sample
yintfit = abs(yint(numel(yint)))
%total_yint(i) = yintc;
%total_yintbi(i) = yintbic;
%total_yintavg(i) = (max(yint)+yintc)/2;
%total_yintbiavg(i) = (max(yintbi)+yintbic)/2;
%time(i) = i*200;
%i = 1+i;
%plot(time,total_yint)
%drawnow
end
save my_data1.txt total_yint -ASCII;
save my_data2.txt total_yintbi -ASCII;
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