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Classical atomic-scale and first principles, quantum-based computational 

methods are used to examine impurity behavior in UO2 and surface phenomena on 

SrTiO3 and TiN. 

Firstly, the accommodation of fission products in UO2 fuels is investigated. In 

particular, the stability and clustering of Ru is examined using density functional theory 

in combination with classical thermodynamics. As observed in experiments, Ru is 

predicted to be insoluble and metallic and its aggregates are identified as the probable 

nucleus of metallic precipitates. For further investigation of fission product behavior 

especially near a Σ5 grain boundary, segregation energies of various fission products to 

the boundary are calculated using empirical potentials and their dependency on site, 

charge, and ionic radius is determined. These results provide insights into the way in 

which the microstructure of the nuclear fuel influences fission product retention, which is 

important for fuel design to length lifetime. Additionally, the microstructure of UO2 affects 

the accommodation of Cr, a common grain enlarger of UO2. The bonding within the 

grain boundary is investigated using density functional theory and the results indicate 

that Cr prefers to reside in U substitutional sites. They further predict that Cr will 
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segregate to grain boundaries and form bonds with neighboring O atoms that weaken 

the ionic nature of adjacent U-O bonds. 

Secondly, the surface diffusion mechanism of adatoms and vacancies on SrTiO3 

(001) is explored using temperature accelerated dynamics. Ad-species are predicted to 

be mobile with relatively low diffusion barriers on the SrO-terminated surface, whereas 

they are predicted to be largely immobile on the TiO2-terminated surface. An additional 

important finding is that, of the two lowest binding sites on the SrO-terminated surface, 

one is typically very close in energy to the saddle point. 

Finally, the surface oxidation of the TiN (001) surface with a monatomic step is 

examined using density functional theory. The energy released during the adsorption 

and dissociation of O2 on the stepped surface is predicted to be much larger than on the 

flat surface with the same orientation. Furthermore, a TiO2 formation reaction 

associated with O2 dissociation is predicted to be especially favorable at the step edge. 
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CHAPTER 1 
INTRODUCTION 

Since the discovery of the nuclear fission of uranium by Lise Meitner and Otto 

Frisch in 1939, various nuclear fuels have been produced and investigated to utilize the 

energy associated with the fission reaction. In order to maximize the performance of 

nuclear generators, nuclear fuels must have several material properties: 1) sufficient 

geometric stability during operation, 2) satisfactory thermal stability and transport 

character during operation, 3) acceptable chemical compatibility with cladding materials, 

4) sufficient compatibility with coolants and 5) economically acceptable manufacturing 

costs. Uranium dioxide (UO2) has good properties with respect to these criteria such as 

thermal stability under irradiation, good phase stability, high melting temperatures, and 

compatibility with possible cladding materials such as stainless steel and zircaloy. It is 

therefore used as the main fuel base for most nuclear reactors1. UO2 has the fluorite 

structure (space group mFm3 ) with a lattice parameter of 5.47 Å . Uranium forms a 

closed-packed cation sublattice and, oxygen fills all tetrahedral sites to form a simple 

cubic sublattice. UO2 exhibits almost a single phase up to its melting point, which is 

2865°C2, and this phase encompasses a broad range of stoichiometries (Figure 1-1). Its 

large free energy of formation (−218.2 kcal/mol at 1000°C) implies excellent chemical 

stability, which is the most powerful characteristic of UO2.
1 However, UO2 has several 

limiting properties as a nuclear fuel material. 

The most important of these is poor thermal conductivity (Figure 1-2), which is 

the source of high lateral thermal gradient, and low fracture strength in UO2. This poor 

thermal conductivity leads to cracks and low heat transfer to the coolant. Recently, a 

computer simulation on the origin of this property was conducted; it found that the 
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anharmonicity of longitudinal optical phonon modes is the source of low conductivity3. 

During operation, UO2 undergoes two distinctive thermal conditions: 1) high operating 

temperatures (approaching the melting temperature, ~2800°C), and 2) steep thermal 

gradients (104°C/cm)4 between the core and the outer part in the pellet. High operating 

temperatures usually accompany solid-state reactions, grain growth, densification, and 

fission product diffusion4-6. The steep thermal gradient is the source of various 

undesired process such as re-distribution of important components7 through atomic 

diffusion and thermal stress that causes plastic deformation in high temperature regions 

as well as cracks in low temperature regions8-10. In order to improve the thermal 

properties of UO2 fuels, many material modifications have been carried out, including 

modifying the microstructure of the fuel pellet11, 12, forming solid solutions with other 

refractory materials 13, 14, and doping15, 16. Another important disadvantage is that UO2 

can experience phase deviations, which can influence the mechanical properties of UO2 

as well as its melting point and thermal conductivity. For example, the fluorite structure 

of UO2 is stable up to an O/U ratio of 2.25 and, eventually, U4O9 stars to form. The 

higher oxides, such as U3O7, U3O8, and UO3, can also be formed typically under low 

temperature (less than 400ºC) conditions in the presence of water vapor and/or gamma 

radiation17-19 (see Figure 1-1). 

To overcome these demerits, achieving a comprehensive understanding of the 

behavior of fission products as well as dopants during the operation of nuclear reactors 

is essential. This entails developing an improved understanding of the nature of UO2 

itself because generated fission products and dopants can drastically change its 

physical properties. 
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Fission reactions are complex, and involve the release of products and the 

generation of defects, such as voids and fission-gas filled bubbles, dislocations and 

stacking faults, which affect the structural and mechanical properties of the fuel4, 20. 

Thus, the knowledge of the chemical state and the migration behavior of the fission 

products are critical because these will influence important physical properties of the 

fuel, such as thermal conductivity, swelling, creep, and melting. For decades, a vast 

amount of work has revealed the chemical states and locations of fission products in 

various fuel materials (see Figure 1-3). Dopants have also been investigated in order to 

improve the properties of UO2, such as electrical conductivity21, chemical stability22, 

fission gas release (FGR)23, and so forth. Recently, enhanced by the capability of 

modern computing systems, atomic level calculations and simulations of various defect 

structures associated with fission products and dopants in UO2 have become feasible 

with high-fidelity methods. These approaches are used to quantify the energetics of 

fission product and dopant interaction with defects in UO2, as detailed in Chapter 3 of 

the dissertation. 

Strontium titanate (SrTiO3; STO) is of considerable interest due to its uses as 

substrate materials for high Tc superconducting films24, high mobility oxide interfaces25, 

26, and ferroelectric superlattices27. Since the performance of such heterostructures 

depends on the growth of atomically smooth films28, the ability to tailor the substrate 

surface on the atomic level is of utmost importance. Thus, many thin film growth 

methods have been used to create an atomically smooth STO surface, including 

chemical vapor deposition (CVD)29, pulsed laser deposition (PLD)30, sol-gel method31, 

and atomic-layer deposition (ALD)32. Generally, the growth of the epitaxial films is 
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governed by numerous factors, including misfit strain, chemical compatibility, and 

growth conditions. In particular, the surface morphology is very sensitive to surface 

mobility33, 34. In order to understand the atomic-level processes which occur during 

atomic layer deposition, SrO, TiO2, and STO thin films have been deposited utilizing 

molecular dynamics (MD) simulations24, 35-37. From these studies it was found that there 

was a significant dependence of the growth characteristics on the termination layer (SrO 

or TiO2) as well as the incident species, with SrO particles growing in a layer-by-layer 

fashion and TiO2 particles producing 3D island morphology. 

Thin film growth through particle deposition involves phenomena that occur at 

two time-scale regimes38. The first encompasses the initial non-equilibrium kinetic 

behavior of the incident atoms, molecules, or clusters and involves their collision with 

the surface and short-term relaxation. These processes typically occur in the 

picoseconds (ps) time range; they thus influence thin film morphology at low 

temperatures, but do not necessarily dominate at higher temperatures. The second 

relevant time-scale regime involves subsequent thermal diffusion of the deposited 

particles between deposition events. This diffusion occurs on a time-scale of 

microseconds to seconds (μs-s), depending on growth conditions39, and determines the 

final morphology of the film. 

While MD investigations give insight into the growth and morphology of said thin 

films, the inherent limitation of classical MD method to probe nanosecond to 

microseconds (ns-s) time scale regimes precludes their use in determining the 

kinetically limited diffusion behavior of the depositing particles. That is, MD is typically 

limited to examining the first regime of growth via the deposition of the incoming 
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particles. At the same time, the diffusive behavior of ad-species on a surface must be 

characterized in order to fully understand and predict thin film growth behavior. There 

has therefore been considerable interest in accelerated MD (AMD)40-45 methods, which 

can extend the time-scales considered in atomistic simulations to orders-of-magnitude 

greater than traditional MD, to probe these time-scales relevant for film growth46, 47. As 

one of the accelerated MD methods, temperature accelerated MD (TAD) is used to 

understand the surface diffusion behavior of ad-species on SrTiO3 (001) in Chapter 4. 

Titanium nitride (TiN) is used in the form of thin or thick films in applications 

where it is typically subjected to extreme conditions, such as wear-resistant coatings for 

cutting tools48, diffusion barriers for metallization on silicon-based devices49, and 

biocompatible and corrosion-resisting coatings for orthopedic implants and dental 

surgery tools50. The properties of TiN surfaces are therefore important, as are their 

chemical interactions with oxygen because oxidation is known to significantly modify 

these properties. For example, oxygen contamination can be present during the growth 

of TiN film by chemical vapor deposition method, which can alter the film quality51. It is 

known that TiN spontaneously forms a thin oxide layer when it is exposed to air, which 

prevents further oxidation and corrosion at temperatures under 500°C52. However, when 

the temperature goes over ~500°C, rapid growth of TiO2 can occur, which compromises 

the film quality. Chen et al. has reported that the rutile-TiO2 can be detected over 600°C 

and grows inward and faster with increasing temperature (see Figure 1-4)53. Many 

experiments agree that oxynitride layers form first on top of TiN surfaces, followed by 

the formation of TiO2 although there is controversy regarding the pathways and 

mechanisms by which the TiO2 layers develop51, 54, 55. 
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Several theoretical studies using first-principles calculations have been 

conducted to identify these mechanisms. For example, Piscanec et al. predicted 

barrierless O2 adsorption and dissociation followed by Ti-O chain formation along the O2 

dissociation path50. Similar results were reported by Zimmermann et al., who also 

predicted the formation of stable Ti vacancies beneath the initial ultrathin TiO2 layers 

that are thought to induce nitrogen vacancy segregation56. In contrast, Graciani et al. 

predicted that an N-O exchange process was the preferred mechanism and provided a 

nitrogen exit channel that encouraged further oxidation of TiN rather than the direct 

formation of TiO2 layers57. Despite some disagreements, all three of these studies 

agreed that the endothermic O2 dissociation is the key reaction that is necessary to 

provide the energy needed for further oxidation and Ti-N dissociation. A key limitation of 

all three was that the modeled surfaces were both flat and pristine, while it is well-

established that surface defects are essential components for many surface reactions58-

62. In particular, steps on metal63, 64 as well as ceramic65, 66 surfaces have been 

identified as reactive sites for molecular reactions, such as for O2 dissociation67-69. 

Therefore O2 adsorption and dissociation on the stepped TiN (001) surface is 

investigated and a TiO2 formation path is predicted in Chapter 5. 
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Figure 1-1. Simplified portion of the U-O phase diagram, emphasizing solid phases with 

compositions between UO2 and UO3
70 
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Figure 1-2. Thermal conductivity71 (left) and the radial temperature distribution of UO2

72 
(right) 
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Figure 1-3. 235U and 239Pu fission product creation rates in FR(fast reactor) and 

PWR(pressurized water reactors)73 

  



 

22 

 
 
Figure 1-4. Cross-sectional micrographs of annealed TiN films at (a) 500, (b) 600, (c) 

700, and (d) 800 °C for 2 h in air (adapted from Fig.4 in the ref53) 
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CHAPTER 2 
METHODOLOGY 

Classical molecular dynamics (MD) simulations74 and density functional theory 

(DFT) calculations75 are the main computational tools used in this work. The details of 

these approaches are now presented. 

Molecular Dynamics 

Molecular dynamics (MD) simulation is a computing technique for classical 

many-body systems based on the positions and momenta of particles in the system. 

The atomic movement is determined by solving Newton’s equations of motion from the 

calculated total energy, which is given as: 

i

i
ii

r

E

dt

rd
mF









2

2

     (2-1) 

where Fi is the force vector, mi is the mass and ri the position vector of atom i; t is time 

and E is the total energy. The equation of motion is integrated with finite different 

methods 74. There are many algorithms for solving the equation of motion including the 

Verlet, leap frog, and gear predictor-corrector algorithms. A fifth-order Gear predictor-

corrector algorithm is used for this work because it is well known to be good for 

minimizing fluctuations in energy76. 

The interactions between ions in a certain lattice are composed of two terms: (1) 

long-range Coulombic interactions, and (2) short range interactions. The Ewald 

method77 is used for summation of the long range interactions, and parameterized pair 

potentials are used for modeling the short range interactions, which is described by the 

Buckingham pair potential78. The lattice energy is then given by: 
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where A, ρ, and C are the adjustable parameters for ions i and j, and rij is the interionic 

distance and q is the charge of each ion.  

Density Functional Theory 

DFT is a quantum mechanical based theory used to investigate the electronic 

structure of a many-body system. With this theory, the properties of many-body systems 

can be determined by a functional, i.e. functions of another function, which in this case 

is the ground state charge density. In order to obtain a better comprehension of DFT, it 

is essential to understand why it was developed and its relative merits and demerits.  

Theoretically, all the material properties can be described by solving many-body 

Schrödinger’s equation, which is given as: 
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where Ψ is the many-body wavefuction, N the number of particles in the system. What 

this equation implies is we need M N data points where M is the number of grid points for 

the space in which the system resides. Consequently there have been lots of attempts 

to reduce computational load by approximating Ψ with single particle wavefunctions, 

ψ(r). DFT is one of the most successful attempts. In equation (2-3), the ground state 

many-body wavefuction is a functional of the external potential, V(r): 





R

R

Rr

Z
rV )(      (2-4) 

The essential part of DFT is that the external potential, V(r), can be thought as a 

functional of the ground state charge density, ρ:  
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2
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As a result, every electronic property of the system is a functional of ρ, and 

subsequently all the other energy including Coulomb and the exchange-correlation 

energy among electrons can be accurately approximated by ρ, except the kinetic 

energy. In order to include the kinetic energy, the true many-body wavefunction kinetic 

energy is replaced with that of single particle - which is not interacting with any other 

particle. Finally, equation (2-3) can be rewritten as the so-called Kohn-Sham single 

particle equation79. 

)()(]})[(
2
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{ 2 rErrV iii       (2-6) 

The Kohn-Sham total energy functional can be written as 
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The first term on the right hand side represents the interaction between the electrons 

and the external potential, V(r). The second term is the Coulomb energy of density 

distribution. The third is the single particle kinetic energy of the non-interacting 

electrons. These three terms can be described without approximation, i.e., can be 

“exact”. However, the last term, EXC[ρ], is the exchange-correlation energy functional, 

for which the true, non-approximate form is unknown. Therefore, the way in which the 

EXC[ρ] is approximated is key to implementing this theory in practical. We can define the 

EXC[ρ] as: 

   )()( rrdrE XCXC       (2-8) 
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This equation implies that EXC[ρ] has non-local characteristic. One possible way to 

approximate EXC[ρ] is to assume that it is a functional of local electron density. This 

approach is called the local density approximation (LDA)79. 

))(()( rr LDA

XC

LDA

XC        (2-9) 

LDA has been successfully applied to many systems. However, LDA is not applicable 

for excited states and usually overestimates the cohesive energy between atoms. To 

overcome the later limitation, the generalized gradient approximation (GGA) 80 was 

introduced. In this approach, the EXC[ρ] depends on not only the local density ρ(r) but 

also the local density gradient )(r . 

     )(),()( rrrdrE GGA

XC

GGA

XC     (2-10) 

In general, GGA improves the cohesive energy estimation and the corresponding bond 

length is slightly overestimated while it is usually underestimated by LDA.  

The DFT software that is used in the work reported here is the Vienna Ab-Initio 

Simulation Package (VASP)81, 82. Pseudo-potentials and a plane-wave basis set is used 

and the interaction between ions and electrons is described using the projector 

augmented wave method (PAW)83 for all the DFT calculations in following chapters. 

Temperature Accelerated Dynamics 

TAD takes advantage of the fact that the rate of thermally activated processes is 

naturally greater at higher temperatures in order to accelerate the rate of system 

evolution, while still preserving the correct order of transitions at some lower 

temperature of interest. The basic event examined during a TAD simulation is the 

transition from one state to another connected by a minimum energy pathway (MEP). 

This pathway contains a transition state at a maximum along the MEP – the saddle 
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point configuration. The TAD approach utilizes basin-constrained MD (BCMD), which 

confines the trajectory to a particular potential energy basin – or state – of the potential 

energy surface of the system. This BCMD is performed at a high temperature Thigh, 

which is much higher than the temperature of interest, Tlow. If the system attempts to 

leave the basin during the BCMD, its trajectory is reflected back to the original state and 

the time of the attempted escape is documented creating a list of ‘waiting times’ of 

attempted escapes 44. The barrier for each attempted event is also calculated using the 

nudged elastic band (NEB) method 84. As described below, the barrier for each event is 

used to extrapolate the waiting times of events at Thigh to Tlow. 

TAD has three main assumptions: events of interest are infrequent or rare, 

harmonic transition state theory is applicable for the system of interest, and a lower 

bound on the rate prefactors is known (min). Further, the algorithm also requires a 

predefined confidence level  for the simulation; for this study, =0.05 and min= 1 × 

1012 s-1. 

Infrequent event systems are characterized by well-defined transitions between 

them45. Since harmonic transition state theory is assumed, an Arrhenius expression for 

the rate constant going from state A to B, kA-B, can be derived44: 

)
1

exp(0 a

B

BA E
Tk

vk      (2-11) 

where Ea is the energy barrier between the saddle point configuration and the minimum 

configuration (State A) and ν0 is a pre-exponential factor calculated using the Vineyard 

formula85:  
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Here, vi is the set of vibrational frequencies at the minimum (State A) and vj are the set 

of real frequencies at the saddle point configuration86. This relationship follows directly 

from the assumption that the potential is harmonic, i.e., that the potential at both the 

minimum and saddle configurations can be approximated by a harmonic oscillator. It is 

a measure of the width of the harmonic oscillators at the saddle versus the minimum 

that captures the difference in vibrational entropy between the two. By assuming a 

minimum prefactor, the computational cost associated with calculating v0 is avoided in 

TAD. 

Using the energy barrier between the initial state and saddle configuration, each 

event time observed at Thigh (thigh) is extrapolated to corresponding waiting times at Tlow 

(tlow), by: 

))
11

(exp(
highBlowB

ahighlow
TkTk

Ett        (2-13) 

The BCMD is continued at Thigh until a stopping criterion thigh,stop, which depends 

on min and , is met (equation (2-14)). At that point, the event with the lowest time at 

Tlow is accepted, the system placed in the corresponding state, and the procedure 

repeated. 
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CHAPTER 3 
DEFECT BEHAVIOR IN URANIUM DIOXIDE 

In this chapter, the solution and clustering of a selected fission element, ruthenium 

(Ru), and the segregation of various fission species to a grain boundary in UO2 is 

investigated using several computational methods. Additionally, the electronic structure 

near the UO2 grain boundary with a typical grain enlarger, chromium (Cr), is examined in 

order to provide some practical insights for manufacturing UO2 pellet as the nuclear fuel. 

Solubility and Clustering of Ruthenium 

Fission reactions in a nuclear fuel are complex, as they involve the release of 

products and the generation of defects, such as voids and fission-gas filled bubbles, 

and lead to the generation of dislocations and stacking faults, which affect the structural 

and mechanical properties of the fuel material4, 20. Therefore, the chemical stability of 

fission products (FPs) in UO2 based nuclear fuels is critical to both the performance and 

the integrity of the fuel. There is, therefore, tremendous interest in understanding the 

microscopic behavior of FPs under the operating conditions of the fuel, including high 

temperature and irradiation. For decades, atomic scale calculation and simulation 

methods have been used to quantify this chemical stability87-89. A typical starting point is 

the calculation of the solution energy of fission products as point defects in the UO2 

matrix89. Among the various computational approaches that can be used to calculate 

these energies, density functional theory (DFT) is one of the most widely employed 

today because of its ability to produce relatively high-fidelity results for both a wide 

range of fission products and for UO2, as well as to account for the complexities 

associated with different bonding environments within one system. However, the 

conditions of typical DFT calculations (zero Kelvin and perfect vacuum) are inconsistent 
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with the conditions in actual reactors (high temperatures and oxygen partial pressures). 

An approach that addresses this limitation while retaining the strengths of the DFT 

approach is to combine the results of DFT calculations with thermodynamics 

calculations90-93. 

In the past, DFT calculations have most commonly been applied to examine the 

accommodation of fission products as point defects, which is most relevant to the very 

earliest stages of fission product formation and accommodation. An improved 

description of fission product formation and incorporation over longer times, however, 

requires consideration of more complicated defect structures, such as fission product 

clusters, bubbles, inclusions, and precipitates. These types of extended defects have 

been most commonly examined using less computationally intensive empirical methods 

than DFT, which limits the types of aggregates that can be studied94, 95. Recently, 

however, it becomes possible to apply DFT to examine small-scale defect clusters in 

UO2 that may form the nuclei of larger fission product aggregates. 

The solution energy of Kr, a gaseous fission product which has high yield, was 

among the first to be considered in DFT calculations96. The resulting energies at several 

intrinsic defects predicted that Kr is insoluble in UO2, in agreement with experimental 

findings20 and pair potential calculations89, 97. This insolubility was also predicted by a 

subsequent computational study98 which presented the dependence of the solubility of 

fission products on the thermodynamic conditions of the fuel such as stoichiometry, 

defect concentration, and temperature. In addition, over the last decade, the chemical 

stability of various fission products that exist in gaseous or oxide form in UO2 – including 

He, I, Cs, Sr, Ba, Zr, Mo, and Xe – have been determined using DFT98-102. More 



 

31 

recently, the stabilities of selected metallic fission products were also examined103. In 

most cases these studies focused on a single fission product atom and its solution or 

oxide formation at trap sites, the stabilities of which were also evaluated using DFT104-

108. Because these studies focused on individual FPs within the UO2 host, the FP was 

typically in an oxidized state, and not representative of metallic precipitation. 

Here, the focus is on the solubility of metallic Ru fission products, examined 

using a combination of DFT and classical thermodynamics in a manner similar to that 

taken in Refs91, 92, 109, 110. Ru can typically be found in the form of metallic (or “white”) 

inclusions within the fuel, normally an alloy of metallic FPs: Ru, Mo, Pd, Rh, Tc and 

Te20. There is little information, however, about the atomic scale accommodation of 

these metallic fission products and their influence on fuel performance. We first consider 

the chemical stability of various Ru complexes of different sizes to quantify how the very 

initial stages of metallic fission product clustering influences solution energies and the 

electronic structure of the fuel. 

Computational Details 

Electronic Structure Calculations 

The DFT calculations for total energies are carried out with the valence electrons 

considered are as follows: U 6s26p65f36d17s2, O 2s22p4, and Ru 4s13d7. The outermost 

core radii are 2.80, 1.52, and 2.60 in a.u. for U, O, and Ru, respectively. Slight overlaps 

are found only for Ru-O bonds in Ru cluster systems, as discussed later. These 

overlaps are less than those that occur in ruthenium oxides using the same core radii 

and for which PAW calculations provide good agreement with experiment111, 112. Thus 

the effect of overlap is expected to be negligible. While in most cases the LDA and the 

GGA to the exchange and correlation energies within DFT provide reasonably accurate 
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descriptions of the electronic structure of most materials, it is now established that these 

approximations have difficulties in describing the ground-state behavior of highly 

correlated materials, including actinide oxides113. The suggested reason for this 

shortcoming is the partial filling of the 5f orbitals and the resulting strong correlation, 

which means that electrons tend to be localized rather than dispersed over the entire 

system114. As a result, DFT calculations using the LDA or GGA, which delocalize 

electrons too strongly, incorrectly predict that insulating UO2 is metallic. Several 

attempts have been made to address this shortcoming including the Hubbard+U 

approach115-117, self-interaction correction (SIC)118, and hybrid functionals for exchange 

and correlation119. Here, we use the GGA+U framework to capture the strong correlated 

nature of the 5f electrons of uranium. The Ueff (U-J) value is chosen as 3.96 eV, as was 

the case in other studies102, 104, 107, 120. Recently, metastable states of pure UO2 have 

been explored by modifying occupation matrices121, 122. However, it has been 

established that the degeneracy associated with metastable states is broken in systems 

with low symmetry, such as the defect configurations studied here. Therefore 

metastable states are unlikely and their exploration is left for future work. 

To model the bulk UO2 system we use a 2×2×2 supercell with 96 atoms for the 

structural optimizations, and the cell volume is kept constant during the determination of 

Ru atomic, dimer, and trimer solution energies in order to better mimic their 

incorporation within an actual extended UO2 lattice. This is admittedly a small supercell 

and thus it is necessary to check that our results are converged against Brillouin zone 

sampling. For all of the calculations reported here we sample the Brillouin zone with a 

2×2×2 Monkhorst–Pack k-point mesh123. We considered the effect of k-mesh density on 
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the defect formation energy in UO2 in a manner that is similar to a previous study124; the 

results are given in Table 3-1. We also implemented a similar k-mesh test for the Ru-

UO2 system that is discussed in the next section and confirmed that the difference in 

solution energy between 2×2×2 and 4×4×4 sampling was in the range of sub-meV. This 

indicates that a 2×2×2 mesh is sufficient to avoid significant numerical errors in the 

calculations. The cutoff energy for the plane-waves is 400 eV for all the calculations 

reported here. The convergence criteria for the energy difference is 10-5 eV and for the 

residual forces less than 10-2 eV/Å . 

Thermodynamic Calculations  

The solution energy Esolution of a fission product is defined as89  

trapincsolution EEE  ,     (3-1) 

where Einc is the incorporation energy of a given fission product at a pre-existed trap 

site, and Etrap is the trap site formation energy, the energy required to form the trap site 

for the incorporation of the fission product. Detailed definitions of these energies are 

discussed elsewhere102. We can calculate the incorporation energy using total energies 

from DFT calculations as: 

i

totaltotal

inc EsitetrapEiEE  )()( .    (3-2) 

where Etotal(i) is the total energy of the system with a fission product i at a specific trap 

site, Etotal(trap site) is the total energy of the system with the trap site only, and Ei is the 

total energy of a single atom i, i.e., the chemical potential of i; this is discussed in detail 

in following section. Because the incorporation energy applies to a situation where the 

trap sites already exist in the fuel and that they greatly outnumber the fission products 

generated, the actual fuel condition after a certain amount of burn up is not accounted 
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for properly. In other words, the concentration of a given trap site within the fuel, which 

is a function of a variety of experimental factors including burn-up, temperature, and 

stoichiometry of the fuel, can then be used to calculate the solution energy for arbitrary 

conditions. Therefore, the energy needed to form trap sites is determined by combining 

the results of DFT with classical thermodynamics calculations. A common approach for 

considering thermodynamics is to use the point defect model (PDM)109, 125 to evaluate 

the effect of fuel stoichiometry and temperature on the trap site formation energy, which 

can be expressed as: 

])ln([xkTEtrap  .     (3-3) 

Here [X] is the concentration of the defect considered and is found by solving 

self-consistently the coupled reactions for all of the relevant defects in the material. 

Analytical expressions for Etrap for various trap sites within the low temperature limit 

where only one trap site dominates the incorporation of a given fission product can be 

derived and are tabulated in Table 3-287, 101. They can be seen to depend on the 

deviation of the fuel from stoichiometry (x), the formation energies of oxygen Frenkel 

pairs (EFPO) and Schottky defects (ESch), and the binding energies of divacancies and 

trivacancies (BDV, BSch)
89, 99. 

Allowed Chemical Potential 

To calculate the energies discussed in the last section, the energy of a single 

atom must be defined. One of the most commonly used ways of doing this is to take an 

isolated atom which is infinitely far from the system as a reference. Under those 

conditions, the total energy of a single atom is calculated by the self-interaction energy 

of DFT. An alternative approach is to use the atom in its standard state as the reference 
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instead of the isolated atom. In this case, the total energy of a single atom is defined as 

the energy per atom in each of the reference systems. These different approaches 

essentially define different chemical potentials for the relevant species. For UO2, we use 

the later approach, taking the reference state of oxygen as an oxygen molecule (O2) in 

the gas phase and the reference state of uranium as bulk metal (α-U). For the fission 

product (Ru), both approaches are considered to determine the single atom energy (see 

details in following section). The GGA+U approach is used because of its ability to 

reproduce the electronic structure of UO2. However, while GGA+U does not accurately 

describe the structure of α-U (see Table 3-3) due to the weak electron correlations 

present in the metal126, we nevertheless apply the +U scheme to α-U in order to 

maintain consistency with the calculations for the UO2 system; this constraint does not 

alter the energetic trends. We note that +U still predicts α-U to be metallic. 

The total internal energy at zero temperature calculated in DFT does not include 

zero-point vibrations. Therefore, the chemical potential of an atom can be written as  

),(),( PTEPT total   ,     (3-4) 

where Etotal is the total energy of the atom and Δμ (T, P) includes the zero-point 

vibrational energy and the temperature and pressure dependence of the chemical 

potential105, 127. This term can be simplified by neglecting the zero-point vibrations and 

the pressure effects. These are reasonable approximations, particularly for defect 

energy calculations at zero temperature92, 127. The resulting chemical potential of an 

atom is thus its energy as calculated by DFT according to: 

totalET  )0( .     (3-5) 
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Thus the chemical potentials of uranium and oxygen are related by the Gibbs 

free energy of UO2 bulk: 

2 2 2 2[ ] [ ]2 bulk total

U UO O UO UO UOg E        (3-6) 

where gbulk is the Gibbs free energy per formula unit and Etotal is the total energy. 

Equation (3-6) applies at equilibrium thus if one of these chemical potentials becomes 

very low, the oxide would decompose into α-U and oxygen molecules, which are the 

reference states used for each element. To maintain the oxide form, therefore, the 

range of chemical potentials is limited. For example, when α-U starts to form as a result 

of decomposition, its chemical potential reaches a maximum, which is the chemical 

potential at the reference state:  

2

max

[ ] [ ]

total

U UO U U UE      .     (3-7) 

This is called the “uranium-rich limit” of the system and the calculated total

UE
 using 

GGA+U is -8.08 eV. Together with equation (3-6), the minimum of the oxygen chemical 

potential in UO2 can be set as: 

2 2 2 2 2

min max

[ ] [ ] [ ]

1 1 1

2 2 2

bulk bulk total total

O UO UO U UO UO U U UO Ug g E E     
                . (3-8) 

Similarly we can obtain the maximum of the oxygen chemical potential, which we 

denote the “oxygen-rich limit”: 

2 2 2

max

[ ] [ ]

1

2

total

O UO O O OE   ,     (3-9) 

where the calculated
2

1

2

total

OE  is -4.89 eV.  
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Using these upper and lower bounds of oxygen chemical potential, we can set a 

range of allowed oxygen chemical potentials as originally suggested by Reuter et al. for 

the RuO2 system92 and applied to UO2 by Yu et al.128: 

2 2 2

min max

[ ] [ ] [ ]O UO O UO O UO    ,  

2 2 2[ ] [ ] [ ]

1

2

bulk

UO U U O UO O Og   
     ,   (3-10) 

 
2 2 2[ ]

1 1

2 2

total total total

UO U O UO OE E E 
     .     

Although UO2 is the dominant phase in the actual fuel, highly oxidized phases 

such as U3O8 and UO3 begin to form as the burn-up proceeds and an anion-excess 

condition consequently develops. Thus, we can set equilibriums similar to the equation 

(3-6) for these phases:  

3 8 3 8 3 8 3 8[ ] [ ]3 8 bulk total

U U O O U O U O U Og E    ,   (3-11) 

3 3 3 3[ ] [ ]3 bulk total

U UO O UO UO UOg E    .    (3-12) 

By assuming the allowed range in the chemical potential for oxygen in UO2 as a 

global bound over all phases, the uranium chemical potential range, which varies with 

the phase considered, can be determined as shown in Figure 3-1. The oxide with lowest 

uranium chemical potential varies from UO2 to UO3 within this oxygen potential range 

and this may imply the gradual transition to highly oxidized phases as the oxygen 

chemical potential increases even though these phases are only available near the 

oxygen-rich limit. This phase variation corresponds well with the experimental phase 

diagram of UO2, which shows a very narrow region of UO2-x while a wide variety of 

UO2+x is present. Thus, the chemical potential of each atom must be carefully chosen 
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with regard to both environmental conditions and possible phases in order to determine 

energies related to defects in UO2. The defect formation energies of U and O vacancies 

using different chemical potentials are given in Table 3-4 to illustrate this point.  

Stability of Ru in UO2 

Determining the chemical potential of Ru, Ru , is more complicated than 

determining U  and O . This is because during the fission reaction, Ru is generated as 

a single atom with high kinetic energy and is eventually incorporated into UO2 along 

with defects produced during the collision or other fission products around it. Therefore 

we might need to apply different Ru depending of the form Ru takes within the matrix 

(atomic clusters, compounds, oxides, and so on). The easiest approach is to use either 

gas phase or bulk metal for all case and so we take both references into account for all 

calculations. The chemical potentials of Ru under different reference states are 

presented in Table 3-5. For a better assessment of the chemical potential of Ru, 

however, we may need to consider other possible phases in which Ru can reside in 

UO2 rather than Ru metal, such as U-Ru compounds and ruthenium oxides. To enable 

this, we can expand the allowed chemical potential scheme for UO2 to these various 

fission products and thus correlate Ru  with U  and O . Here, several compounds and 

oxides are taken into account via their equilibrium equations: 

2 2 2 2[ ] [ ]2 bulk total

U U Ru Ru U Ru U Ru U Rug E   
    (3-13) 

3 3 3 3[ ] [ ]3 bulk total

U URu Ru URu URu URug E   
    (3-14) 

2 2 2 2[ ] [ ]2 bulk total

Ru RuO O RuO RuO RuOg E   
    (3-15) 
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4 4 4 4[ ] [ ]4 bulk total

Ru RuO O RuO RuO RuOg E   
.    (3-16) 

The maximum of Ru  is the total energy per atom of Ru, which is -9.20 eV (see 

Table 3-5). By using this maximum and the equations above, we can obtain the possible 

chemical potential range of Ru in UO2 within the allowed range of oxygen discussed in 

the last section (see Figure 3-2). Note that Ru  already reaches its maximum over a 

wide range of O  and this is consistent with the fact that Ru mostly exists as metallic 

inclusions in UO2. Ru  can be considerably reduced by forming oxides; however, RuOx 

is only stable in UO2 at very high O  as shown in Figure 3-2 and elsewhere103, 129. 

Therefore, we can reasonably presume that Ru exists in a metallic form rather than a 

compound or oxide in UO2 unless the oxygen chemical potential reaches both limits. 

Hence, it seems reasonable to expect the metal bulk to be the appropriate reference 

state of Ru in UO2, even though the actual Ru may not have the metallic properties. 

However, for completeness, both reference states are considered for comparison. 

The incorporation energies of Ru at various trap sites are presented in Table 3-6 

using the reference states given in Table 3-5. Using isolated Ru atom as the reference, 

the results indicate that Ru incorporates into UO2 at all trap sites considered. However, 

as the reference state is adjusted to the bulk metal, the signs of the incorporation 

energies become positive. Regardless of the reference state, the U vacancy is the most 

energetically favorable trap-site for Ru incorporation, as it is for several other fission 

products102, 103.  

The calculated solution energies of Ru are given in Table 3-7. Trap-site formation 

energies are determined using PDM at 0K (as described in Table 3-2). The 
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stoichiometric deviation is fixed at 0.02 which is within the stoichiometry range where 

oxygen clustering is negligible, consistent with the assumptions of PDM108, 130. The 

trend for solution energies with respect to reference states is quite similar to that of 

incorporation energies. If we choose the isolated atom as the reference, the Ru atoms 

are soluble in UO2±x for most cases. On the other hand, using the bulk metal as the 

reference indicates that Ru is insoluble in UO2±x unless the Ru is trapped at a U 

vacancy in UO2+x. These quantities were also calculated by Brillant et al.103 and Busker 

et al.131 using DFT and empirical potentials respectively; their results are given in Table 

3-7 for comparison. The calculation criteria Brillant used are different from ours and the 

empirical potential inherently lacks the capability of calculating single atom energy with 

proper reference state thus the magnitude of the solution energies from both the DFT 

and the empirical potentials is quite different. However, the physical trends are similar to 

each other (as has been shown to the case for other comparisons of FP solution energy 

between DFT and pair potentials102). 

Clustering Behavior of Ru  

In the previous section, we focused on the solution of individual Ru atoms within 

UO2. In the actual fuel, Ru tends to form metallic clusters in the UO2 pellet rather than 

exist as dispersed atoms20. Therefore, understanding the clustering behavior of Ru 

atoms in UO2 is important for achieving improved predictions of fuel evolution. First of all, 

it is necessary to validate that the clustering of Ru is energetically favored in UO2 and a 

simple Ru dimer would be the first step of clustering. We considered three possible 

dimers consisting of two Ru atoms in points defect configurations (Rui+RuO, Rui+RuU, 

and RuU+RuO) and then found that Rui+RuU is the most energetically favored 

configuration among them (see Table 3-8). Thus we selected this configuration to 
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assess the stability of the dimer relative to dispersed Ru atoms in UO2. In order to do 

this, a separated dimer, which has a longer Ru-Ru distance (4.88 Å ) than that of the 

bound dimer (2.51 Å ), is examined (see Figure 3-3). The total energy of the UO2 

supercell containing the separated dimer is 0.98 eV higher than that of the bound dimer 

case. This indicates that the total energy of Ru-bearing UO2 can be lowered by the 

agglomeration of Ru fission products. 

As presented in Figure 3-3, however, a bound dimer induces large distortions in 

the surrounding oxygen sub-lattice (maximum displacement of matrix elements, Δdmax, 

is 0.48 Å ), which possibly implies interactions between Ru and surrounding oxygen 

atoms, or an oxidation of the Ru atoms. This might not best represent the case in which 

we are interested (metallic inclusion). In addition, it is experimentally more likely that 

fission products reside in existing defects with free volume when they agglomerate, 

which are generated in a great amount during the irradiation of the fuel, rather than 

substitute host elements. Hence a bound Schottky defect in UO2 is chosen as the 

nucleus of a nanovoid in which the fission products can easily reside. A Ru atom, dimer 

and trimer are then each placed in this Schottky defect and examined to understand 

how they evolve to a cluster. The final configurations depicted in Figure 3-4 indicate that 

even three Ru atoms are easily accommodated into the Schottky defect without 

significant lattice distortion (Δdmax= 0.14Å ). This is because the Schottky defect has 

more free volume to contain Ru atoms than point defects (vacancies), as one would 

expect. 

The solution and binding energies of clustered Ru are given in Table 3-9. The 

binding energy is the energy needed to bring Ru atoms in separated Schottky defects 
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into one Schottky defect, with the remaining empty Schottky defects spaced far apart. 

While the binding energies indicate that it is favorable to bring two Ru atoms together 

into one Schottky, there is an abrupt increase in energy in going from the dimer to the 

trimer configuration, which implies that the dimer is the most stable Ru cluster in a 

Schottky defect. In fact, while dimers are bound within the Schottky, trimers are actually 

repelled. Therefore it is reasonable to conclude that Ru clustering occurs where there is 

enough empty space in the lattice, but that only a few Ru atoms can be accommodated 

into one Schottky, suggesting that the nucleus of the metallic inclusions may be metal 

dimers incorporated within Schottky defects. 

As metallic inclusions precipitate in the matrix, they will have profound effects on 

the fuel, modifying properties such as thermal conductivity and mechanical properties. 

To assess the influence of metallic aggregates on the electrical properties of the fuel, 

the electronic density of states (DOS) of all three cases of Ru-bearing Schottky defects 

are analyzed. The total DOS of Ru-bearing UO2 shows that more electronic states are 

introduced within the gap of UO2 as the Ru atoms agglomerate. Further, the partial DOS 

of Ru clusters confirm that even a cluster as small as the dimer or trimer shows a DOS 

very similar to that of metallic Ru (Figure 3-5). Therefore Ru clusters in UO2 become 

metallic at the very earliest stage of clustering − even trimers exhibit some metallic 

character. This also demonstrates that current empirical potentials of FPs in UO2, which 

can only describe ionic bonding, are expected to describe even the simplest of metallic 

clusters poorly. 

Fission Product Segregation to Grain Boundaries in UO2 

Grain boundaries are important for controlling many properties in oxides, 

including the nucleation of new phases and the segregation and transport of ions, 



 

43 

including impurity ions132. This is especially true in UO2 because the fuel pellets of UO2 

typically consists of micron-sized grains4. Consequently, grain boundaries are the most 

abundant structural defects in UO2 pellets and they play an important role in the 

accommodation of fission products, serving as nucleation sites for fission gas bubbles 

and metallic precipitates4. In addition, numerous fission products of different elements, 

charges, and sizes are generated throughout the fuel matrix during the operation. 

Therefore, quantifying the interactions of fission products with UO2 grain boundaries is 

thus important for both understanding and predicting the behavior of the fuel under 

service. Here, the interactions of a range of fission products with a model grain 

boundary in UO2 are examined at the atomic scale with empirical potentials, with 

selected results involving Xe and Ru examined further with density functional theory 

(DFT) calculations. The results provide insight into the roles of fission product charge 

and ionic radius on the propensity of fission products to segregate to grain boundaries 

in UO2. 

Computational Details 

The Σ5(310)/[001] θ=36.9° symmetric tilt grain boundary is the model system 

selected for this work, which is one of the low energy boundaries in UO2
133. The initial 

structure constructed using GBstudio134 contains uranium-uranium and oxygen-oxygen 

pairs at the boundary plane that are spatially very close and thus experience large 

repulsions; therefore a modification of the boundary is needed to achieve a more 

reasonable configuration. This can be done via two approaches: minimizing the 

boundary energy with respect to the relative translation of the two grains (mapping the γ 

surface)135 or removing atoms systematically, resulting in a reduced density of atoms at 

the grain boundary136, 137. While in principle both degrees of freedom should be 
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minimized concurrently to obtain the global energy minimum, typically only one of the 

two methods is applied to minimize computational cost. In this work, we chose the latter 

approach. In particular, half of the uranium atoms near the grain boundary that were too 

close to other atoms, along with their corresponding oxygen pairs, were removed 

followed by a full relaxation of all ions using the General Utility Lattice Program 

(GULP)138. We have tested several geometries where near-pairs were removed and 

used the lowest energy structure found (Figure 3-6) for the rest of the work. While there 

is no guarantee that this approach will provide the global minimum energy structure of 

the boundary, we expect that the structure obtained is representative of that in the real 

material. Indeed, the atomic structure of this boundary is similar to that obtained 

previously by γ surface mapping and consistent with the Z-contrast STEM image for the 

Σ5 (310) grain boundary of yttria-stabilized ZrO2, which has the fluorite structure, by 

Dickey et al.136, 139 

To determine the dependence of the fully relaxed atomic structure of this boundary on 

the particular empirical potential employed, we determined the structure using three 

different empirical potentials (Basak140, Busker141, and Grimes89), confirming that the 

resulting boundary structures are almost identical to each other, although the absolute 

values of grain boundary energies do differ (0.116 eV/Å 2, 0.155 eV/Å 2, and 0.195 eV/Å 2, 

respectively). Because Grimes89 has also reported a set of empirical potentials which 

encompasses a wide variety of fission products, we used the Grimes potential to 

investigate the segregation of fission products. Particularly, potentials for Ru of various 

charge states are from Busker et al.142 
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Segregation Energy Calculations by Empirical Potentials  

The segregation energy of each fission product is defined as the total energy 

difference of placing the fission product at the grain boundary relative to placing it in a 

perfect UO2 lattice (or, equivalently, as the difference in chemical potential in the bulk 

compared to at the grain boundary). However, the atomic configuration of the grain 

boundary is complex and thus the segregation energies depend on the specific 

segregation sites as determined by the atomic structure of the boundary, as Nerikar et 

al.143 reported for Xe segregation in UO2. Therefore it is necessary to construct a 

segregation energy profile across the grain boundary that considers all possible 

segregation sites. To obtain this profile, we substituted the fission product for one of the 

uranium ions, one at a time, for all the uranium ions in the system. We performed this 

set of calculations for all of the fission products, spanning different ionic charges and 

radii, which are available in the Grimes potential set (a total of thirteen fission products), 

and constructed segregation profiles for all of them. The charge of the system caused 

by aliovalent cations has been compensated by a uniform background charge as 

implemented in the GULP. Figure 3-7 illustrates typical energy profiles for alio- and 

isovalent fission products. Segregation profiles for other fission products are very similar 

(exceptions are discussed below). 

It is notable that the segregation profiles in Figure 3-7 do not exhibit an 

electrostatic dipole (observed for the same grain boundary type with an atomic structure 

determined by γ surface mapping143) resulting in segregation profiles that are symmetric. 

In addition, there are two sites that are especially preferred, depending on the species 

in question, labeled the a- and b-site for Xe and Ru4+, respectively (see also Figure 3-6). 

It is interesting to note that for nearly all of the other fission products considered, a 
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similar segregation site preference is observed, i.e., the lowest energy site for aliovalent 

ions is the a-site, while that for isovalent ions is the b site. Segregation energies at 

these two sites for all the fission products are tabulated in Table 3-10. Clearly, there is 

gradual change in segregation energy which seems to be related to charge and/or size 

of segregates for both sites. This is discussed in detail below. 

The primary difference between the two low-energy sites is the configuration of 

surrounding oxygen ions and resulting free volume. The a-site, which is in the uranium 

layer with the half-filled column formed as a consequence of the removal of atoms in 

constructing the boundary, is adjacent to the free volume formed by the removal of two 

oxygen ions. The remaining six neighboring oxygen ions tend to maintain their original 

positions within the fluorite structure (see the left-most inset within Figure 3-7) so that 

the a-site has significant free volume associated with it. When lower valence ions, which 

do not interact nearly as strongly with oxygen ions, segregate to this a-site, they are 

able to relax into the free volume – the surrounding constitutional or structural 

vacancies144 – and so are able to maximize their separation from the surrounding 

oxygen ions. For instance, the fully relaxed structure of Xe in a-site confirms that the 

final Xe position is near the center of the free volume and its average separation from its 

neighbors is over 3 Å  (the average U-O bond length at the a-site is 2.22 Å ). On the 

other hand, the b-site, which is in the uranium layer without the half-filled column, is 

more closely packed with surrounding oxygen ions. Therefore, only higher valence ions 

have any tendency to segregate to the b-site, maximizing their interaction with those 

oxygen ions. In the case of Ru4+ in the b-site, the resulting Ru-O configuration is similar 

to that of rutile RuO2 with an average Ru-O bond length of 1.99 Å , which is even smaller 
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than that of the original U-O at b-site (2.20 Å ). Thus the segregation tendency of Ru4+ 

into the b-site is significant, when compared to other isovalent ions. 

These results suggest that the charge of the segregates and the preferred oxide 

coordination of the segregate are significant factors in determining segregation behavior. 

Ba2+ and Ce4+ are slightly off this trend and their lowest energy sites are the nearest 

neighboring sites of the a-site, sites which maintain the fluorite structure and 

coordination but with elongated U-O bond lengths. The fact that Ce4+ – one of the 

isovalent ions – prefers this fluorite-like site over the b-site supports the idea of oxide 

formation tendencies being a determiner for what sites are preferred. This will be 

discussed later in detail. 

Effect of Charge on FP Segregation 

To understand the dependence of the segregation behavior of fission products 

on the bonding environment of the segregation site in further detail, DFT calculations 

are performed for both Xe and Ru. Details of the calculations are the same as in the 

previous section. For efficiency, only the two lowest energy sites discussed above were 

examined in a supercell containing a grain boundary structure that was reduced in size 

by half along both the y- and z-axes indicated in Figure 3-6, but which maintains the 

essential geometrical features of the Σ5 grain boundary. Despite the small system size, 

the fully relaxed structure is quite similar to that found using the potential. The 

segregation energies of Xe in the a- and b-site are predicted to be −4.44 eV and −2.17 

eV and the average Xe-O bond length in the lowest energy site is 3.15 Å  (in a-site). The 

corresponding values for Ru are −3.14 eV, −3.22 eV and 2.04 Å  (in b-site), respectively.  

These values agree well with the trends predicted using the Grimes potential 

(Table 3-10). Further, spin density analysis indicates that Xe substituted for U oxidizes 
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four neighboring U4+ ions into U5+, which is expected for the inert impurity substituted at 

a cation site, while Ru does not affect neighboring U ions. That is, because the 

replacement of U4+ with Xe results in the “loss” of 4 electrons that the neighboring 

oxygen normally accept from the original U, the remaining U ions donate an extra 

electron to stabilize the system. Bader charge analysis145 confirms that Xe alters the 

effective charge of oxygen ions over a wide spatial extent while Ru transfers charges 

locally, to neighboring O ions, as illustrated in Figure 3-8. This is a direct consequence 

of the number and distribution of U ions which are oxidized to U5+ in each case. We 

note that, while the potential does not account for this charge transfer, it still predicts the 

correct trend in terms of which site, a or b, is preferred. This is because the charge 

transfer is more or less independent of where the Xe is inserted and thus cancels when 

comparing different sites. 

Effect of Ionic Radius on FP Segregation 

Because the size mismatch of segregates has been considered the primary 

factor determining segregation, especially in metals146, it is reasonable to think that the 

size of the impurity ion may also influence its segregation in an oxide147-150. The 

segregation energies for the a-site listed in Table 3-10 show that the absolute 

segregation energy tends to decrease as the valence increases, which correlates with 

decreasing ionic radius. Hence, in Figure 3-9, we have plotted segregation energies of 

several cations in Table 3-10 as a function of the ionic radii reported by Shannon et 

al.151 

While the dataset is not large, one may draw several conclusions. First, the 

segregation energies of isovalent ions which have similar radii with U4+ are relatively 

small. This is consistent with the segregation behavior of fission products on UO2 
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surfaces.152 The fact that Zr4+ and Ce4+ have relatively weak tendencies to segregate to 

the boundary while Ru4+ does not is also consistent with the types of oxides these 

cations form. Zr and Ce form fluorite or fluorite-like compounds, similar to U, while Ru 

does not, forming rutile instead. Second, the segregation becomes more site-sensitive 

as the ionic radius increases, especially for aliovalent ions. This clearly indicates 

preferential segregation of larger aliovalent impurities to free spaces, which also can be 

rationalized by the types of oxides they form. The aliovalent ions do not form fluorite-like 

oxides and thus will strongly prefer non-fluorite oxygen environments at the grain 

boundary. This suggests a connection between solubility and segregation tendency, as 

insoluble species will have a stronger tendency to segregate to non-fluorite sites.  

Factors that Affect FP Segregation 

Finally, to better deconvolute the roles that charge and size play in fission 

product segregation to the boundary, we calculate segregation energies of an artificial U 

cation to both the a- and b-sites as a function of valence (q) and one of the adjustable 

parameters for the cation-anion short range interaction (ρ), which is most related to the 

ionic radius as indicated in the Buckingham pair potential described in Chapter 2. 
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The result, given in Figure 3-10, is consistent with the trend found in Figure 3-9. First, a-

site is preferred for the vast majority of the parameter space while b-site is not largely 

favored. Second, the change in segregation energy associated with ionic radius 

becomes more dramatic as the valence of species becomes closer to 4+ for both a- and 

b-site. Third, for large species, the dependence on valence is negligible for the b-site 

but is strong for the a-site. For small species, however, the overall trend is quite similar 
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for both sites. All these results lead to a more general conclusion. Segregates in UO2 

will find free space first regardless of their charges or sizes though the segregation 

tendency is governed by both, simultaneously. When the segregates are small and 

have a valence similar to that of uranium, however, they might prefer a more closed-

packed site (b-site), possibly making bonds with surrounding oxygen ions. 

Discussion 

These results have interesting implications for the evolution of fission product 

segregation in UO2. Aliovalent ions will diffuse to sites with greater free volume while 

isovalent ions diffuse to sites with greater oxygen coordination. However, in particular 

for aliovalent ions, their incorporation is accompanied by changes in the uranium 

valence. Thus, there will be a limit to the number of aliovalent ions that can be placed 

near a given site as there will be, at some point, no U4+ to oxidize to U5+; it will all be U5+. 

This means that, at some point, the incorporation of these ions must be accompanied 

by the removal of further oxygen ions to stabilize the local charge. Further, these results 

provide insight into how doping might be used to control fission product segregation and 

precipitation. If the fuel is fabricated with isovalent dopant ions that have strong 

interactions with oxygen, they may fill the b-type sites in the boundaries, eliminating 

sites for isovalent fission product segregation, suppressing that segregation. How 

multiple impurities/dopants interact to change the overall segregation tendencies 

requires further work, but these results suggest that there may be opportunities for 

exploiting these interactions in fuel design. 

There are a few limitations to this study. First, due to the nature of the potential 

used, it is not possible to consider the interaction between multiple fission products at 

one time. Nor is it possible to study how the charge state of the fission product changes 
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with spatial location near the grain boundary. This is a consequence of the fixed charge 

on the ions within this potential. When multiple fission products interact, their charge 

state might change dramatically, as we have indeed seen in the clustering of Ru within 

the UO2 matrix153. Some of these limitations can be circumvented by using DFT, as we 

have done for Xe and Ru, but new limitations related to system size and computational 

efficiency arise. Even so, at least for the cases of Xe and Ru, we find that the charge 

state of the substitutional species is relatively constant regardless of where it is placed 

within the system, suggesting that the fixed charge assumption of the potential is 

physically reasonable, at least for this scenario. This is true even though Ru is very 

flexible in its charge state. However, if the environments change to even greater extents 

than considered here, it is very possible that other valence states for the various fission 

products might be preferred. 

Effect of Cr Doping in UO2 

Fission gas retention and release are important phenomena of nuclear fuels that 

significantly influence fuel lifetime and performance. Among many proposed 

approaches to control the fission gas behavior of UO2, enlarging the grain size has 

received great interest because large grains also improve the material’s thermal 

conductivity especially in sub-micron regime, which is desirable because the low 

thermal conductivity causes a high lateral thermal gradient across the UO2 fuel pellet 

that leads to thermal cracks and poor heat transfer. Cr2O3 is a standard grain growth 

promoter for UO2
154 and improved retention fission-gas retention in Cr2O3-doped UO2 

has been experimentally observed155. Determining the correlation between the extent of 

Cr2O3 doping and the amount of grain growth along with the corresponding mechanisms 
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has been the objective of several studies156, 157. However, there is much that is not yet 

understood regarding the factors that govern grain growth. 

Electronic-structure calculations have been instrumental in explaining various 

phenomena such as high electrical conductivity and creep resistance in oxide materials 

with grain boundaries modified by segregated impurities147, 158-160. In particular, these 

calculations have quantified the changes in local electron density and associated bond 

properties of the segregates with the oxide matrix. In this section, we establish the 

electronic structure of UO2 grain boundary with segregated Cr using DFT and quantify 

the effects of Cr in terms of grain growth to better understand the precise role that Cr 

additions have in promoting grain growth in UO2. 

Computational Details 

The modeled grain boundary is the same Σ5 grain boudnary used for the DFT 

study in previous grain boundary section. As a preliminary study to confirm the 

segregation tendency of Cr to this boundary, the atomic structure is fully relaxed 

(keeping cell dimensions fixed) following the substitution of a single Cr for one U atom, 

one at a time for all the U atoms in the simulation supercell with the interatomic 

interactions described by the empirical potential parameterized by Busker141, 161. The 

relative total energy profile across the grains (see Figure 3-11, right) indicates that Cr 

has a strong segregation tendency to the Σ5 boundary, with the lowest segregation 

energy of −2.39 eV at the center of the grain boundary. We use this result from 

empirical potentials as a compelling motivation for DFT studies of Cr incorporation at 

the grain boundary, assuming that Cr incorporation will thus occur at the center of the 

boundary. 
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To find the appropriate accommodation site for Cr, which we will use as input to 

the grain boundary study, the solution energies of Cr for three solution sites in bulk − 

uranium substitutional site, oxygen substitutional sites, and octahedral interstitial − are 

determined using the same supercell used in the previous Ru study. Other calculation 

details are also similar. The resulting solution energies (see Table 3-11) confirm that Cr 

prefers to reside in a U substitutional site over the octahedral interstitial and the oxygen 

substitutional sites under the stoichiometric and hyper-stoichiometric regimes of UO2, 

which correspond to typical operating conditions in actual fuels. In the hypo-

stoichiometric regime, the interstitial site is preferred although Cr is predicted to be 

insoluble in this site. Based on these results, we focus on the two cases of Cr in the U 

substitutional site (CrU) and the interstitial site (Cri) at the grain boundary. For all DFT 

calculations of grain boundary structures, the Brillouin Zone is sampled with just the 

gamma point. 

Cr Segregation to the Σ5 Grain Boundary: DFT Confirmation 

First, the segregation tendency toward the grain boundary is confirmed by DFT: 

we replace the U atom which exhibits the lowest energy in the segregation profile 

(Figure 3-11) with Cr for the CrU case and place Cr in the large free space at the center 

of the grain boundary for the Cri case. Energetics at these grain boundary sites are 

compared to Cr in the bulk region of the supercell, replacing a U atom and occupying 

octahedral interstitial, respectively. The segregation energy is calculated as the 

corresponding energy differences between the grain boundary and the bulk cases (the 

classical Langmuir-McLean approach). 

It is notable that the atomic configuration around Cr near the grain boundary is 

far from the original fluorite structure of UO2 for both CrU and Cri cases. In particular, CrU 
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site is surrounded by six oxygen atoms and Cri site is a free space with only four 

adjacent oxygen atom neighbors rather than an octahedral interstitial site in bulk area. 

The resulting segregation energy for CrU is −2.28 eV, which agrees semi-quantitatively 

with the predictions of the empirical potential (−2.39 eV). Interestingly, a very similar 

segregation energy (−2.28 eV) is predicted for Cri; the segregation energy difference 

between CrU and Cri is just a few meVs (we note that this depends on the selected site 

and it is possible that lower energy interstitial sites may exist). Thus, whether Cr at the 

boundary is incorporated as substitutional or interstitial depends on the bulk solubility of 

each form which in turn depends on the stoichiometry. Together with the Table 3-11, we 

can reasonably predict that U substitutional sites will be the dominant segregation site 

for Cr under the hyper-stoichiometric regime (typical operation condition) while 

interstitial sites will be preferred under the hypo-stoichiometric regime. 

Figure 3-12 illustrates the atomic configurations of the grain boundary when Cr is 

added. In the case of CrU, the six O atoms that neighbor Cr relax inward, resulting in an 

average bond length for Cr-O that is shorter (2.05 Å ) than that of the original U-O bonds 

(2.26 Å ). In fact, the average bond length after Cr substitution is quite close to the Cr-O 

bond length of bulk Cr2O3 (2.01 Å ) predicted by DFT which has a corundum structure 

with a coordination number of six. This implies that Cr forms a strong bond with O 

atoms near the grain boundary, where it is less coordinated than in the bulk. In the case 

of Cri, Cr relaxes towards the O atoms, increasing the distance from neighboring U 

atoms. The Cr has only four O atoms with which to form bonds: the resulting average 

bond length is longer (2.16 Å ) than that of CrU. These imply weaker bonds as well as 

less charge transfer from Cr to O atoms. 
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Electronic Structure at the Grain Boundary 

To analyze the electronic structure near the boundary, we use Bader charge 

analysis145 for both Cr solution sites (see Figure 3-13). The less coordinated character 

of the grain boundary is well reflected in the effective charges of both U and O. That is, 

the absolute values of the effective charges for both U and O atoms are smaller than 

those of bulk UO2. For the CrU case, the effective charges of several O atoms at the 

boundary are similar to those in bulk of Cr2O3 (−1.27e) which supports the conclusion 

that Cr-O bonds form; such Cr2O3-like charges are hardly observed in the Cri case. In 

addition, the Cr segregation changes the effective charges of O atoms over a greater 

spatial range in the CrU case while its effect is rather localized in the Cri case. In 

particular, the relaxation of six O atoms towards Cr modifies the character of adjacent 

U-O bonds. Interestingly, in the case of CrU, there is one U atom which exhibits a 

particularly high effective charge, significantly higher than those atoms in the bulk 

region; spin density analysis confirms that this U atom has a higher valence (5+) than U 

atoms in the bulk (4+). 

This is consistent with the experiments by Leenaers et al.157 that reported a 

decrease in UO2 lattice parameters when Cr2O3 was introduced, which they assumed to 

be due to the oxidation of U4+ into U5+. In contrast, there is a U atom which exhibits low 

effective charge with a slightly lower valence at the grain boundary than in the bulk 

when Cri is introduced. Therefore we conclude that when Cr segregates to the grain 

boundary as a substitutional species, it forms bonds with the surrounding O atoms, 

altering the charge states of many neighboring atoms and possibly the bond character 

of adjacent U-O bonds. When Cr segregates as an interstitial species, however, it only 

donates approximately one electron to the neighboring atoms without further effects. 
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For comparison, the effective charges for the case where Cr is added to the bulk 

area are also examined (see Figure 3-14). The oxidation of a U atom and the alteration 

of O charges near the Cr site are observed when Cr replaces U in the bulk region while 

those changes are not present when Cr occupies the octahedral interstitial site. Unlike 

the Cri case at the grain boundary that exhibits a particularly low charge of one U atom, 

there are several U atoms with smaller charges because of the rigidity of the bulk 

region162. That is, the relaxation of cation atoms is limited in the bulk and therefore the 

effect of Cr incorporation is slightly extended, though the valence changes are found to 

be negligible by the spin density analysis. 

The charge density difference with and without Cr segregation is analyzed to 

assess the modification of bond character near the grain boundary; the results are 

depicted in Figure 3-15. For the CrU case (upper five images), an increase of the 

electron density at the bond between U and O is clearly predicted. This implies that the 

segregated Cr forms Cr-O bonds and accordingly weakens the ionic character (i.e., 

increases the covalent character) of U-O bonds around the newly formed Cr-O bonds. A 

similar effect has been reported for Ge dopants in tetragonal zirconia polycrystal (TZP) 

by Yoshida et al.163 and the enhanced covalent character was considered as the origin 

of its superplasticity which requires large amount of atomistic rearrangement. In addition, 

enhance grain boundary diffusion in the 3 mol% yttria-stabilized TZP (3Y-TZP) has 

been reported by Boniecki et al., which is mainly attribute to the reduction of ionic bond 

strength between cation and anion by various dopants164. For a dopant to facilitate grain 

growth in an oxide, the ionic nature of the bonds within the oxide must be weakened so 

that the cations can be more easily rearranged within the material165; if cations are 
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immobile, grain growth will not easily occur. Therefore, the capability of Cr to weaken 

the ionic nature of the bonds within UO2 can be one of the relevant signatures of its 

ability to promote enhanced cation mobility, and eventually grain growth. In the case of 

Cri, in contrast, no evidence of a change in the nature of the U-O bond is found and a 

localized charge near the segregated Cr is predicted, as expected. 

Conclusions 

The behavior of impurities in UO2 fuel was examined using computational 

methods especially in terms of their interactions with defect structures within the UO2. 

Firstly, the solubility of Ru in UO2 and its clustering behavior was explored using 

DFT. The results demonstrate that the solubility of the Ru atom is very sensitive to the 

reference state chosen, so two possible reference states are considered in the 

calculations. The uranium vacancy (VU) site is predicted to be the most energetically 

favored solution site for the Ru atom, which is actually soluble at VU under hyper-

stoichiometric (UO2+x) conditions, particularly when the reference state is bulk metal; 

otherwise Ru is insoluble in UO2. 

Further calculations for Ru dimers and trimers demonstrate that the system is 

stabilized when Ru atoms agglomerate together. Defect clusters in UO2, such as a 

bound Schottky, can promote Ru clustering by providing the necessary free volume in 

which to accommodate the Ru atoms. Binding energy calculations indicate that the size 

of the Ru cluster itself seems to be limited by the free volume of the defect structure 

where the cluster forms. In particular, the Ru dimer is the most stable cluster in the 

bound Schottky defect in UO2 while the trimer is too large to be accommodated in such 

site. Additionally, the partial DOS of Ru clusters in the bound Schottky confirm that even 

the smallest of Ru cluster – the dimer – begins to exhibit metallic characteristics. All of 
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these results indicate that the nucleus of the metallic inclusions in UO2 may be the Ru 

dimer in a bound Schottky defect and that even small agglomerates of metallic fission 

products will begin to modify the electronic structures of the fuel significantly. These 

results suggest that the growth of metallic inclusions will occur via the diffusion and 

aggregation of metal-bearing Schottky defects, though such diffusion would require 

additional vacancies to occur. 

Secondly, the segregation of various fission products to a modeled symmetric Σ5 

tilt grain boundary of UO2 was examined using empirical potentials and DFT. The 

segregation tendencies were determined by taking into account incorporation site, ionic 

radius, and charge state of the fission products. In particular, the aliovalent ions are 

predicted to be more sensitive to the size of the free space where they can reside, while 

the isovalent atoms are more sensitive to the bonding environment with surrounding 

oxygen ions. The unbalanced local charges due to the incorporation of those fission 

product ions are predicted to be compensated by introducing additional intrinsic defects 

in the host UO2 matrix. This suggests that fission products segregation or precipitation 

might be controlled by doping the UO2 fuel, although this needs to be verified by 

additional work. 

Lastly, Cr incorporation at the Σ5 grain boundary was investigated using 

empirical potential and DFT. When Cr resides in the U substitutional site at the grain 

boundary, the neighboring O atoms relax towards the Cr and form Cr-O bonds with the 

bond length similar to that of Cr2O3. This induces the increased electron density in 

between U and O atoms around the Cr-O bonds while the absolute values of their 

effective charges are smaller than those of atoms in the bulk, which is mainly due to the 
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less coordinate configuration of the grain boundary. Therefore the ionic nature of those 

U-O bonds becomes weaker, which implies enhanced cation mobility that would be 

expected to enhance UO2 grain growth. In contrast, when Cr resides in the interstitial 

site in the bulk or the free space at the grain boundary, it donates charges to the 

surroundings without further alteration of electronic environment. 
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Table 3-1. Defect formation energy of uranium vacancy in UO2 for different k-meshes 

k-mesh Defect formation energy of VU (eV) 

1×1×1 8.598 

2×2×2 9.675 

4×4×4 9.761 

 
 
Table 3-2. Trap site formation energies of defects in UO2

87, 101 

Trap 
Site 

Formation energy 

UO2-x UO2 UO2+x 

VO ln( )
2

x
kT  ln(2)

2 2

FPOE kT
  EFPO + kTln(x) 

VU 2 ln( )
2

Sch

x
kT E  ESch – EFPO – kTln(2) ESch –2EFPO – 2kTln(x) 

DV ln( )
2

Sch DV

x
E B kT   ln(2)

2 2

FPO
Sch DV

E kT
E B    ESch –EFPO−BDV – kTln(x) 

Sch ESch – BSch ESch – BSch ESch – BSch 

 
 
Table 3-3. Lattice parameters of α-U 

Lattice 
parameter(Å ) 

GGA GGA+U 
Exp.166 

a 2.739 3.338 2.836 

b 5.852 5.956 5.866 

c 4.965 5.715 4.935 

 
 
Table 3-4. Defect formation energies (eV) of uranium and oxygen vacancies; it is 

assumed that UO2 phase is maintained under O-rich conditions.  

Defect 

U-rich Intermediate O-rich 

     O = -10.48 O = -7.5 O = -4.89 

U = -8.08 U = -14.05 U = -19.28 

VO -0.74 2.25 4.86 

VU 9.67 3.71 -1.52 
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Table 3-5. The chemical potentials of Ru ( Ru ) for different reference states  

Reference state Ru  Cohesive energy (eV) 

Isolated atom -1.39 - 

Bulk metal -9.20 -7.81 

 
 
Table 3-6. Incorporation energies of Ru at various trap-sites using different reference 

states; the lowest energies are denoted in bold. 

Trap site 
     Incorporation energy (eV) 

Ref. state:  
isolated atom 

Ref. state: 
bulk metal 

Interstitial -1.11 (-2.46*) 6.69 

VO -2.90 (-4.87*) 4.90 

VU -7.29 (-7.63*) 0.51 

DV -4.84 (-7.42*) 2.96 

Sch -5.48 (-5.85*) 2.33 
            * ref 103 
 
 
Table 3-7. Solution energies of Ru at various trap-sites using different reference states; 

the lowest energies are denoted in bold. 

Trap site 

Solution energy (eV) 

   Isolated atom Bulk metal 

UO1.98 UO2 UO2.02 UO1.98 UO2 UO2.02 

Interstitial -1.11 (-2.46
*
) -1.11 (-2.46

*
) -1.11 (-2.46

*
) 6.69 (20.71

**
)    6.69 (17.26

**
)   6.69 (13.81

**
) 

VO -2.90 (-4.87
*
) -0.41 (-2.87

*
)  2.09 (-0.87

*
) 4.90 (24.94

**
)   7.40 (24.90

**
)   9.90 (24.85

**
) 

VU  0.91 (-0.43
*
) -4.08 (-4.43

*
) -9.08 (-8.43

*
) 8.72 (15.85

**
) 3.72 (5.59

**
) -1.27 (-4.66

**
) 

DV -1.28 (-4.12
*
) -3.78 (-6.12

*
) -6.27 (-8.12

*
) 6.53 (14.99

**
) 4.03 (8.14

**
) 1.53 (1.28

**
) 

Sch -2.76 (-4.35
*
) -2.76 (-4.35

*
) -2.76 (-4.35

*
) 5.05 (16.09

**
)   5.05 (12.64

**
) 5.05 (9.19

**
) 

* DFT calculations in ref.103      ** Atomistic calculations in ref.131 
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Table 3-8. Solution energies of Ru dimers in various configurations using different 
reference states; the lowest energies are denoted in bold. 

Dimer 
Configuration 

Solution energy (eV) 

    Isolated atom bulk metal 

UO1.98 UO2 UO2.02 UO1.98 UO2 UO2.02 

Rui + RuO -6.50 -4.01 -1.51 9.10 11.60 14.10 

Rui + RuU -4.08 -9.07 -14.07 11.53 6.53 1.54 

RuO + RuU -5.14 -7.64 -10.14 10.47 7.97 5.47 

 
 
Table 3-9. Solution and Binding energies of Ru atoms in Schottky defect in UO2 relative 

to different states (a reference state of the same cluster in the vacuum (“their 
own reference”) or metallic Ru) 

Configuration 
Solution Energy (eV) Binding Energy (eV) 

 
 

their own 
reference 

bulk metal 

Ru atom -2.76 5.05 - 

Ru dimer -2.87 6.86 -0.51 

Ru trimer -1.63 11.27 1.34 
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Table 3-10. Segregation energies of fission products to both the a- and b-sites.  

Fission 
product 

     Segregation energy (eV) 
a-site   b-site 

Br− −6.82 −0.61 
I− −7.17 −0.55 
Kr −4.80   0.86 
Br −4.77   0.85 
Xe −5.13   0.55 
I −4.99   0.68 
Te −4.73   0.75 
Br+ −2.54   0.61 
Rb+ −2.66   0.62 
Xe+ −3.12   0.46 
I+ −3.11   0.39 
Te+ −3.01     0.34 
Cs+ −3.05   0.38 
Ba2+ −1.89 (−1.99*)   0.33 
Sr2+ −1.34   0.31 
Te2+ −1.53   0.13 
Y3+ −1.03 −0.52 
La3+ −0.88 −0.21 
†Ru3+ −1.22 −0.89 
Ce4+   0.37 (−0.23*)   0.57 
Zr4+ −0.36 −0.48 
†Ru4+ −2.29 −2.99 

* The lowest energy site is the nearest neighbor of a-site. 
† The pair potentials for Ru are fitted by Busker et al.131 based on the Grimes’ U-O 
potential. 
 
 
Table 3-11. Solution energies (eV) of Cr in UO2+x: the negative sign is indicative of Cr 

solubility. 

Solution Site x = −0.02 x = 0 x = 0.02 

Interstitial 5.61 5.61 5.61 

VO 6.74 9.23 11.73 

VU 6.30 1.30 −3.69 
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Figure 3-1. The allowed chemical potentials in various uranium oxides 
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Figure 3-2. The chemical potential of Ru in UO2 within the allowed oxygen chemical 

potential  
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Figure 3-3. The separated Rui+RuU dimer (left) and the bound dimer (right) in UO2: Ru 

atoms are circled. 

 

 
 
Figure 3-4. Ru atom, dimer, and trimer in the Schottky defect in UO2 (circled) 
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(a) 

 
(b) 

 
Figure 3-5. (a) DOS plots of the UO2 with Ru atoms in the Schottky defect (the Fermi 

energies are aligned at E=0; that is, all states below E=0 are filled while those 
above are empty). (b) DOS plot of the Ru metal and partial DOS plots of Ru 
atoms in the Schottky defect 
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Figure 3-6. Σ5 (310)/[001] tilt grain boundary in UO2; the half-filled uranium columns 

resulting from removing atoms are indicated by the dotted outlines. Some 
segregation sites which are particularly preferred are labeled (a and b). 

 

 
 

Figure 3-7. The energy profiles of Xe and Ru4+ across the grain boundary; the inset 
images are the projections of the uranium layer of the a- and b-site, with the 
neighboring two oxygen layers.   
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Figure 3-8. Effective charges of all oxygen ions for both Xe (open) and Ru (closed) 
cases; the positions of segregates are indicated with dashed lines. 
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Figure 3-9. Segregation energies of cation fission products at a- and b-site 
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Figure 3-10. Segregation energy contour for the a-site (left; a singularity found using the 

GULP has been replaced by the value from other in-house codes) and the b-
site (right); blue indicates where segregation is unfavored. 
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Figure 3-11. Σ5(310)/[001] tilt grain boundary of UO2: the relative energy profile of Cr 

obtained by empirical potentials along the direction perpendicular to the grain 
boundary (dashed lines indicate where the grain boundaries are). U is the 
small blue-gray atom and O is large red atom. 

 

 
 

Figure 3-12. Cr-doped grain boundary: Cr at uranium site (left) and Cr at interstitial site 
(right). Cr is the small green atom. 
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Figure 3-13. Bader charges of uranium and oxygen for CrU (upper) and Cri cases 

(lower). The blue vertical line indicates the position of the Cr segregation site 
while the red horizontal line indicates values of the Bader charges for atoms 
in bulk UO2; open data points correspond to the pristine grain boundary with 
no added Cr. 
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Figure 3-14. Bader charges of uranium and oxygen for the case that Cr is added in the 

bulk region. Details are the same with Figure 3-13. 
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Figure 3-15. Charge density difference for CrU (upper images) and Cri (bottom images); 

the images are equally bisected from (i) to (ii) to illustrate the 2-D projections 
within the plane of the grain boundary.  
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CHAPTER 4 
SURFACE DIFFUSION ON SrTiO3 (100) 

Temperature accelerated dynamics (TAD)44 is used to predict the mechanisms 

involved in the surface diffusion of different adatoms and vacancies associated with the 

growth of STO on the (100) STO surface. The results are complementary to the 

predictions of traditional MD methods35-37 and offer additional insight into the growth 

modes of STO thin films. They are also in qualitative agreement with density functional 

theory (DFT) calculations, though significant charge transfer effects occur in some 

cases that result in behavior not describable with the empirical potential. 

Computational Details 

The atomic interactions within the system are described using a traditional pair 

potential described in the previous chapter. The potential parameters used in this study 

are from Sekiguchi et al.167 The Ewald168 method was used for the Coulombic 

summation though tests with the Wolf169 and the Parry170 methods resulted in similar 

behavior. 

STO (100) has two equilibrium terminations: SrO and TiO2. Therefore both of 

these surfaces are considered in this work. Each STO substrate consists of 6 planes (3 

SrO and 3 TiO2) with the bottom 2 (DFT) or 3 (TAD) planes frozen and with a vacuum 

spacing in the slab geometry of ~17.4 Å  (see Figure 4-1), containing 135 (DFT) and 540 

(TAD) atoms. We examined both adatoms and surface vacancies. While surface 

vacancies in the film (not in the substrate) are less important at the initial stages of 

growth, when the growth of full monolayers nears completion the system is best viewed 

as containing surface vacancies. Thus, for completeness, we evaluate the migration 

behavior of these species as well. To determine the mechanisms involved in adatom 
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surface diffusion, one Sr/O/Ti atom was placed atop each STO (001) surface. Multiple 

adsorption sites were used as the starting position but this was found to be unimportant 

for the observed behavior, since each possible adsorption site was either the lowest 

energy state or an intermediate state (IS) found during the TAD simulations; that is, all 

possible states were visited during the course of a given TAD simulation. To examine 

surface vacancy diffusion, a single Sr/O/Ti atom was removed from the surface. For an 

improved assessment of the energetics found by TAD (and thus described by an 

empirical potential), Sr and O adsorption on SrO-terminated surface was examined by 

density functional theory (DFT) calculations. All DFT calculations, as implemented in the 

VASP code, were carried out using the PAW method with the GGA functional revised by 

Perdew, Burke, and Ernzerhof (PBE)171. The cutoff energy for plane waves was set to 

550 eV and a 3×3×1 k-mesh was used. 

Results and Discussion 

Diffusion Mechanism Predicted by TAD Simulations 

The diffusion behavior and barriers predicted with TAD using the empirical 

potential for all the species considered are given in Table 4-1. The results provide 

insight into the behavior of individual deposited adatoms or surface vacancies on both 

SrO- and TiO2-terminated STO surfaces. 

On both terminations, Sr and O diffusion occurred via a simple hopping of those 

adatoms between the minimum energy sites, although the detailed configurations and 

the associated diffusion barriers varied with the surface termination. For the SrO 

termination, the minimum energy site for Sr and O was the bridge site, BrO,Sr. It was 

found that Sr and O diffused from a minimum energy site along the [100] direction 

towards an atop-site (TSr and TO respectively) which is an intermediate state, with a 
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barrier of 0.28 and 0.53 eV, respectively. Therefore, in order to complete a full diffusive 

event, the Sr and O adatoms need to overcome a second barrier of 0.03 and 0.01 eV, 

respectively, from the intermediate state back to the ground state absorption site (see 

Figure 4-2). It is interesting to note that in both of these cases the barrier to leave the 

higher energy intermediate state is very small and that the intermediate state itself is a 

good estimate of the migration energy. We will return to this point later. 

On the TiO2 termination, the minimum energy site for Sr is a hollow four-fold site, 

FO, where Sr can maximize the distance between itself and other surface cations. Sr 

also diffused along the [100] direction via a hopping mechanism on this surface but the 

TO site was a saddle point with no intermediate minimum; the associated barrier is 1.43 

eV, which is relatively high compared to the SrO termination case (see Figure 4-3). This 

implies that Sr can form stronger bonds with surface O atoms at FO on the TiO2 

termination and become immobile as a consequence. Additionally, Sr can pass through 

TTi along the [110] direction; however, this occurs with an even higher barrier of 1.92 eV. 

Similarly, O diffusion occurred from one TTi to another TTi with TO as a saddle point and 

a barrier of 2.27 eV. Therefore one can conclude that Sr and O easily diffuse on the SrO 

termination while they are essentially immobile on the TiO2 terminated surface. 

Sr and O vacancy diffusion was also investigated on both terminations and their 

diffusion barriers determined with the potential. It was found that on the SrO termination, 

Sr vacancy diffusion occurred via a surface Sr moving in the [100] direction to fill the 

vacancy with a barrier of 1.11 eV. The O vacancy diffused by first filling the surface 

vacancy with a sub-surface O (O in sub-surface TiO2 plane) overcoming a barrier of 

0.90 eV – leading to an intermediate minima with the vacancy in the second layer – 
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followed by an adjacent surface oxygen filling the newly created sub-surface vacancy, 

overcoming a second barrier of 0.30 eV (see Figure 4-4). For O vacancy migration on 

the TiO2 termination, the lowest energy diffusion mechanism involves an adjacent 

surface oxygen passing through the surface ([110] direction) to fill the vacancy with a 

barrier of 0.84 eV. 

In contrast to Sr and O species, Ti-containing surface defects – the Ti adatom 

and the Ti surface vacancy – did not exhibit any net diffusion over the time scales 

simulated. On the SrO termination, Ti-O bonds were formed by the Ti adatom 

essentially pulling three surface oxygen ions out of the surface, leaving behind surface 

vacancies, at least one of which was repelled by the Ti-O complex and diffused away. 

Thus, the deposition of Ti on the SrO termination leads to the creation of surface 

oxygen vacancies. This behavior can be compared to a theoretical study of Ni3+ on NiO 

which examined the role of the difference in oxidation state of the adatom with the 

surface cation. In that case, as with our study, Ni3+ pulls oxygen atoms from the surface 

and, compared to a Ni2+ adatom on NiO, has a stronger interaction with the surface172. 

On the TiO2 termination, the Ti adatom reconstructs the surface by pulling two oxygen 

atoms out, similar to the SrO termination. The consequent Ti-O complex exhibited a 

rotating motion associated with oxygen pair exchange, i.e., changing its relative 

direction against the surface, a mechanism which did not result in net diffusion of 

species. In the case of the Ti vacancy, complex rearrangements of the surface were 

observed, but no mobility of the complexes was observed. 

These results give insight into the cause of the different growth modes predicted 

in the previous MD thin film deposition simulations37. Layer-by-layer growth is achieved 
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because deposited species are able to move about the surface in order to complete 

each layer without in-plane vacancies; this was seen in the MD simulations for SrO thin 

films as well as the initial STO layer when deposited on the SrO termination. 

Consistently, the barriers for the diffusion of adatoms on the SrO termination are much 

lower than on the TiO2 termination and therefore adatoms are typically mobile on that 

termination, with the exception of the Ti adatom. The overall immobility of the Ti-

containing defects also explains the growth mode observed in previous MD 

simulations37 where the TiO2 incident particles hit the substrate and remained stuck 

where they landed; such immobility is indicative of a three-dimensional growth mode. 

Although more evidence is required to obtain a definitive explanation, one possible 

reason for the difference in adatom mobility between the two terminations is the 

difference in cation/anion ratio of the two planes. The TiO2 terminated surface is more 

anion-rich, containing twice the oxygen present on the SrO termination; therefore 

cations on the TiO2 termination can be effectively pinned by surface oxygen atoms. This 

conclusion is supported by the fact that Ti adatoms interact strongly with surface oxygen 

on both terminations and are effectively pinned in both cases. Thus, the interaction of 

cation adatoms with surface oxygen is an important factor governing their mobility. 

DFT Verification 

The shallow intermediate minimum along the diffusion path on SrO termination 

discussed above is comparable to Henkelman et al.’s findings for MgO ad-dimer 

diffusion on MgO (001)173. In their study, the Mg and O from the ad-dimer were 

predicted to hop in a manner similar to the Sr and O adatoms on the SrO terminated 

surface. They also pointed out that the energy state predicted using empirical potentials 

can be qualitatively different from those found with higher accuracy calculations, such 



 

81 
 

as density functional theory (DFT). We therefore performed DFT calculations to 

investigate the predicted diffusion pathways for Sr and O adatoms obtained from the 

TAD simulations. The total energies of the Sr and O adatoms on both the atop- and 

bridge-sites on the SrO termination were calculated and the results are given in Table 4-

2. It is notable that these adsorption calculations were performed with charge-modified 

systems instead of neutral systems, i.e., a system with two electrons added for O 

adatom and with two electrons subtracted for Sr adatom in order to make the charge 

states of adatoms similar to those in the potential description. The migration energies 

associated with the diffusion of Sr and O from the higher to the lower energy site were 

also investigated using the NEB method in order to confirm the second small barrier 

predicted by TAD. 

The DFT saddle points are very close in energy to the higher energy intermediate 

sites with almost no barriers, in agreement with the predictions from the TAD 

simulations, and therefore we could appropriately assume the intermediate energy is an 

estimate of the saddle energy for the entire hoping mechanism from a lower energy site 

to another lower energy site. The minimum energy site was the bridge-site for both Sr 

and O adatoms, consistent with the TAD simulations, and the migration energy for the 

entire hopping event is qualitatively similar to those predicted by the potential. Bader 

analysis145, 174 (see Table 4-3) confirmed that the effective charges of the adatoms 

within the charge-modified systems were quite close to those of atoms in the surface 

and more importantly, those charges remained invariant to the adsorption site as the 

fixed charge potential utilized in the TAD simulations. Consequently, the energy trends 

calculated with DFT for charge-modified systems agree with the fixed-charge potential 
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simulations. When we used neutral systems, the O migration energy agreed more 

closely with the prediction of the potential. However, when the effective charge of the Sr 

adatom was changed from 2+ to 0, the minimum energy site for the Sr adatom changed 

to TO, with BrO being an intermediate state with a migration barrier that increased 

compared to the charged case. In this case, there is also a significant difference in the 

Bader charge of the Sr adatom with adsorption site, with very little charge transfer 

occurring in the atop geometry. These results imply that the charge transfer effects must 

be considered for certain species and that the overall growth mode will depend on the 

charge state of the adatoms on the surface. 

Generalization: Other Metal Adatoms  

The results discussed above suggest that, for diffusion on the SrO-terminated 

surface, the migration energy is, to a high degree of accuracy, simply the difference in 

energy between the two absorption sites. Motivated by these conclusions, the 

adsorption energetics for selected metal elements are examined by DFT; all 

calculations described here are for neutral species. Specifically, Ti, Ba, La, and Al were 

placed at both the BrO and TO sites and the total energy differences were calculated 

(see Table 4-4). These species were chosen because their diffusion behaviors are 

important for the growth of other oxide heterostructures on STO surface, such as 

LaAlO3/SrTiO3 and BaTiO3/SrTiO3, that have received significant attention175-179. The 

calculated migration energies of La and Al are significantly smaller than the others 

studied and this suggests that LaAlO3 will grow epitaxially at much lower temperatures 

compared to BaTiO3 or SrTiO3, at least during the very earliest stages of growth. That 

is, the migration energy calculation can provide a good predictor of the ability to grow 

epitaxial films on the STO surface, though many other factors are also very important. 
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However, determining the minimum energy site is not straightforward. The minimum 

energy adsorption site for Ba and Sr is TO and this is related to their electronic 

configurations; their outermost s-orbital, which is spherical, is fully filled so that the 

bonding with two O ions at BrO is not favorable. On the other hand, Ti, La, and Al have 

partially filled 3d- or 3p-orbitals which are more directional than the s-orbitals and thus 

these adatoms tend to form dioxide species by transferring charges to O ions, resulting 

in BrO being the minimum energy site. The resulting surface oxide configuration 

indicates that the two O ions were pulled out of the surface much more for these ions 

than the Sr case. In particular, the large migration energy of the Ti adatom (~1eV) 

implies that the resulting Ti-O bond is strong and thus Ti is immobile on the SrO 

termination; this is consistent with the observation for the Ti adatom from the TAD 

simulations discussed above. Therefore charge transfer can be important for the 

migration of metal adatoms and particularly for determining the minimum energy site 

within the diffusion path. That is, when charge transfer is small (such as for the O 

adatom), the empirical potential can predict the lowest energy site properly; however, 

when charge transfer is large and, especially, variable (metal adatoms), the electronic 

structure becomes more important and the potentials less reliable. 

Conclusions 

TAD simulations using the potential of Sekiguchi et al. predict that Sr and O 

adatoms diffuse via a hopping mechanism with a significantly lower barrier on the SrO 

termination than on the TiO2 termination of the (100) STO surface, resulting in higher 

mobility on this surface. However, the Ti defects form Ti-O complexes on both 

terminations, effectively becoming immobile. These findings are in agreement with a 

previous molecular dynamics study of SrO and TiO2 particulate mobility on each 
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termination37, where it was shown that SrO particles are more mobile overall and that 

mobility was higher on SrO termination compared to TiO2 termination. The TAD 

simulations can be effectively used to find candidate mechanisms to be further 

investigated with DFT to assess charge transfer effects on the mechanism predicted. 

The DFT calculations reveal that the migration mechanisms are sensitive to the charge 

state of the adatoms. Finally, these mechanisms can be used as input for additional 

simulation techniques which model thin film growth on longer time scales. 

An important conclusion of this work is that the migration energy for adatoms on 

the SrO termination is well estimated by the energy differences between the two 

absorption sites. This allows for a relatively easy evaluation of the mobility of many 

species on this surface and thus a method for screening compounds that may grow 

epitaxially on this surface. 
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Table 4-1. The diffusion mechanisms and barriers (eV) observed during TAD 
simulations with the Sekiguchi potential 

Termination Species Mechanism 
Primary Barrier 
(Saddle Point)  

Secondary Barrier 
(Intermediate State) 

SrO 

Sr Hopping 0.28 0.03 

O Hopping 0.53 0.01 

Ti Ti-O complex - - 

VSr Hopping 1.11 - 

VO 
Subsurface 
exchange 

0.90 
0.30 

TiO2 

Sr Hopping 1.43 (1.91) - 

O Hopping 2.27 - 

Ti Ti-O complex - - 

VO Hopping 0.84 - 

VTi 
Surface 
reconstruction 

- 
- 

 
 
Table 4-2. DFT results for Sr and O adsorptions on SrO terminated STO surface 

compared with the empirical potential results. As discussed in the text, the 
migration energy (eV) is assumed to be the difference in energy of the 
species in the two absorption sites; the DFT results with the neutral systems 
are shown in parenthesis.   

Adsorption 
species 

Minimum energy site Migration energy 

 potential DFT potential DFT 
Sr BrO BrO (TO) 0.28 0.77 (0.83) 
O BrSr BrSr (BrSr) 0.53 0.95 (0.64) 
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Table 4-3. Effective charges of Sr and O adatoms at atop- and bridge-site on SrO 
terminated STO surface. 

System Sr O 

 TO BrO TSr BrSr 

charge modified 1.256 1.485 −1.335 −1.433 

neutral 0.179 0.704 −0.822 −1.007 

 
 
Table 4-4. DFT results for selected species on SrO terminated STO surface. 

Adsorption 
species 

Minimum energy site Estimated migration energy (eV) 

Ti BrO 1.07 
La BrO 0.39 
Al BrO 0.06 
Ba 
Sr 

TO 
TO 

0.47 
0.83 
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Figure 4-1. (a) A model SrO-terminated STO surface (for TAD) and adsorption sites on 

both (b) SrO- and (c) TiO2-terminations; T, Br, F denote atop, bridge, and 
hollow four-fold site, respectively. For example, TO indicates an atop-oxygen 
site.  
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Figure 4-2. The mechanism for Sr migration on the SrO-terminated STO(100) surface. 
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Figure 4-3. The mechanism for Sr migration on the TiO2-terminated STO(100) surface. 
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Figure 4-4 O vacancy diffusion on the SrO-terminated STO surface. 
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CHAPTER 5 
OXIDATION OF TiN (001) STEPPED SURFACE  

First principles, DFT calculations are used to investigate O2 adsorption and 

dissociation as well as the initial formation of TiO2 layers on a TiN (001) surface with a 

monatomic step, which is the most commonly observed stepped structure in thin films64, 

180, 181. The calculations quantify the energetics associated with O2 adsorption on and 

around the step and the results are compared to the energetics associated with the flat 

surface; two distinct O2 dissociation paths around the step are explored. Finally, TiO2 

formation along the step edge is explored, which is predicted to take place concurrently 

with O2 dissociation. 

Computational Details 

Titanium nitride has the rocksalt crystal structure with mFm3 symmetry and a 

lattice constant of 4.235 Å . The calculations consider two different surfaces: a (2×2) flat 

TiN (001) surface and a (2×2) TiN (001) surface with a monatomic step. The flat surface 

is modeled by a plain slab with 64 atoms and two identical (001) surfaces on both top 

and bottom sides. The stepped surface is modeled by a slab with 168 atoms and is 

comprised of two identical (310) facets on both sides where the step was along the [001] 

direction, as illustrated in Figure 5-1. For calculations with oxygen on those surfaces, 

only the top two layers of either slab are allowed to relax while the other layers are held 

fixed. The vacuum spacing between slabs imposed by the periodic boundary conditions 

is 10.63 Å  for the flat surface and 13.39 Å  for the stepped surface. 

The DFT calculations are carried out with the PAW method as implemented in 

the VASP. Ti3p63d34s1, N2s22p3, and O2s22p4 are taken as the valence electrons. The 

exchange and correlation energies are described with the GGA-PBE. The kinetic energy 
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cutoff is 400 eV and the Brillouin zone is sampled by a 4×4×1 k-mesh. The convergence 

criterion for the total energy is 1×10-5 eV and the ionic relaxations are performed until 

the forces on the atoms became less than 1×10-2 eV/Å -1. 

Results and Discussion 

Adsorption of Atomic and Molecular Oxygen 

A preliminary potential energy surface (PES) scan with a single oxygen atom 

over the flat TiN surface finds that O prefers to adsorb on the near-atop Ti site, while the 

N atop sites are always predicted to be unfavorable. The adsorption energy calculations 

for atomic O on both the flat and the stepped surface (see Table 5-1) identify stable 

adsorption sites; the adsorption energy Ea is calculated as, 

)(/ 22

1
gasOslabTiNslabTiNOa EEEE      (5-1) 

where E is the total energy of a given system as determined by the DFT calculations; 

slabTiNOE /2
 is the energy of the TiN slab with the adsorbed O atom, slabTiNE  is the energy of 

the bare TiN slab, and 
2OE  is the energy of a single O2 molecule. According to this 

definition, a negative Ea indicates that the adsorption reaction is endothermic. The flat 

surface has two adsorption site, atop Ti and Ti-Ti bridge, while the stepped surface 

three, denoted as b, t, and e, respectively, in Figure 5-1. Unlike the flat surface, the Ti-

Ti bridge site on the terrace of the stepped surface is not stable. 

Previous O2 adsorption studies on a flat TiN (001) surface with first-principles 

molecular dynamics (FPMD) reported that the O2 molecule prefers to interact in a 

parallel manner with the surface50, 56 and this was also confirmed in our preliminary tests. 

Consequently, only the horizontal O2 configuration is considered here. Many initial 
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configurations are investigated and the results indicate that O2 prefers adsorption sites 

that are similar to those preferred by atomic O. Specifically, the four most favorable 

adsorption sites are b, t, e, and t-e and the adsorption energies at each site are shown 

in Figure 5-2. 

Among the four adsorption sites on the stepped surface, the lowest energy 

configuration is for the b site, where O2 adsorbs parallel to the step edge and shares 

two Ti atoms. It is notable that the adsorption energy of O2 at the t-e site, which is 

equivalent to the Ti-Ti bridge site on the flat surface, is smaller than that of O2 at the t 

and e site (atop Ti site) while the opposite trend is predicted on the flat surface. On the 

flat surface, the adsorption energy of O2 at the Ti-Ti bridge site (−3.31 eV) is larger than 

that of the atop Ti site (−3.14 eV), i.e., the Ti-Ti bridge site is more favored. This is 

possibly due to a geometric constraint, because even when O2 is adsorbed at the t and 

e sites, which can be thought of as atop single Ti atom sites that are not quite at the 

very edge of the step, it is always aligned parallel to the step [001] direction as it was at 

b site. It is interesting that this geometric molecular alignment occurs regardless of the 

initial orientation of the molecule and is a unique feature of the stepped surface. A 

similar effect was reported for O2 on a Pt (111) stepped surface67 using scanning 

tunneling microscopy and DFT calculations. 

Several first principles studies predict that when O2 adsorbs on a metal surface, it 

transforms into a nonmagnetic “peroxo” state, or 
2

2O . This change is mainly attributed 

to charge transfer from the surface to the adsorbed O2 that fills the π* anti-bonding 

orbitals of O2, i.e., the O2 can be thought of as being chemisorbed to the surface182. To 
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investigate if O2 adsorption on the stepped TiN surface occurs via a similar process, we 

analyze charge transfer via the differential charge density, which is defined as,  

)()()()(
22 / rrrr slabTiNOslabTiNO     (5-2) 

for the adsorbed O2 molecules. The isosurface, which is illustrated in Figure 5-3, clearly 

indicates charge transfer from the surface to O2. In particular, the ring shape of the 

yellow region in the figure confirms that the π* orbital of the adsorbed O2 molecule is 

fully filled, i.e., the magnetic moment is fully quenched (
2

2O ) during the adsorption. 

Consequently, the O-O bond length (dO-O) increases to about 1.45 Å , as shown in 

Figure 5-2, which is similar to the behavior of adsorbed O2 on several metal surfaces182, 

183. For example, Gross et al. reported that this O2 “peroxo” state is a necessary step, or 

a precursor, for further O2 dissociation184. If more electrons start to fill the σ* anti-

bonding O2 orbital, the O-O bond length quickly increases further until the molecule 

dissociates. 

O2 Dissociation 

Two distinct O2 precursors, O2 at the b and t site, are chosen as the initial stage 

for further dissociation to the lowest energy configuration for the dissociated O atoms to 

fully explore the energetics and barriers associated with dissociation. These are 

determined using DFT and the climbing nudge elastic band (cNEB)185 method. The O2 

precursor at the e site was excluded because the calculations predict that O2 at the e 

site relaxes into molecular adsorption at the b site with a small barrier of 0.14 eV. Once 

the O2 precursor dissociates, the resulting two oxygen atoms are predicted to 

spontaneously separate from one another and interact more strongly with the surface. 

As discussed in the previous section, the b site is the most favored and stable 
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adsorption site for atomic O on the stepped TiN surface and thus it is reasonable to 

assume that the dissociated O atom will be preferentially adsorbed at these sites. Total 

energy calculations for several different configurations of two dissociated O atoms were 

carried out and the results confirmed that the lowest energy configuration was found 

when the two dissociated O atoms adsorbed at equivalent b sites that are evenly 

spaced along the step, as shown in Figure 5-4. Interestingly, the total energy of this 

configuration is around 5 eV lower than those configurations with adsorbed O2 

precursors, and this energy drop is almost double the decrease that is predicted to 

occur on O2 dissociation and relaxation on a flat TiN surface57. This result is consistent 

with literature findings for other dissociation processes that find that surface steps are 

more reactive than terraces. 

Taking this lowest energy configuration as the final state for the O2 dissociation, 

the dissociation barriers for the two O2 precursors, at the b and t sites, are calculated 

along the paths denoted in Figure 5-4. The resulting barrier for the O2 precursor at site 

b is predicted to be high (1.54 eV), which is attributed to the fact that the O2 precursor 

interacts with two Ti atoms; this makes it especially difficult to detach one of the O 

atoms. In contrast, the barrier for the O2 precursor at t is predicted to be almost zero, 

which is indicative of spontaneous O2 dissociation; the resulting energy release 

following dissociation is predicted to be a maximum of 5.34 eV. Similar dissociative O2 

adsorption has been reported in other studies on several different material surfaces, 

including TiN50, 182, 183. 

TiO2 Formation 

In Figure 5-2, the Ti atom under the O2 precursor at t site protrudes slightly into 

the vacuum more than the other atoms around it. This Ti protrusion at the t site is more 
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obvious than at other sites, i.e., the distance between the surface and the Ti atom 

beneath the O2 precursor, dz, at the t site is longer than other comparable distances. 

Moreover, during spontaneous O2 dissociation at site t, the calculations predict that the 

surface Ti atom is initially pulled out towards the step edge by the dissociating O atoms 

and then returns to its original position at the surface while the O atoms complete their 

dissociation at the step edge. 

Motivated by these results, a TiO2 formation reaction is investigated that 

accompanies a spontaneous O2 dissociation reaction, as illustrated in Figure 5-5. In the 

proposed reaction, the Ti atom beneath the O2 precursor at site t is completely pulled 

out of the surface during the molecular dissociation and forms a linear O-Ti-O complex 

with dissociated O atoms at the step, leaving behind a Ti vacancy at the t site. The 

barrier associated with this formation reaction is predicted to be 0.64 eV and the 

transition state is close to the initial state (O2 precursor at the t site). Piscanec et al. 

suggested that a linear -O-Ti-O-Ti- chain formation after the initial O2 adsorption atop Ti 

atom on the flat TiN (001) surface is mainly attributed to the tendency of Ti to reduce its 

oxidation state by sharing O atoms with less coordinated neighboring Ti atoms50. 

Similarly, the effective charge of the Ti by Bader charge analysis145, 174 confirms that the 

Ti charge is reduced from +1.98e (after the O2 adsorption at the t site) to +1.90e (after 

TiO2 formation at the step edge), although the coordination numbers of Ti on the 

stepped surface are completely different from the flat surface. The total energy of the 

final state is quite low and only 0.55 eV slightly higher than that of the lowest energy 

configuration after the spontaneous O2 dissociation. This implies that the TiO2 formed at 

the step is exceptionally stable. 



 

97 
 

To further investigate the stability of TiO2 at the step, the barrier needed to return 

the Ti atom to the t site is calculated and predicted to be 2.27 eV. It is therefore 

reasonable to conclude that once O2 dissociation occurs at the step edge, it is difficult to 

form a TiO2 complex to further oxidize the TiN surface. However, if the O2 molecule has 

enough energy to overcome the barrier of 0.64 eV for pulling Ti out of the surface upon 

its arrival on the terrace site near the step edge, such as from thermal or kinetic energy, 

Ti-N debonding can occur along with O2 dissociation to form a TiO2 complex, which 

creates a Ti vacancy on the terrace site. This vacancy therefore might play as an exit 

channel for the nitrogen, which is essential for further oxidation of the TiN surface57. 

Conclusions 

The adsorption and subsequent dissociation and reaction of O2 on a monoatomic 

TiN (001) stepped surface is investigated and compared to comparable behavior of the 

flat surface. When O2 molecules adsorb on or around the step, they are predicted to 

transition into nonmagnetic “peroxo” molecular precursors before dissociating into 

atomic oxygen. The energy dissipated from the adsorption and dissociation of O2 on the 

stepped surface is predicted to be substantially larger (~3.2 eV and ~5.3 eV, 

respectively) than on the flat TiN surface. In particular, when O2 adsorbed atop Ti on the 

terrace near the step edge, it can be either spontaneously dissociated towards the step 

edge by itself or form a TiO2 at the step edge with the Ti atom on which it resides. The 

barrier for this TiO2 formation is calculated to be 0.64 eV and the final state is predicted 

to be energetically stable. This implies that the oxidation of TiN surface may occur 

preferentially along the step edge upon O2 adsorption in a manner that is similar to the 

oxidation of some metal surfaces182. 
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Table 5-1. Predicted adsorption energies for atomic O on the flat and stepped TiN 
surfaces. 

Adsorption site Ea (stepped) Ea (flat) 

Ti-Ti bridge unstable −2.40 
t −3.11 −3.26 
e −3.30 - 
b −4.34 - 
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Figure 5-1. The TiN (001) surface with a monatomic step and the three stable 

adsorption sites (denoted as b, t, and e) for atomic O rendered in top (left) 
and side (right) views.  

 

 

 
Figure 5-2. Predicted adsorption energies for molecular oxygen on the stepped TiN 

surfaces. Also shown are the distance between the surface and the Ti atom 
on which the oxygen resides, dz, and the distance between the oxygen atoms, 
dO-O. 
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Figure 5-3. The differential charge density of the O2 precursor at the t site. The blue 

region on the surface under the O2 molecule indicates a decreased charge 
density and the yellow region around the O2 molecule indicates an increased 
charge density. 

 

 

 
Figure 5-4. The lowest energy configuration of dissociated O atoms (left) and the 

estimated dissociation paths for O2 precursor at the b and t sites (right). 
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Figure 5-5. TiO2 formation associated with the dissociation of O2 precursor at t site 
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CHAPTER 6 
GENERAL CONCLUSIONS 

Understanding the behavior of fission products has always been of utmost 

importance because these products directly affect the performance of the nuclear fuel. 

Thus numerous studies have been carried out on the accommodation of gaseous 

fission products using experimental and computational methods. However, the 

accommodation of metallic inclusions has not been as thoroughly investigated. 

Therefore the solubility of Ru, one of the fission products that takes the form of metallic 

inclusions, and its clustering behavior in UO2 were explored using DFT. The 

computational systems successfully modeled Ru behavior observed in experiments on 

UO2. To develop this understanding on a larger scale, the interaction between fission 

products and structural defects in UO2 was considered. In experiments, it is known that 

the grain boundary of UO2 is normally decorated with many fission products. Thus the 

segregation energies of fission products to a model grain boundary were calculated 

using empirical potentials. The results confirmed that the site, ionic radius and charge 

state are critical to determine the segregation preference. Also, the charges of 

segregated fission products are predicted to affect the charge state of the host materials 

and consequently promote another intrinsic defect. These results provided insight into 

how doping might be used to control fission product segregation and precipitation in 

actual fuels through optimization of the microstructure of the UO2 pellets. Because Cr is 

used a grain enlarging dopant in UO2 pellet preparation, Cr segregation and its effects 

on the host material were also investigated. The results confirmed that Cr is 

accommodated near a model grain boundary can weaken the ionic nature of 
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neighboring U-O bonds. This explains how enhanced cation mobility would enhance 

UO2 grain growth. 

Many material applications and associated properties are related to the response 

of materials surfaces. In this work, molecular dissociation, atomic adsorption, and 

atomic transport on SrTiO3 (001) and TiN (001) surfaces were considered. For SrTiO3, 

obtaining an atomically smooth surface during the growth of SrTiO3 films is important. 

Therefore diffusion mechanisms of many ad-species were investigated using TAD. The 

results predicted that Sr and O adatoms diffuse via a hopping mechanism with a 

significantly lower barrier on the SrO termination than on the TiO2 termination of the 

(100) STO surface, resulting in higher mobility on this surface. However, the Ti defects 

form Ti-O complexes on both terminations, effectively becoming immobile. More 

importantly, it is found that the TAD simulations can be effectively used to find candidate 

migration mechanisms for ad-species with supportive DFT calculations, and these 

migration mechanisms can be used as input for additional longer time scale simulations 

on thin films.  

For TiN, surface oxidation is not fully understood especially at the atomic scale 

despite of the fact that it is the critical degradation of the TiN film. Because only flat TiN 

surfaces have been investigated so far with first-principles calculations, the TiN surface 

with a monatomic step was examined. The adsorption and subsequent dissociation of 

O2 on the stepped TiN surface were predicted to release large amount of energy 

compared to those reactions on the flat surface. In particular, when O2 adsorbed atop Ti 

on the terrace near the step edge, it can be either spontaneously dissociated towards 

the step edge by itself or form a TiO2 at the step edge with the Ti atom on which it 
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resides. This implies that the oxidation of TiN surface may occur preferentially along the 

step edge upon O2 adsorption, which has not been reported experimentally yet.  

In summary, the contributions of the work reported in this dissertation to the 

literature provide an improved understanding of several phenomena. These include: 

impurity interaction with point and structural defects within UO2, a detailed description of 

surface diffusion for ad-species on SrTiO3 (001) as well as an evaluation of 

methodologies for finding optimal migration paths, and a prediction of surface reactions 

of O2 on stepped TiN (001) to produce TiO2 that were not previously known. These 

phenomena were investigated using atomic-scale and first-principles computational 

methods that are able to provide insights that are complementary to experimental data. 

 



 

105 
 

APPENDIX 
HOW TO CONSTRUCT GRAIN BOUNDARIES 

The Σ5(310)/[001] θ=36.9° symmetric tilt grain boundary examined in Chapter 3 

makes use of coincident site lattice (CSL)146 theory and, is constructed according to the 

following procedure: 

1. Obtain an initial grain boundary structure using the GBstudio software package 

2. Remove atoms at the grain boundary that are spatially very close to each other 
while maintaining the stoichiometry (neutrality) of the structure 

3. Perform energy optimization of the structure using the GULP software package 

4. Calculate the grain boundary energy of the optimized structure with GULP for an 
atomic-scale empirical result, or the VASP software package for an electronic-
structure DFT result 

5. Repeat 2-4 until the grain boundary energy reaches a minimum value 

Figure A-1 illustrates the initial Σ5 grain boundary obtained from GBstudio. It 

consists of 1920 atoms (640U 1280O) with two mirrored grain boundaries; an example 

of the spatially close U-U and O-O pair at the grain boundary is denoted as white. There 

are 16 U-U and 32 O-O pairs in total, which are spatially close, and the half of them 

must be removed prior to structural optimization. Among many ways of removal of 

atoms, two examples are shown in Figure A-2 and the corresponding grain boundary 

structures after structural optimization are given in Figure A-3. After optimization, the 

grain boundary energy, GBE , for the optimized structure is calculated as: 

A

EE
E

GB

totaltotal
GB

2


      (A-1) 

where totalE  is the total energy of pristine bulk UO2 containing the same number of 

atoms as the grain boundary structure, 
GB

totalE  is the total energy of the optimized grain 
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boundary structure, and A is the grain boundary area; the calculated grain boundary 

energies for the (a) and (b) cases are 0.195 eV/Å 2 and 0.214eV/Å 2, respectively. By 

repeating these procedures, the lowest grain boundary structure can be found, and 

subsequently used to examine fission product segregation and Cr incorporation, as 

detailed in Chapter 3. 

Using the same grain boundary construction method, other CSL grain boundaries 

of UO2 (from Σ3, 7, 9 and 11) were modeled and their segregation energy profiles for a 

selected fission product ion, Ru4+, were also obtained. The results are shown in Figures 

A-4-7. 
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Figure A-1. The initial Σ5 grain boundary of UO2 
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Figure A-2. Examples of selections for atoms to be removed 
 

 
 

Figure A-3. Optimized Σ5 grain boundary structures  
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Figure A-4. Σ3 (111)/[111] θ=60° grain boundary and its segregation profile for Ru4+ 
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Figure A-5. Σ7 (3-2-1)/[111] θ=38.2° grain boundary and its segregation profile for Ru4+ 
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Figure A-6. Σ9 (2-2-1)/[110] θ=38.9° grain boundary and its segregation profile for Ru4+ 
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Figure A-7. Σ11 (1-13)/[110] θ=50.5° grain boundary and its segregation profile for Ru4+ 
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