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Overview

• Introduction into radiation damage.
‣ Motivation.

‣ Time-scale problem.

‣ Requirement for atomistic simulation.

‣ General methodology.

• Applications:
‣ Simulating self-irradiation effects of plutonium1-3.

- Defect formation and migration in Ga-stabilised δ-Pu.

‣ The effect of structure on radiation damage4.

- Comparison of radiation response of the rutile, brookite and anatase 
polymorphs of TiO2.

1 M Robinson, S D Kenny, R Smith, M T Storr, E McGee. Nucl. Inst. Meth. B 267 18 (2009)
2 M Robinson, S D Kenny, R Smith, M T Storr. Nucl. Inst. Meth. B 269 21 (2011)
2 M Robinson, S D Kenny, R Smith, M T Storr. J, Nuc. Mat. 423 1-3 (2012)
4 M. Robinson, N. A. Marks, K. R. Whittle and G. R. Lumpkin Phys. Rev. B 85 10 (2012)
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Introduction
• Materials for nuclear applications must all share one important property:

• Two key goals:

- To develop new ʻnuclear materialsʼ for future reactors or waste forms. 

- To determine the life expectancy and failure mechanisms of materials currently 
in service.

• Requires an in-depth understanding of the atomistic processes that 
attribute to macroscopic changes in properties.

“The ability to maintain functionality during 
exposure to extreme levels of irradiation”

Waste forms -
Synroc/ Oxide 

Ceramics

Fuels-
TRISO/UO2

Graphite Use in VHTRs

Fuel 
elements - 
Graphite
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Atomic structure of nanoclusters in
oxide-dispersion-strengthened steels
A. Hirata1, T. Fujita1, Y. R. Wen1, J. H. Schneibel2, C. T. Liu2 and M.W. Chen1,3*
Oxide-dispersion-strengthened steels are the most promising
structural materials for next-generation nuclear energy sys-
tems because of their excellent resistance to both irradiation
damage and high-temperature creep1–4. Although it has been
known for a decade that the extraordinary mechanical prop-
erties of oxide-dispersion-strengthened steels originate from
highly stabilized oxide nanoclusters with a size smaller than
5 nm, the structure of these nanoclusters has not been clarified
and remains as one of the most important scientific issues in
nuclear materials research2–7. Here we report the atomic-scale
characterization of the oxide nanoclusters using state-of-the-
art Cs-corrected transmission electron microscopy. This study
provides compelling evidence that the nanoclusters have a de-
fectiveNaCl structurewith a high lattice coherencywith the bcc
steel matrix. Plenty of point defects as well as strong structural
affinity of nanoclusters with the steel matrix seem to be the
most important reasons for the unusual stability of the clusters
at high temperatures and in intensive neutron irradiationfields.

The safety, reliability, economics, and efficiency of next-
generation fission and future fusion energy systems will ultimately
depend on developing new high-performance structural materials
that can provide extended service for at least 60 years under
extremely harsh environments where the materials are exposed
to high temperatures, large time-varying stresses, chemically
reactive surroundings, and intense neutron radiation1–3. Oxide
dispersion strengthened (ODS) steels have been strenuously
developed as a promising structural material for next-generation
nuclear energy systems because of their excellent resistance
to irradiation damage and high-temperature creep as well as
extraordinary structural and chemical stability in extremely harsh
environments2–7. Small Y- or Y–Ti oxide nanoprecipitates that
are uniformly dispersed in the steel matrix with a very high
number density are responsible for reducing the creep rates by
six orders of magnitude at 650–900 ◦C, and contribute to the
excellent tensile ductility (RA > 40%) and strength (>2GPa) of
the ODS steels7–9. They also present extremely high stability at
temperatures as high as 1,400 ◦C (∼0.91Tm, where Tm stands
for the melting temperature) and in intense neutron irradiation
fields. This unusual stability of the oxide clusters cannot be readily
explained by thermodynamics and traditional materials theories.
To understand such extraordinary mechanical properties owing to
the highly stabilized oxide nanoprecipitates, a knowledge of the
structure and chemistry of the oxide nanoclusters is necessary in
the research field of the ODS steels.

The oxide nanoprecipitates in the ODS steels have been
characterized mainly using transmission electron microscopy
(TEM) by many researchers10–18. These analyses have been
performed for relatively large nanoparticles with sizes greater

1WPI Advanced Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan, 2Center for Advanced Structural Materials, City University of
Hong Kong, Kowloon, Hong Kong, 3State Key Laboratory of Metal Matrix Composites, School of Materials Science and Engineering, Shanghai Jiao Tong
University, Shanghai 200030, China. *e-mail:mwchen@wpi-aimr.tohoku.ac.jp.
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Figure 1 | Typical microstructure of the ODS steel. a, BF- and b,
HAADF-STEM images obtained from a 14YWT ODS steel.

than 5 nm. The types of crystal structures of the large Y–Ti–O
nanoparticles have been suggested as Y2Ti2O7 (refs 11–14) and
Y2TiO5 (ref. 11; Y/Ti≥1), and can be found in the published crystal
databases19. Atom probe tomography (APT), on the other hand,
reveals the chemical composition of oxide nanoclusters with a size
less than 5 nm (refs 20,21). Although the nanoclusters are basically
composed of Ti, O and Y, as well as significant amounts of Fe and
Cr (refs 20–25), the Y/Ti ratio is much smaller than 1, within the
range from 0.1 to 0.6, and depends on thematerial composition and
time–temperature history of the material process22. In any case, the
low Y/Ti ratio is not consistent with those of the reported Y–Ti–O
oxides, such as Y2Ti2O7 and Y2TiO5, which has been an important
chemical feature of the nanoclusters. However, the crystallographic
structure of the nanoclusters has been debated for many years and
has not been clarified by definite structure characterization4,20–27.
As the formation of highly dense oxide nanoclusters is the most
effective way to achieve good mechanical properties28, it is thus
vitally important to understand the structural and chemical features
of the oxide nanoclusters. Because the nanoclusters are very small
(∼2–5 nm), embedded in the magnetic bcc-Fe matrix, and may
have a coherent relation with the matrix, it is thus extremely
difficult to obtain the structural information by conventional
TEM, which is limited by a low spatial resolution and the lack
of capability for atomic-scale chemical analysis. In this study, we
systematically characterized the atomic structure and chemistry
of the nanoclusters in an ODS steel using the newly developed
state-of-the-art Cs-corrected TEMand scanning TEM (STEM)with
ultra-high spatial resolutions of∼0.10 nm.

The microstructure of the 14YWT-ODS steel (nominal com-
position: Fe–14Cr–3W–0.4Ti (wt.%) with 0.25wt.% Y2O3) was
first surveyed using bright field-STEM (BF-STEM) and high angle
annular dark field (HAADF) STEM techniques. Figure 1a shows the
typical microstructure of the ODS steel used in this study. In the
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1 A Hirata, T Fujita, Y R Wen, J H Schneibel, C T Liu, and M W Chen, Nature Materials 10, 922-926 (2011).
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Time scale problem

Ballistic Phase
High Energy ~keV
Collision Cascade

Thermal Spike

Time scales:
up to ~20 ps

Recovery Phase
Defect migration and recombination. 
Activated processes - “Rare Events”

Time scales:
ns up to seconds, d/w/y

fs ps ns s days weeks years0
Time scale

Radiation event

but events may overlap...
po

te
nt

ia
l

R
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Ballistic Phase
• Recoil event from a Primary Knock-on Atom (PKA)

• High energies, typically ~keV (dependent on the simulated process)

• Requires dynamics
‣ Ab initio methods unsuitable.

• Requires atomistic lattice effects 
‣ Phase field or continuum models 

inappropriate.

• Molecular dynamics is well suited 
to modelling the ballistic phase:

‣ Time-scales: ~O (ns)

‣ Length scale:  ~O (nm)

‣ Ensembles (thermo/barostats)

Simulation: 5 keV cascade in fcc Pu @ 300 K. 1.1M atoms 15 ps
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Molecular Dynamics
• Molecular Dynamics (MD) is a powerful tool that can be used to 

investigate the ballistic phase at the atomic level response. 

• In addition, MD has allowed in depth studies into all areas of radiation 
damage

‣ Self-irradiation effects (decay).
‣ Ion implantation (e.g SWIFT heavy ion).
‣ Sputtering.
‣ Defect aggregation at grain boundaries or interfaces.
‣ Dislocation dynamics and diffusion.
‣ Bubble formation.

• Serves as an alternative to analytical models of defect production (KP, 
NRT) or models based on the binary collision approximation (SRIM)

Tuesday, 27 March 2012



Ballistic Phase
• Important requirements for modelling the ballistic phase using MD:
‣ Interatomic potential
- Must depict nuclei-nuclei interactions correctly - i.e. ZBL screened coulomb 

potential.

‣ Variable time-step

- Due to the high atomic velocities.

‣ Sampling

- Due to the chaotic nature of the atomic collisions, important to gain a high level 
of sampling of PKA energies, initial directions of impact, thermal vibrations, 
atomic specie.

‣ Defect analysis

- Vacancy/Interstitial (Frenkel pairs), Anti-sites, Dislocations, Schottky defects 
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Recovery Phase
• Modelling the recovery phase is made significantly harder by the highly 

inhomogeneous nature of the residual lattice:
‣ After the ballistic phase, the remaining lattice is potentially highly 

disordered.

- Frenkel pairs, voids, dislocations.

‣ The presence of impurities or fission products.

- Bubble formation (H,He,Xe,Kr).

‣ Nuclear materials and fuels are typically complex and multi-component  

- Structural vacancies, partial occupancy (i.e. disordered Pyrochlores/Fluorites ).

- Interfaces or grain boundaries (ODS steels, fuel cladding).

• Removes the possibility of using on-lattice KMC due to the variation in 
local environment surrounding each defect. 

Tuesday, 27 March 2012
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Recovery Phase
• The recovery phase itself can be broken down into :
‣ Transitions where the end state is known.

- Examples:
• Simple vacancy/interstitial hops.
• Direct recombination.

- Methods:
• Climbing image NEB1, String methods

‣ Transitions where the end state is unknown

- Examples:
• Complex defect migration.
• Long range recombination.

- Methods:
• Dimer2, ART3, RAT4

‣ These techniques can also be used in on-the-fly KMC methods.
• Migration and recombination pathways. 

1 G. Henkelman, B. P. Uberuaga, and H. Jónsson, The Journal of Chemical Physics 113, 9901-9904 (2000).
2 G. Henkelman and H. Jónsson, The Journal of Chemical Physics 111, 7010-7022 (1999).
3 G.T.Barkema and N Mouseau. Comp. Mat. Sci. 20 3 (2001)
4 L. J. Vernon, Modelling Growth of Rutile TiO2, Loughborough University, 2010.
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Application 1

Simulating radiation damage in 
Ga-stabilised Pu.
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• Simulating radiation damage in Ga-stabilised δ-Pu.
‣ Understanding the aging due to self-irradiation in fcc plutonium.

‣ FCC plutonium is unstable at RT so is alloyed with a small percentage of Ga 
(up to ~12%)

• Aim 
‣ To study the radiation response of Ga-stabilised Pu.

- Cascade simulations, displacement threshold energy calculations

‣ To investigate the effect of Ga on defect diffusion.

- Transitions barrier calculations and OTF-KMC of defect migration.

Application - Ga stabilised Pu

Tuesday, 27 March 2012



Application - Ga stabilised Pu
• Methodology:
‣ MD cascades

- Modified Embedded Atom Method (MEAM) for PuGa1,2 in LBOMD.

- 0.2 - 10 keV PKA energies.

- 10 lattices equilibrated to 300K for between 10-15 ps.

- 12 PKA directions chosen from the FCC irreducible volume.

- Thermal and periodic boundaries.

- MD runs of 20 ps.

‣ LTSD

- Simple transitions, manual setup, MEP defined using CNEB.

- Transition searches using Dimer/RAT methods

- On-the-fly KMC - Dimer/RAT followed by CNEB

1 M. I. Baskes, Physical Review B 62, 15532-15537 (2000).
2 M. I. Baskes, K. Muralidharan, M. Stan, S. M. Valone, and F. J. Cherne, JOM Journal of the Minerals, Metals and Materials Society 55, 41-50 (2003).
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Application - Ga stabilised Pu
• Lattice Structure

- FCC phase Pu with arbitrary 5% substitutional Ga.

Substitutional Ga 
lowers the PE of 
surrounding Pu matrix

• Ga ordering determined using lattice Monte Carlo

- Results in no 1st nearest neighbour (1NN) Ga-Ga 
bonds

Impact on LTSD techniques - resultant crystal 
structure highly inhomogeneous

Ga Pu

Tuesday, 27 March 2012



Application - Ga stabilised Pu
• A first look at the ballistic phase 

• The effect of Ga on: Threshold displacement 
energy Ed.

‣ Low energy cascades (< 200 eV) initiated in a 
irreducible volume.

“Minimum energy required to displace at 
atom as to create a Frenkel (vacancy-

interstitial) Pair”

- Overall increase in Ed for the 
Ga PKA

Tuesday, 27 March 2012



Application - Ga stabilised Pu
• Cascade Results

Pu 5 at. % Ga 5 keV Cascades Defect Analysis
Ga Pu Mixed Total

Constituents

Vacancies 1 298 N/A 299
Interstitials 2 303 N/A 305
Anti-Sites 123 131 N/A 254

Defect Categories

Lone Interstitials 0 246 N/A 246
Lone Vacancies 0 250 N/A 250
Lone Anti-Sites 8 19 N/A 27
1NN Di-Vacancies 0 1 0 1
2NN Di-Vacancies 0 2 0 2
Tri-Vacancies 0 1 0 1
1NN Di-Interstitials 0 11 0 11
2NN Di-Interstitials 0 2 0 2
Tri-Interstitials 0 0 0 0
1NN Di-Anti-Sites 0 0 95 95
2NN Di-Anti-Sites 0 0 1 1
Tri-Anti-Sites 0 0 0 0
Anti-site + Mono-Vacancies 0 2 0 2
Anti-site + Mono-Interstitials 2 0 0 2
Split-Interstitials 0 1 1 2
Split-Vacancies 0 4 1 5
Vacancy-Interstitials 0 12 0 12
Unclassified Tri-Defects 0 3 16 19

Table 6.8: Analysis of outlying defect clusters, i.e. outside the core region, after 20 ps of 60 5
keV cascades into Pu 5 at. % Ga. Note the small number of Ga vacancies or interstitials, yet the
abundance of anti-site defects suggesting nearly all Ga displaced during the cascade finish occupying
lattice sites.

179

Large build up 
of 1NN mixed 
specie anti-site 
defects
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Application - Ga stabilised Pu
• Simple Transition barrier results

-  (~ 25 different transitions in 100 PuGa lattices)
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Application - Ga stabilised Pu

- Due to the low energy 
barriers associated with 
split-interstitials, 
diffusion occurs 
quickly ~ns.

- Defect migrates through 
a succession of Pu 
atomic replacements

- But what about the effect 
of the substitutional 
Ga ? ...

Simulated time: 842.24 ns

• On-the-fly KMC of Pu split-interstitial

Tuesday, 27 March 2012



Application - Ga stabilised Pu

- Due to the low energy 
barriers associated with 
split-interstitials, 
diffusion occurs 
quickly ~ns.

- Defect migrates through 
a succession of Pu 
atomic replacements

- But what about the effect 
of the substitutional 
Ga ? ...

Simulated time: 842.24 ns

• On-the-fly KMC of Pu split-interstitial
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Application - Ga stabilised Pu
• On-the-fly KMC of Pu split-interstitial

- By rendering the Ga-
Pu polyhedra, it 
becomes clear that the 
interstitial migration 
is confined to Pu rich 
regions.

Tuesday, 27 March 2012



Application - Ga stabilised Pu
• On-the-fly KMC of Pu split-interstitial

- By rendering the Ga-
Pu polyhedra, it 
becomes clear that the 
interstitial migration 
is confined to Pu rich 
regions.
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Application - Ga stabilised Pu
• On-the-fly KMC of Pu mono-vacancy.

- The same is also true for vacancy migration, 
with the migration pathway avoiding Ga-rich 
regions.

- As the lowest energy barriers for vacancy 
transitions are higher than interstitial, the time 
scale for migration is significantly 
increased.

Initial mono-
vacancy 
position

Final mono-
vacancy 
position

Ga rich regions
Regions containing atomic 
displacements 

Tuesday, 27 March 2012



Application - Ga stabilised Pu
• Conclusions:
‣ We have built up a picture of radiation damage in Ga-stabilised Pu, 

showing the effect of Ga on:

- Ballistic phase - Threshold displacement energies.

• Higher value of Ed for the Ga PKA.

- Ballistic phase - Cascade damage.

• No outlying Ga defects

• Build up of 1NN ʻanti-sitesʼ i.e. Pu-Ga switching during the cascade

- Recovery phase - Transition barriers.

• High energy barriers associated with introducing vacancies and 
interstitials intro Ga rich regions.

- Recovery phase - Diffusion mechanisms. 

• Pu defect migrations is confined to Pu-rich zones, bounded by Ga-Pu 
polyhedra. 

• TODO: Cascade overlap, effect of GB, varying at.% Ga, migration of 
complex defect structures. - requires robust LTSD methods!
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Application 2

The effect of structure on radiation 
damage: A case study in TiO2
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Application - TiO2

• Rutile application 
as a nuclear waste 
form, i.e. Synroc, 
and has a high 
tolerance to 
radiation damage.

• The Anatase and 
Brookite 
polymorphs behave 
differently with 
Anatase exhibiting 
a much higher 
susceptibility to 
radiation damage.

Rutile AnataseBrookite

G. R. Lumpkin, K. L. Smith, M. G. Blackford, B. S. Thomas, K. R. Whittle, N. A. 
Marks, and J. Z. Zaluzec, Physical Review B 77, 1-9 (2008).

within the program GULP22 using the Mott–Littleton23

method. The Frenkel defect energies that were calculated us-
ing this approach represent the sum of the energies of the
isolated interstitial and isolated vacancy. In order to gain
further insight into the recovery of damage on picosecond
time scales, we performed MD simulations of small thermal
spikes using the DL_POLY package.24 We considered thermal
spikes typically containing 130 atoms as prototypical sys-
tems for ion irradiation damage in thin crystals. The thermal
spike was embedded in a large crystalline matrix using near-
cubic supercells of around 5000 atoms. The atoms in a cen-
tral sphere of radius 7 Å were given an initial kinetic energy
of 6 eV per atom with all other atoms initially at 0 K. All of
the defect calculations and MD simulations reported in this
paper employ the interatomic pair potential model of Matsui
and Akaogi.20

III. EXPERIMENT DATA

The results of the irradiation experiments are summarized
in Fig. 1 in the form of selected area electron diffraction
!SAED" patterns recorded at various fluence steps during ir-
radiation. The synthetic rutile clearly remained crystalline up
to a fluence of 5!1015 ions cm−2 #Figs. 1!a" and 1!b"$. The
rutile sample shows very little evidence of structural damage
with increasing fluence and most importantly, the close in-
spection of the SAED pattern failed to show clear evidence
of damage in the form of a weak diffuse ring. This observa-
tion indicates that there is no significant accumulation of
amorphous domains in synthetic rutile at the maximum flu-
ence of this study.

Brookite #Figs. 1!c"–1!f"$ and anatase #Figs. 1!g"–1!j"$, on
the other hand, are both susceptible to amorphization under

the conditions of these experiments and returned Fc values of
8.1"1.8!1014 and 2.3"0.2!1014 ions cm−2, respectively.
The progression of damage in these two polymorphs is typi-
cal of many oxide compounds that pass through the
crystalline–amorphous transformation. In the very early
stages of damage, only sharp Bragg diffraction spots are ob-
served while in the next stage, the intensities of these spots
begin to diminish and this generally coincides with the first
appearance of diffuse rings in the SAED patterns. Ultimately,
the Bragg spots disappear altogether, an indication that the
amorphous state has been reached.

The real space peak positions of the strongest diffuse cor-
relation rings in the SAED pattern of brookite were found to
be approximately 0.18 and 0.31 nm. Values of about 0.17 and
0.31 nm were found for anatase, suggesting that the amor-
phous structures derived from the two polymorphs are
broadly similar; however, the confirmation of this awaits de-
tailed analysis of the radial distribution functions together
with spectroscopic studies of the local coordination and
bonding. The measured real space peak positions are also
similar to those of other oxide compounds containing Ti and
other elements !e.g., Nb and Ta" in octahedral coordination,
and are related to the pair correlations representing the first
and second coordination spheres, respectively.25,26

FIG. 1. SAED patterns of TiO2 polymorphs irradiated with 1.0
MeV Kr ions at 50 K. Top row: Rutile close to #012$ zone, !a"
unirradiated and !b" after a fluence of 5!1015 ions cm−2. Second
row: Brookite #011$ zone, !c" unirradiated and after fluences of !d"
3.1!1014, !e" 6.3!1014, and !f" 1.5!1015 ions cm−2. Bottom
row: Anatase !011" systematic row, !g" unirradiated and after !h"
1.3!1014 ions cm−2, !i" 1.9!1014 ions cm−2, and !j" 2.8
!1014 ions cm−2. Scale bars at the end of each row are equivalent
to %0.26 Å−1 in reciprocal space.

(a) (b)

(c) (d)

FIG. 2. !Color online" Crystal structures of the three common
TiO2 polymorphs: !a" Rutile, which have two shared edges per oc-
tahedron, forming linear chains connected by corner sharing. This
view is tilted off #001$. Note the straight tunnels consisting of va-
cant octahedral sites. !b" A ball and stick model of part of the rutile
structure illustrating the nature of the edge and corner shared link-
ages. !c" Brookite, which have three shared edges per octahedron,
forming zigzag chains connected by corner sharing. This is viewed
down #001$. The open space is due to the presence of zigzag chains
of vacant octahedral sites in this direction. !d" Anatase, which have
four shared edges per octahedron, forming a complete three-
dimensional framework. This view is tilted off #100$. Note the pres-
ence of tunnels in this direction. More complex tunnels also exist
along the &111' directions.
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with spectroscopic studies of the local coordination and
bonding. The measured real space peak positions are also
similar to those of other oxide compounds containing Ti and
other elements !e.g., Nb and Ta" in octahedral coordination,
and are related to the pair correlations representing the first
and second coordination spheres, respectively.25,26

FIG. 1. SAED patterns of TiO2 polymorphs irradiated with 1.0
MeV Kr ions at 50 K. Top row: Rutile close to #012$ zone, !a"
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FIG. 2. !Color online" Crystal structures of the three common
TiO2 polymorphs: !a" Rutile, which have two shared edges per oc-
tahedron, forming linear chains connected by corner sharing. This
view is tilted off #001$. Note the straight tunnels consisting of va-
cant octahedral sites. !b" A ball and stick model of part of the rutile
structure illustrating the nature of the edge and corner shared link-
ages. !c" Brookite, which have three shared edges per octahedron,
forming zigzag chains connected by corner sharing. This is viewed
down #001$. The open space is due to the presence of zigzag chains
of vacant octahedral sites in this direction. !d" Anatase, which have
four shared edges per octahedron, forming a complete three-
dimensional framework. This view is tilted off #100$. Note the pres-
ence of tunnels in this direction. More complex tunnels also exist
along the &111' directions.
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cubic supercells of around 5000 atoms. The atoms in a cen-
tral sphere of radius 7 Å were given an initial kinetic energy
of 6 eV per atom with all other atoms initially at 0 K. All of
the defect calculations and MD simulations reported in this
paper employ the interatomic pair potential model of Matsui
and Akaogi.20
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rutile sample shows very little evidence of structural damage
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tion indicates that there is no significant accumulation of
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ence of tunnels in this direction. More complex tunnels also exist
along the &111' directions.
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Increasing susceptibility to amorphisation 
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• Aim 
‣ To study the low energy radiation response of the low pressure polymorphs of 

TiO2

- Reproduce trends found in experiments.

- Investigate the atomic level differences in radiation response.

‣ A transferable and generalised method of simulation and analysis of low 
energy radiation events.

- As a method of calculating the threshold displacement energy, Ed. 

- To determine defect production mechanisms and recovery processes.

- Quantitative insight into resultant defect structures.

- To generate comparable results between crystal structures and/or potentials.

Application - Ga stabilised Pu
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• Methodology:
‣ MD cascades

- Matsui-Akaogi (MA) buckingham potential1 with ZBL in the DL_POLY3 MD 
code.

- Low energy cascades < 200 eV.

- 10 lattices equilibrated to 300K for between 10-15 ps.

- 100 PKA directions chosen from a uniform spherical distribution.

- Thermal and periodic boundaries.

- MD runs of 20 ps.

‣ LTSD

- Simple transitions, manual setup, MEP defined using CNEB.

- Transition searches using Dimer/RAT methods

- On-the-fly KMC - Dimer/RAT followed by CNEB

Application - TiO2

1 M. Matsui and M. Akaogi, Molecular Simulation 6, 239-244 (1991).
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• One of the goals was to produce a generalized and transferable 
methodology to study initial defect formation and extracting quantities such 
as threshold displacement energy Ed.
- Main area to automate: the determination of PKA directions

Application - TiO2

irreducible 
unit e.g. fcc x

“Minimum energy configuration of point 
charges on the surface of a conducting 

sphere”

No analytical solution for large N, 
requires numerical constrained 
minimisation.

The Thomson Problem

unit sphere 
sampling ✓  
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• Finding solutions to the Thomson Problem.
‣ Steepest Decent
‣ MD
‣ Conjugate Gradient
‣ Broyden–Fletcher–Goldfarb–Shanno (BFGS & 

LBFGS)

Application - TiO2
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Relax and 
thermalise Nl 
lattices to T Kelvin.

Generate Nd PKA 
directions from 
solutions to the 

Thomson Problem

Choose Emin, Emax 
and step size ∆E.

In each lattice, for each unique 
PKA, energy and direction, run 
MD collision cascades for t ps.

Post analysis:
DFP, 
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On-the-fly analysis:
Frenkel pairs, 

replacements ...

10 <1.1234 0.1234 0.543> 1 0 10 2
20 <1.1234 0.1234 0.543> 1 1 10 2
30 <1.1234 0.1234 0.543> 1 0 14 2
40 <1.1234 0.1234 0.543> 1 0 30 2
50 <1.1234 0.1234 0.543> 1 0 40 2
60 <1.1234 0.1234 0.543> 1 0 60 2
70 <1.1234 0.1234 0.543> 1 0 76 2

10 <1.1234 0.1234 0.543> 1 0 10 2
20 <1.1234 0.1234 0.543> 1 1 10 2
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Determine unique 
PKAs: (Ti, OI, OII )

MD

MD

Application - TiO2
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• The importance of high sampling to generate representative results
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*Error bars represent 95% confidence interval in SEM

The ‘noise’ generated 
from sampling 1 PKA 
direction is significantly 
reduced as sampling 
increases.

- Defect formation probability (DFP) - 
The probability of defect formation at a 
given PKA energy over all directions 
and lattices.

Application - TiO2
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• Quantitative analysis of the ballistic phase: 
- DFP as a function of PKA energy
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Polymorph
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Rutile 19 201 69 186

Brookite 19 105 31 120

Anatase 15 121 39 115

Rutile

*Energies in eV
*E0.5 - the energy required to achieve 50% DFP

around Ed, a simple power law was chosen that was
found to fit the data from both the O and Ti PKA
closely:

DFP (Epka) = σ +
E α

pka

β
. (8)

Given the condition that at Epka=Ed the DFP = 0%
results in the following piecewise fitting function:

DFP (Epka) =
{

0 if Epka ≤ Ed
1
β (E α

pka − E α
d ) if Epka > Ed

(9)
This function allows the intersect at Ed to vary during
the fitting process.

The resultant fit is shown in Figure 7 and generates
O values of 19.4 eV, 0.692 and 62.8 and Ti values of
69.1 eV, 0.652 and 28.6 for Ed, α and β respectively.
The value of Ed for oxygen at 19.4 eV is significantly
lower than experimentally reported values of around
40 eV [11, 29]. There is a much better agreement for
the Ti value of Ed at 69.1 eV to both experimental
and simulation work [29, 31, 32]. Rearranging equa-
tion 9 and inserting a DFP of 0.1 results in energies of
45.7 eV for O and 89.2 eV for Ti, close to the values
extrapolated previously. What is apparent from Fig-
ure 7 is the broad range of energies over which defect
formation is probabilistic. This range is large for O
in comparison to Ti, as indicated by the lower value
of Ed yet the higher energy required to give a DFP
of above 50%. As a result, a cross-over between Ti
and O at around 160 eV is created at which point it
becomes more likely to form a defect by displacing a
Ti than O. The difference in the rate of increase in
DFP as the PKA energy increases suggests different
mechanisms for defect formation dependent on the
specie involved in the displacements. These mecha-
nisms cannot simply be attributed to the mass dif-
ferences between the Ti and O and shows that more
complex lattice effects are taking place.

5.3. Implications for SRIM
In SRIM, Ed is defined as the minimum energy

required to knock the PKA far enough away from
its lattice site so that it will not immediately return.
The assumption within SRIM is that this process pro-
duces a vacancy and interstitial (Frenkel) pair. This
definition suggests a direct dependence of defect pro-
duction on PKA displacement. To investigate this
assumption, we defined an alternative probability de-
pendent on whether the PKA remains in its original

site. The resultant dependency of this PKA displace-
ment probability on PKA energy can be found in Fig-
ure 8, which also includes the previously calculated
DFP. There are marked differences between the PKA
displacement probability and the DFP both generally
and through its dependency on PKA specie. Firstly,
there is a much more discrete threshold for PKA dis-
placement, with the probability rising sharply once
this threshold is met to around 90% at 200 eV for
both PKAs. This may be as expected as once the
PKA energy is sufficiently higher than the binding
energies associated with the PKA to its site, the PKA
will be displaced. What is interesting is the observed
difference in the probability of PKA displacement in
comparison to defect formation. For the O PKA the
difference is significant, for example at 100 eV, whilst
there is around 80% probability of displacing the O
atom, there is only a 30% probability of creating a
stable Frenkel pair. Although the atomic displace-
ments are correlated to the formation of stable de-
fects, this suggests there exists a saturation point be-
fore which displacements and replacements dissipate
the impact kinetic energy, counteracting defect for-
mation. This idea suggests that in materials suscep-
tible to amorphisation, these mechansims of recov-
ery cannot be accessed and PKA displacement would
correlate more strongly with defect formation. The
definition of Ed for these materials would be unam-
biguous, and would support its use in SRIM which
directly associates PKA displacement to Frenkel pair
formation.

Another possible definition of Ed relates to the for-
mation of defects on the same sublattice as the PKA.
Figure 9 shows the defect formation probability cat-
egorised by specie of the defect and the PKA specie.
The important point to note from this figure is that
the Ti PKA produces defects on both sublattices at
the same value of Ed. As a consequence, the value
of Ed for Ti employing a definition based upon the
sublattice is equivalent to the more general definition
based on Frenkel pairs of any type. This result how-
ever, is fortuitous to an extent, since it is conceivable
that O defects due to a Ti PKA could have had a
threshold lower than that for Ti defects. In this case
values of Ed for the Ti PKA would have been depen-
dent on the definition.

5.4. Comparison with experiment

Comparing the values of Ed calculated in this study
to experimental work, the value of Ed calculated for

10

O PKA

Ti PKA

EdEd E0.5E0.5

• Defect formation is probabilistic over a large energy range, up to at least 300-400 eV.

• Although the Ed is lower for O, defect formation is more probable from Ti displacements 
at higher energies.

• Defect formation requires more energy in Rutile over the energy range studied - 
particularly from Ti PKAs.

•

Application - TiO2
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Application - TiO2

• Highlights the differences in sublattice response.
• Provides a good foundation for studies of defect migration and FP recombination i.e. 

KMC

Ti

Rutile

O PKA Ti PKA

• Taking an in-depth look into Rutile - Defect cluster analysis

Mixed di-
vacancies

Large defect 
clusters
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• DFP categorised by the atomic specie 
of the defects.

• Implications for TRCS (or other 
methods that rely on anion vacancies)
- Method traditionally only detects first 

emission i.e. O defects from O PKAs

- Second emission relating to O defects 
from Ti PKAs.

• *Only if energy gap is sufficiently large

Rutile
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O defects from Ti 
PKA

O defects from O 
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Across all polymorphs

๏ Predominantly O defects created by 
O PKAs.

๏ Even proportion of Ti and O defects 
from Ti PKAs
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• Quantitative analysis of the ballistic phase - Comparison with 
experiment: 

‣ Experimental values of Ed for the O PKA are significantly lower than observed 
from the MD simulations, for example:

- TEM 

• ~ 33 eV1

- TRCS (Time-resolved Cathodoluminescence Spectroscopy)  

• ~ 39 eV rutile 45-50 eV for other oxides2.

• Reasons for discrepancies
- TEM - 

• Relies on observable defect structures (saturation of point defects)

• Always overestimate Ed.

- TRCS - 

• Displaces O atoms with electron beam - observes decay of excited F-centers.

1 E. C. Buck, Radiation Effects and Defects in Solids 133, 141-152 (1995).
2 K. L. Smith, R. Cooper, M. Colella, and E. R. Vance, Materials Research Society Symposium 
Proceedings 663, 373–380 (2001).
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• What can happen in 25 ns? (Rutile)
‣ Simple O Frenkel pair annihilation - separation around 4 Å
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- At small separations O FP 
recombination occurs on the ps 
time scale.

- At what separation do we see a 
marked increase in FP 
recombination barrier?
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‣ O Frenkel pair annihilation - separation of around 6 Å.

Migration along the c-axis a
b
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Application - TiO2
• Mechanism of O split-interstitial 

migration in rutile
‣ Migration through the shared edge of the 

polyhedra along the c direction (z axis).
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IV IV IV
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• TODO: Is this migration possible in anatase and brookite?
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‣ In the presence of a local vacancy, the 
mechanism has a very low single barrier for 
annihilation.
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0.16 eV

‣ In bulk the transition is a two stage process with barriers around 0.12 eV.
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• In contrast, Ti octahedral interstitials migrate at much higher barrier down 
the Z-axis channels.

• Unlike the O split-interstitials that migrate through a concerted motion, the 
mechanism for the Ti interstitial is a simple linear transition.

Application - TiO2

‣ Migration passes through 2 
symmetrically equivalent octahedral 
sites with a barrier of 0.85 eV
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• Current conclusions:

- Ballistic phase - Displacement threshold energy

• Reiterates the probabilistic nature of defect formation at low energy

• O values of Ed were found to be lower than experimental, but can be attributed to low energy 
recombination barriers.

- Ballistic phase - Quantitative defect cluster analysis

• Different response from each sublattice, O PKA generates strictly O defects, Ti PKA 
produces a multitude of defects

• Representative defect proportions useful for future long time scale simulations

- Recovery phase - Transition barriers / Diffusion mechanisms

• Relatively long range and low barrier O FP recombination transitions.

• O split-interstitial migration along the rutile c-axis, with very low energy barriers.

• TODO: 
‣ The effect of the connectivity of the TiO6 polyhedra on defect migration:

- Is migration impeded by change from edge to corner sharing?  

- Is the presence of the z-axis channel in rutile the main factor behind its increase in 
tolerance ? 

‣ Full scale OTF-KMC in each polymorph on the resultant defect clusters - particularly 
the di-vacancies and di-interstitials.
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Requirements for Future Work

• A robust method of accessing time-scales beyond MD.
‣ Automated 

‣ Handle multiple complex defect structures

‣ Highly disordered lattices

‣ Large systems (as PKA energy increases)

Thanks to ...
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