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Applications of the techniques

• High energy irradiation of MgO, MgAl2O4 
and other spinels

• Fe with embedded yttria nanoparticles

• Magnetron sputter deposition of TiO2 and 
ZnO
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MgO

Substrates consisting of up to 190,000 atoms were investigated by MD. 
 

Collision cascades initiated by imparting an energy to an atom somewhere in 
the centre of the system with energies from 400 eV to 5 keV.

Fixed charge potential model due to Lewis and Catlow splined to the ZBL 
for close interactions 

Multipole method used for evaluating the Coulomb sums

Long time dynamics (TAD) used to evolve the defects left after the ballistic
phase of the cascade.

Observation: Cascades in MgO are self similar over large areas
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 Di-interstitial recombination event for 
400 eV O PKA

Colour Scheme

Large blue : Mg ion

Small light blue:  Mg vacancy

Large red : O ion

Small light red :  O vacancy

Peak damage 90 fs
Dimer forms 526 fs

          Recombination starts 5330 fs
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Examples from 5 keV cascades

(a)  3 MgO dimers 2 vacancy dimers plus isolated interstitials (cube side 11.9 nm)
(b)    2 interstitial trimers, 4 dimers, 3 vacancy dimers.
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Average number of defects observed in MgO 
after the collisional phase of the cascade

Energy defect type
   (eV)

vacancy dimer O interstitial Mg interstitial  MgO dimer

400           0.05     0.15     0.05      0.15
2000       0.4                  1.7     1.7       1.3
5000       1.3      4.8     5.2                   3.3

At 5 keV a few interstitial trimers, one tetramer and one seven atom 
interstitial cluster also formed.
Statistics from 30 400 eV cascades;  12 cascades each at 2 and 5 keV.
Small relatively immobile defect clusters 
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Long time scale dynamics (TAD) of defect 
clusters in MgO

(a) t=0 (b) t=0.081s   (c) t=0.081s
The dimer moves as a unit until the O atom recombines. The Mg
recombination then quickly follows. 
Key: Dark red spheres O interstitials; dark blue spheres Mg interstitials
         Light spheres are the vacancies
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Tetramer diffusion and hexamer formation
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Barrier heights and diffusion time scales 
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Rate theory example for long time scale effects
(radiation damage defect accumulation in MgO)

                                                                       See e.g. Yoshida and Kiritani (1973); Uberuaga, Smith et al NIMB (2005)

Dependent variables

CV- concentration of vacancies
Cin - concentration of interstitial clusters of size n
CL - concentration of interstitial loops
CiL - concentration of interstitials in the above loops

Parameters
P - damage production rate of interstitials and vacancies
Z1 - capture volume of the vacancies (for interstitials)
Z2 - capture volume of interstitials with each other
Z3 - capture volume of interstitial loops with interstitial       
       clusters
nmax - largest interstitial cluster size considered. Anything > 
nmax is considered to be a loop
A - average number of interstitials put into new loops 
when a new loop is formed
    - hopping rate of interstitial clusters of size n

Sunday, 19 August 12



Sunday, 19 August 12



Long time scale dynamics required because it 
showed the aggregation of interstitials into 
clusters lead to metastable clusters with high 
mobility

The lifetime of clusters would be missed if 
only high temperature simulations were 
carried out.
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MD simulations of radiation effects in spinels
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Spinel Structures

Site type Total
Mg2+/Al3+

i=0

Mg2+/Ga3+

i=0.5

Mg2+/In3+

i=1

Tetrahedral 64 8/0 4/4 0/8

Octahedral 32 0/16 4/12 8/8

normal disordered inverse

MgGa2O4Close-packed O2- structure MgAl2O4 MgIn2O4

Oxygen
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Molecular Dynamics Setup
• Collision cascades were performed in

– MgAl2O4 normal spinel (i = 0)

– MgGa2O4 disordered spinel (i=0.5)

– MgIn2O4   inverse spinel (i = 1)

• PKA energy: 0.4 - 10 keV, up to 1 million atoms

• Ionic interactions: Buckingham potential

• Fast multipole method for electrostatic computation 
without PBC 

• Atoms embedded in a charge neutral cell

• Initial temperature of 0 K, runtime of ~ 10 ps
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0.4 keV spinel cascade snapshots

MgAl2O4

MgGa2O4

B
O
Mg

B3+

O2-

Mg2+

BMg
MgB

Interstitials

Vacancies

Cation antisites

MgIn2O4
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2 keV damage in spinels

MgAl2O4
Normal

MgGa2O4
Disordered

MgIn2O4
Inverse

16.2 Å
12.9 Å18.2 Å

Cascades more compact in disordered and inverse spinels

MgGa2O4: interstitial - vacancy recombination difficult

Mg at tetrahedral In sites
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5 keV cascades set up by B3+ ions

MgAl2O4 MgGa2O4 MgIn2O4

Peak damage

Final damage
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10 keV cascade in normal spinel

Al

Mg

Al3+

O2-

Mg2+

AlMg

MgAl

Interstitials

Vacancies

Cation antisites

O
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Defects in normal spinel, MgAl2O4

Cation split interstitial

Anion split interstitial

O                O vacancy

Mg Mg vacancy

Perfect structure

〈10 1 〉

〈101〉

〈101〉

〈10 1 〉
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Point defect diffusion in normal spinel, MgAl2O4

Defect Barrier, Ea (eV) Mechanism

1* Oi 0.29

0.64, 0.67

1-D  along <110>

diffuses to new <110> row
2* Mgi 0.56, 0.74 3-D

3** Ali N/a

0.57

Forms Mg-Al cation split 

Al antisite + Mgi

4 VMg 0.68 3-D

5 VO 1.49, 1.66 3-D

6 VAl 2.00 3-D

*  Mechanisms depicted during interstitial-vacancy recombination in the collision cascades

** Ali defect formed Mg-Al split interstitials during the collision cascades before the Al decays to 
an antisite +Mg interstitial
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Diffusion in normal spinel, MgAl2O4 using TAD 

O vacancy O interstitial

3-D vacancy diffusion 

Mg vacancy Mg interstitial

1-D diffusion
split-interstitial

3-D vacancy diffusion 

3-D split interstitial
 diffusion 

Ea = 0.29 eV

t = ns

Ea = 1.49 eV

t = 1012 s

Ea = 0.68 eV

t = ms

Ea = 0.56 eV

t = ms
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Defect motion in disordered MgGa2O4

Defect Barrier (eV) Mechanism

1 Oi 0.09 - 0.89

0.51 - 0.99

1-D  along <110>

3-D on O sublattice
2 Mgi 0.15 - 0.69 3-D

3 Gai 0.23 Ga antisite + Mgi

4 VMg 0.18 - 1.07 3-D

5 VO 0.59 - 0.85 3-D from Ga rich to Mg rich

6 VGa 0.63 Mg antisite + VMg

• Range of energies for defect motion

• Diffusion restricted to a few sites where the defects are trapped

• O vacancy starting with 4 Ga nearest neighbours ends up in Mg 
rich region

• Ga defects form Mg defects
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Defect motion in disordered MgGa2O4

Complex electrostatic field due to disorder 
results in different vacancy site energies
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Defect motion in the inverse MgIn2O4

* One of the main defects from the collision cascades

‡ Ini residing at octahedral interstice

Defect Barrier (eV) Mechanism

1 Oi (crowdion) 0.32, 0.89

0.80 - 1.33

1-D  along <110>

Re-orients to <110> 

2 Mgi N/a Forms Mg-In split interstitial

3* Ini (split) 0.07

0.11 - 0.60

Forms crowdion‡ defect

Crowdion to crowdion hops

4 VMg 1.02 - 1.12 3-D on Mg sublattice

5 VO 0.60 - 1.36 3-D

6 VIn (Tetra) 0.23 In split vacancy‡ defect

7 VIn (Octa) 1.24, 1.34 Mg antisite + VMg
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Defect motion in the inverse MgIn2O4

1-D O crowdion hops 3-D In crowdion hops

TAD simulations reached the μs timescale 

Sunday, 19 August 12



Steels with embedded 
nanoparticles (ODS)

29
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 Another MD example : Yttria nanoparticles in bcc Fe 
(ODS)

30

The nanoparticle releases 
energy over ~50 ps time scale

Nanoparticle temperature

I keV cascade initiated close to the nanoparticle, showing defect trapping at the interface
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Magnetron sputtering and ion beam assist applications 
of multi-time scale modelling

31

• TiO2 and ZnO thin film deposition 

Evaporation deposition : assume particles arrive at 1 eV

Magnetron sputtering : assume particles arrive with higher energy, typically 
40 eV

We can also vary the fluence to simulate HIPIMS or pulsed DC sputtering
and can also vary the energy and stoichiometry of the arriving particles
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OTF-KMC for modelling deposition by magnetron sputtering 

Code is written in Python and wraps around standard MD packages. In our case LBOMD and LAMMPS. 
The code was developed by Louis Vernon now at LANL and other PhD students in the group
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Findings from the TiO2 simulations

• The main growth mechanisms are identified

• Best crystallinity is obtained with 40 eV 
bombardment (or with Ar assist at 40 eV) 
and with an O rich mixture

• If there is too much O in the mixture then the 
surface etches rather than grows

38
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Example of an complex  transition which cannot 
be guessed : 

String vibration on a ZnO surface

ZnO strings form on the surface and move with barriers of around 0.3eV.
When interacting with other such strings they snap into the hexagonal structures to 
form the crystalline layer

Small spheres represent Zn, large spheres O atoms
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40 eV sequential deposition of ZnxOy

Substrate is in wurzite phase with surface O-terminated
ReaxFF potential: normal incidence
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ZnO Evaporation deposition pre-annealing
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Twin boundary formation (wurzite-zinc blende) after 
deposition at 40 eV and annealing at 923K

43

Green circles are O vacancies

Sunday, 19 August 12



Conclusions from the ZnO 
simulations

• Twinning can form during the deposition 
process due to the energetically close 
wurzite and zinc blende phases

• Strings of atoms form during deposition 
which lock into place to form teh hexagonal 
structures

• Heating  for a short time (10 ns at 900 K) at 
high temperatures anneals out the defects.

44

Sunday, 19 August 12



General Conclusions and 
Outlook

• Atomistic long time scale techniques can now model 
ion beam interactions with surfaces, PVD and 
magnetron sputtering

• Typical reactor radiation dose rates are lower than ion 
beams but are also beginning to be accessible by the 
methods

•  It would be nice to apply the methods to nuclear waste 
encapsulation in glasses to predict the behaviour over 
100’s of years

45
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