Appendix C

Other Publications

C.1 Structure and Mobility of Defects Formed

from Collision Cascades in MgO

My contribution to this work consisted of running molecular statics calcula-
tions using CASCADE [102] as described in chapter 3. More specifically the
barriers for interstitial ion migration for both O and Mg ions were identified
by stepping the interstitial ion along the trajectory between two interstitial
sites and identifying the saddle point. The other contribution to this pa-
per included generating the binding energy data for the interstitial clusters
shown in figure 3. This involved calculating many different configurations
of Mg and O interstitial ions for each defect cluster size in an attempt to
identify the lowest energy state. The energy gain over the isolated case was

calculated and then plotted to show how the defects will tend to aggregate.
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C.2 Dynamical simulations of radiation dam-

age and defect mobility in MgO

This paper is a more detailed follow up to the previous paper. The main
contributions to this were the sections on molecular statics in the method-
ology and the first few paragraphs in the results sections. I also produced
figures 1-6, 9, 10 and 12 from the raw data to ensure consistent use of colour

and shapes for the different species throughout the paper.
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We study radiation-damage events in MgO on experimental time scales by augmenting molecular
dynamics cascade simulations with temperature accelerated dynamics, molecular statics, and density
functional theory. At 400 eV, vacancies and mono- and di-interstitials form, but often annihilate within
milliseconds. At 2 and 5 keV, larger clusters can form and persist. While vacancies are immobile,
interstitials aggregate into clusters (/,,) with surprising properties; e.g., an I, is immobile, but an im-
pinging I, can create a metastable /4 that diffuses on the nanosecond time scale but is stable for years.
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In this Letter, we combine four computational
techniques to perform multi-time-scale simulations of
radiation-damage effects in solids. For the first time, we
predict, without any prior assumptions about the dynam-
ics, the fate of defects generated under ballistic radiation-
damage conditions out to time scales approaching those
which can be probed experimentally (i.e., order of sec-
onds). A typical molecular dynamics (MD) simulation of
radiation damage follows the evolution of an isolated
collision cascade over picosecond (ps) time scales, which
is sufficient to observe the collisional phase of the cas-
cade and to identify characteristic features of the residual
defects left by the cascade process (see, e.g., Ref. [1]).
However, the actual behavior of a material is determined
not only by the number and nature of the residual defects
associated with a cascade event, but also by the long-time
evolution of those defects. Over time scales much greater
than ps, residual defects can both annihilate and aggre-
gate. Annihilation events effectively promote radiation
tolerance; aggregation events, on the other hand, lead to
decreased probability for annihilation and consequently
exacerbate radiation-damage susceptibility. In order to
effectively predict radiation-damage evolution in a ma-
terial, one must necessarily gain access to longer time-
scale processes such as defect mobility, annihilation,
and aggregation. The work presented here represents
our inaugural attempt to expand radiation-damage pre-
dictive capabilities via computation. By merging con-
ventional MD cascade simulations with accelerated
dynamics methods, we can monitor the evolution of
cascade debris to times of the order of milliseconds
(ms) to seconds (8).

As a model material for this study, we chose the oxide
magnesia (MgO). Oxides are the conventional nuclear
fuel form used in light water reactors (UO, and mixed
oxides [2]) and are attractive as insulators for fusion
reactor diagnostics [3]. Also, there is growing interest in
their use as host materials for the immobilization and
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long-term storage of toxic radionuclides such as the trans-
uranics found in spent nuclear fuel [4,5]. MgO is a classic
engineering ceramic with well-understood properties,
and its radiation-damage behavior has been the subject
of numerous experimental and computational investiga-
tions. Finally, well-established empirical potentials exist
for MgO.

The computational procedure used here consisted of
four components. As detailed below, we first generated
collision cascades in MgO at selected energies using MD
for a few ps. We adopted representative defect configura-
tions from the cascades and used these as starting con-
figurations for long-time simulations via temperature
accelerated dynamics (TAD) [6,7]. We also used static
energy minimization to assess the relative stability of
defects observed in MD or TAD simulations against
alternative crystallographic arrangements of the same
defect. Finally, key findings were verified using the
higher-quality description afforded by density functional
theory (DFT).

Using this approach, an interesting picture emerges for
the room-temperature evolution of radiation damage after
a low-energy cascade in MgO. In the first 10 ps, a primary
knockon atom (PKA) (the atom imparted with the colli-
sion energy from, for instance, an energetic neutron)
event typically creates a small number of interstitials
and vacancies. While the vacancies are essentially immo-
bile, isolated interstitials diffuse on the nanosecond (ns)
time scale. Point defects are charged, so the interstitials
are quickly drawn to either a vacancy and annihilated or
to another interstitial to form a neutral di-interstitial
cluster, which is mobile on the ms time scale. While
clusters generally become less mobile with size, we
have observed a surprising nonmonotonicity. A hexa-
interstitial cluster can form which diffuses much faster
than the smaller clusters. This behavior impacts both the
expected level of damage produced per cascade, as well
as the interaction between cascades.

© 2004 The American Physical Society 115505-1
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The potential used here, based on that given by
Lewis and Catlow [8], is pairwise additive, consisting
of an electrostatic part and a standard short-range
Buckingham term. Shells were not included in the MD
and TAD simulations but were included in some energy
minimizations for comparison. The potential is a full
charge model, which recent ab initio calculations confirm
is maintained by the ions in this lattice [9]. The potential
is not sufficiently repulsive for the small distances en-
countered during cascades and so was modified by a
screened Coulomb potential [10]. We applied a smooth
cutoff to the Buckingham term at distances greater than
8 A for the O-O interactions and 5.5 A for the Mg-O
interactions. Both Ewald sums and the fast multipole
method implemented by Rankin [11] were used to calcu-
late the Coulombic interactions. This model does not
account for charge transfer. Specifically, we do not ac-
count for defects such as F™ and F centers (anion vacan-
cies with one and two trapped electrons, respectively) in
our calculations. An anion vacancy in our model is for-
mally an F** center with no trapped electrons. The same
is true for cation vacancies.

Collision cascades with PK As at energies of 0.4, 2, and
5 keV were investigated. Crystal sizes varied from 4000
to 160000 atoms, the size chosen to ensure that the
cascades did not interact strongly with the cell bounda-
ries. Trajectories were run for up to 8 ps or until the
thermal spike of the cascade had dissipated throughout
the cell. Initial trajectory directions were randomly dis-
tributed over a solid angle representative of the crystal
symmetry. In total, 20 trajectories were run at 0.4 keV,
and 12 each at 2 and 5 keV, evenly distributed between an
O and a Mg PKA. Each trajectory was begun at a tem-
perature of 7 = 0 K. Previous MD work has indicated
[12] that the displacement energy threshold in MgO is
very high: about 65 eV for an O and 90 eV for a Mg PKA.
We obtain similar but slightly higher values.

Figure 1 shows a typical cascade with a PKA energy of
0.4 keV. Shortly after the initial knockon, a large number
of atoms are displaced from their original lattice site,
peaking at r = 80 fs [Fig. 1(a)]. After 260 fs, most of the

FIG. 1 (color). The defects in a cascade generated from a
0.4 keV O PKA. The scheme—used in all figures—is dark
blue spheres for Mg interstitials, dark red spheres for O inter-
stitials, light blue cubes for Mg vacancies, and light red cubes
for O vacancies. (a) At = 80 fs, the number of displaced
atoms peaks. (b) By 7= 260 fs, most of the defects have
recombined and only a few isolated defects remain. (c) By ¢ =
6.5 ps, the interstitials have formed a di-interstitial (labeled A).
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damage has annealed, leaving only two vacancies and
two separated interstitials [Fig. 1(b)]. However, by t =
6.5 ps, by which time the cascade has settled down, the
two interstitials have attracted one another and formed a
MgO di-interstitial [Fig. 1(c)]. In other cases, the inter-
stitial recombined with a nearby vacancy. Whether the
interstitial prefers to move toward another interstitial or
toward a vacancy depends on the complex electric field
created by these scattered point defects.

For 0.4 keV, only a small number of defects formed. The
number of Frenkel pairs, or atoms that were still displaced
after the 8 ps simulation time, was 0.5 per trajectory.
These were evenly divided between interstitial-vacancy
pairs separated by over 1 nm (pairs separated by less than
1 nm quickly recombined) and MgO di-interstitials.
Interstitials were located at the body center of the 8-
atom MgO cell, or the 8c site. The number of atoms
displaced from their original lattice site was much larger,
averaging nine per trajectory. Most recombined with
vacancies very quickly, as shown in Figs. 1(a) and 1(b).
The results of each of the cascade energies simulated are
summarized in Table L

As expected, the number of defects that survive the
collisional phase of a cascade (f = 8 ps) increases dra-
matically with PKA energy. At 2 keV, seven Frenkel pairs
formed per trajectory while 18 formed at an energy of
5 keV. The number of displaced atoms also rose, to 48
atoms per trajectory at 2 keV and 124 at 5 keV. The
increase in the number of defects with PKA energy was
accompanied by an increase in the size of interstitial
clusters. At 0.4 keV, only isolated interstitials and di-
interstitials were formed. Tri-interstitials began to appear
at 2 keV and, at 5 keV, a number of larger clusters,
including four tri-interstitials, a tetra-interstitial, and
one 7-atom cluster, formed. A similar trend is seen for
vacancy clusters. For all energies, the isolated interstitials
were roughly evenly divided between O and Mg
Examples of defects at the end of the higher energy
cascades are shown in Fig. 2.

Typical defects found in the cascade simulations
were analyzed via static energy minimization using the
procedure described in Ref. [13]. The binding energies
(Eisolated defects — Eeluster)> calculated without shells, for
TABLE .  The total number of Frenkel pairs (Ngp), principal
defect types, and times the lattice reformed perfectly (Np)
for PKA energies of 0.4, 2, and 5 keV remaining after the
collisional phase (+ = 8 ps) of a cascade. In addition, one tri-
interstitial formed at 2 keV and four tri-interstitials, one tetra-
interstitial, and one 7-interstitial cluster formed at 5 keV.

PKA No. No. of defects
energy  of mono-int mono-vac di- di-
(keV) trajs. Ngp O/Mg O/Mg int vac Np_

0.4 20 10 3/1 5/3 3 1 13
2 12 84 21/24 33/30 I5 6 0
5 12 216 57/62 78/80 39 15 0
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FIG. 2 (color). (a) Typical defects remaining after the colli-
sional phase (¢ = 8 ps) of a cascade for a PKA energy of 2 keV.
Shown are several isolated vacancies and interstitials plus two
di-interstitials (labeled A). (b) Residual defects 8 ps after a
5 keV PKA event. In addition to isolated vacancies, interstitials
and di-interstitials (A), di-vacancies (B), and tri-interstitials of
both types—Mg-O-Mg (C) and O-Mg-O (D)— form.

the most stable interstitial configurations are shown in
Fig. 3. The interstitial clusters exhibit strong binding
energies which increase from 3.49 eV per atom for the
di-interstitial to 5.15 eV per atom for the deca-interstitial
cluster. The same trend occurs when shells are included,
although the binding energies are about 0.7 eV smaller per
atom. As suggested by the cascade simulations, isolated
interstitials were found to be most stable at the 8c site.
This result is in agreement with other calculations for the
charged interstitial [14], although calculations on neutral
interstitials find the split interstitial is more stable [15].
Static simulations were also used to identify the saddle
points associated with the diffusion of the single inter-
stitials and thus we predict the energy barriers for diffu-
sion: 0.40 eV for O and 0.32 eV for Mg.

The cascade simulations can only follow the evolution
of the resulting defects for ps. We applied TAD [6,7] to
representative defects to achieve experimental time
scales. TAD involves running MD at a high temperature
Tyign in @ way that constrains the dynamics to the current
basin. The times of attempted events seen at T, are
extrapolated to the temperature of interest 7)., and the
event occurring earliest at T}, is accepted. The process is
repeated in the new state. Here, T}, was set to 300 K.

In MgO, the barriers for defect diffusion range from
0.25 to over 2 eV. To enhance the speed of the TAD
simulations, we used a recently developed extension to
TAD, the dimer-TAD method [16], which exploits the
dimer method [17] to find the minimum barrier to leave
a state. This barrier is used to reduce the amount of MD
that must be performed at Ty, and to tune Ty, for each
state, resulting in values between 300 and 2000 K.

In the TAD simulations, we employed systems contain-
ing 512 and 1728 atoms. A periodic cell was used to study
neutral defects and a cell with free surfaces was used for
the tri-interstitials. The diffusion barriers found from the
TAD simulations for the key interstitial clusters are sum-
marized in Fig. 3. At 300 K, vacancies are immobile
(barrier > 2 eV) while interstitials diffuse on ns time
scales. For small clusters, the diffusion barrier increases
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FIG. 3. Binding energy and diffusion barriers for interstitial
clusters versus cluster size. The time scale for diffusion at 300 K
is also shown. The binding energy increases with the cluster
size, while the energy barriers do not follow any obvious trend.
The dashed line indicates barriers for metastable clusters. The
s indicate barriers calculated with DFT.

with size: mono-interstitials diffuse quickly, di- and tri-
interstitials diffuse more slowly with barriers of 0.75 eV
(di-interstitial) and 0.79 eV (Mg-O-Mg) or 0.80 eV (O-
Mg-O) (s time scale), and tetra-interstitials, with a barrier
of 1.68 eV, are immobile (see Fig. 4). Tetra-interstitials are
also very stable: the barrier to split them is 2.5 eV, a
process that basically never occurs at 300 K.

This trend suggests that clusters of four or more inter-
stitials act as immobile interstitial sinks. Surprisingly,
however, the hexa-interstitial is mobile, with a diffusion
barrier of 1.04 eV in its ground state (100 s time scale).
Moreover, it can exist in a metastable state, a state ac-
tually formed in an encounter between a di- and a tetra-
interstitial during the TAD simulation shown in Fig. 4.
This state diffuses on the ns time scale with a barrier of
0.24 eVand is limited to one-dimensional diffusion along
a (110) direction. The barrier to decay to the ground state
is 1.31 eV, so a cluster formed in this metastable state will
last for years.

While we have not explored it completely, we find the
behavior of the octa-interstitial is similar to that of the
hexa-interstitial. A metastable structure diffuses one di-
mensionally with a barrier of 0.66 eV, trapped by a barrier
of 1.52 eV for decay to the immobile ground state. Larger
clusters may have interesting properties as well.

TAD simulations also show that, as in other systems
[7], activated processes often involve concerted motion
of many atoms. For example, the metastable hexa-
interstitial moves by a 12-atom mechanism. In addition,
as interstitial and vacancy defects interact in the strong
Coulomb field, long-range concerted events can lead to
their annihilation over distances of many angstroms.

For convenience, all simulations were performed on
systems held at the 7 = 0 K lattice constant. Expanding
to the T = 300 K lattice constant changes the barriers
slightly; e.g., the barrier for the tetra-interstitial changes
from 1.68 to 1.61 eV and that for the metastable hexa-
interstitial changes from 0.24 to 0.21 eV.

We have tested some of the empirical potential results
with DFT, using the VASP code [18] with the PW9l
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FIG. 4 (color). TAD simulation of the formation of a hexa-
interstitial at 300 K. (a) A di- and a tetra-interstitial began
about 1.2 nm apart. (b) By r= 1.2 s, the di-interstitial ap-
proached the immobile tetra-interstitial. (c) By # = 4.1 s, the
combined cluster annealed to form the metastable hexa-
interstitial, (d) which diffuses on the ns time scale with a
barrier of 0.24 eV.

functional and the projector augmented wave method [19]
on supercells containing 216 lattice atoms. A plane wave
basis with energies up to 400 eV was used. It was deter-
mined that a single I'-point sampling of k space was
sufficient to converge energies for this cell size. We com-
pared DFT and the empirical potential for both the for-
mation and the migration energy of the di- and metastable
hexa-interstitials. The DFT formation energies are 12.8
and 31.1 eV, respectively, which compare well with the
empirical potential values of 11.9 and 28.5 eV, considering
the high energies involved in the collision cascades. The
diffusion barriers for both defects agree very well: 0.66
and 0.33 eV using DFT compared to the empirical poten-
tial values of 0.75 and 0.24 eV (see Fig. 3).

Combining the results from these four computational
methods has led to the picture described above for the
evolution of radiation damage in MgO. Point defects and
small clusters form during low-energy cascades. While
vacancies are immobile at room temperature, interstitials
diffuse quickly, either recombining with vacancies or
clustering with other interstitials. Interstitial clusters be-
come more stable with size, but certain sizes and forms
can be very mobile. They can thus aggregate with clusters
from other cascades, increasing the overall damage
accumulation rate. In the case of the hexa- and octa-
interstitials, the long-range one-dimensional diffusion
along (110) in the metastable state could result in an
experimentally detectable signature.
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In summary, combining MD cascade simulations,
static energy minimization, temperature accelerated dy-
namics, and DFT, we find that it is possible to study the
radiation-damage properties of MgO on time scales rele-
vant to experiment. Complex events are important, and
higher level models should account for them in order to
simulate the correct damage evolution.

We acknowledge helpful discussions with G. Pacchioni,
J. H. Harding, and D. J. Harris. This work was supported
by the United States Department of Energy, Office of
Science, Office of Basic Energy Sciences, Division of
Materials Sciences and Engineering.
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Dynamical simulations of radiation damage and defect mobility in MgO
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Collision cascades are investigated in MgO at energies ranging from 400 eV to 5 keV. Initial energy is
imparted to the principle knock-on atom in the lattice and the cascade development is tracked using classical
molecular dynamics. Temperature accelerated dynamics is performed on representative defects to follow the
behavior to experimental time scales. Molecular statics is used to calculate basic properties of these defects,
while density functional theory calculations are used to verify the potential. In the cascades performed at the
lowest energy, the lattice either reforms perfectly or, if residual defects remain, these consist of isolated
interstitials and vacancies and charge-neutral Mg-O divacancies and di-interstitials. As the energy is increased
to 5 keV, isolated interstitials and di-interstitials remain the most common defects but more vacancy cluster-
ing can occur and interstitial defects consisting of up to seven atoms have been observed. Molecular statics
calculations find that the binding energy per atom of the interstitial clusters increases from 3.5 to over 5 eV as
the size increases from 2 to 16 atoms. Long-time-scale dynamics reveal that vacancies essentially never move
at room temperature but that some interstitial clusters can diffuse quickly. Although tetrainterstitial interstitial
clusters are essentially immobile, there is a long-lived metastable state of the hexainterstitial that diffuses one
dimensionally on the nanosecond time scale at room temperature.

DOI: 10.1103/PhysRevB.71.104102 PACS nunt®er61.72.Ji, 61.72.Cc, 61.80.Az, 61.82.Ms

INTRODUCTION plicated oxides. Second, MgO is a classic engineering ce-

Radiation effects in materials have received much attent@Mic with well-understood properties, and its radiation dam-
tion, both experimentally and theoretically, for a number of@9€ behavior has been the subject of numerous experimental
years. Ideally, one would like to combine the results of both@1d computational investigations. Finally, well established,
to form a more detailed understanding of radiation damagego,Od qgallty empirical potgnUaIs exist for MgQ. Of course,
Because of the disparity in the time scales involved in eaclfXides in general are very important technologically. For ex-
approach, however, this is often difficult to do. A typical ample, they are the conventional nuclear fuel form used in

molecular dynamic§MD) simulation of radiation damage 9ht water reactorsUO, and mixed oxide3 and are attrac-

follows the evolution of an isolated collision cascade over.t've as insulators for fusion reactor diagnosfigiso, there

: : S Iy is growing interest in using oxides as host materials for the
p|cosec_ond(ps) time scales, which is sufflCle_nt to_observe immobilization and long-term storage of toxic radionuclides
the collisional phase of the cascade and to identify charac

teristic feat £ th dual defects left by th ds'uch as the transuranics found in spent nuclear®®iel.
enstic teatures of the residual defects [eft by the cascade e computational procedure used here consisted of four
process(see, e.g., Ref.)1 However, the behavior of a real

5SS i components. As detailed below, we first generated collision
matena_ll is determined not_only by the number and nature of55cades in MgO at selected energies using MD for a few ps.
the residual defects associated with a cascade event, but algg adopted representative defect configurations from the
by the long-time evolution of those defects. In particular,cascades and used these as starting configurations for long-
over time scales much greater than ps, residual defects cajne simulations via temperature accelerated dynamics
both annihilate and aggregate. Annihilation events lead tgTAD).”8 We also used static energy minimization to assess
radiation tolerance, as they remove the damage formed in the relative stability of defects observed in MD or TAD
cascade; aggregation events, on the other hand, decrease #iwulations against alternative crystallographic arrangements
probability for annihilation and consequently exacerbate raof the same defect. Finally, key findings were verified using
diation damage susceptibility. To accurately predict radiatiorthe higher-quality description afforded by density functional
damage response in a material, it is necessary to simulatbeory (DFT).
longer time scale processes such as defect mobility, annihi- In this paper, we follow up on the presentation given in
lation, and aggregation. We recently presented theoretical rdRef. 2. In Sec. |, we describe the methodologies used in this
sults on radiation damage in MgO, where we began to bridgstudy. We provide details on the molecular dynamiigtd)
this time scale gap.n this paper, we expand on that initial simulations, the molecular statics calculations, and, along
report, discussing in more detail our results as well as theiwith a brief description of the algorithm, the temperature
implications. accelerated dynamic§TAD) simulations. In Sec. Il, we
While we are interested in the question of radiation dam{resent the results of these simulations. We begin with the
age in oxides in general, here we focus on the specific oxideesults of the cascade simulations performed via MD. We
magnesia(MgO). There are a number of reasons why wethen apply molecular statics and TAD to representative de-
chose MgO for this initial study. First, MgO is a simple fects found in the cascade simulations to better understand
oxide and should be more amenable to study than more conoth their static and dynamic properties. We discuss the im-
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B. P. UBERUAGAet al. PHYSICAL REVIEW B 71, 104102(2005

TABLE I. The Buckingham parameters for the Mg-O and second derivatives were preserved. A smooth cutoff of
interaction. the Buckingham potential term at an interatomic distance
greater thamg was also implemented. Thus calculation of the
rad) A pA  AEvV) Cl(eV/IAY overly attractive forces for small separation and the nonelec-
trostatic part for large separation can be avoided.

Mg-Mg 0.5 1010 0 0 Threepdifferent ign-ionpinteractions are required for this
Mg-O 0.3 0.8 0.2945 14285 0 system. The M§—Mg?* interaction is purely Coulombic.
0-0 0.5 1.01 0149  22764.0 27.88  For O*—0O%, in addition to the Coulombic interaction, we

use a Buckingham potential which includes a van der Waal's

interactiof together with an electrostatic term. For
plications this study has on the understanding of radiationyg2*__ 02~ the van der Waal's term is assumed to be zero.
damage in MgO, as well as some of the limitations of thisThe cutoffr, was set to 8 A for the ©-0 interactions and

given in Ref. 9 also includes a polarizable shell. In the MD
|. METHODOLOGY and TAD simulations reported here we do not include shells,

using instead a rigid-ion approximation. However, we have
included shells in some of the molecular statics calculations
The potential used in the following work is based on thatof isolated defects for comparison and have found that they
given by Lewis and Catlow.lt is pairwise additive and con- do not qualitatively change the results presented here.
sists of two parts: an electrostatic part and a standard Buck- As mentioned above, to avoid having a strong electro-
ingham termt® For the cascade simulations, where, becausstatic attraction for close particle separation, the interactions
of the energetic collisions, the distances between atoms camere modeled using the Universal ZBL potenfiaimoothly
become very small, this potential was modified by adding asplined to the Buckingham potential and the electrostatic
screened Coulomb potential for small particle separdfion, term with continuous first and second derivatives. The poten-
smoothly joined to the outer potential so that continuous firstial for the Mg—O interactions is summarized in E.):

A. Cascade simulations

r

ZBL, lij <Tp,
expl(fy + foryj + forf + s +farfi +fer?), rp<ry <r,
V=3 i C 1
Aexp(——'l>——6+Ep, ra=<rj<ro, @)
p fj
\Ep, rij = o,
[
where Ep=tZje/4megr;; is the electrostatic term ang is We use the fast multipole method implemented by

the interatomic spacing between atonadj. The constants Rankin® to calculate the long-range Coulombic interactions
in the electrostatic part have their usual meaning. The paranin the MD simulations while, in the TAD simulations, we
eters for the Buckingham potential are given in Table | andemployed standard Ewald sum techniques. Although the fast
those for the spline to the ZBL potential in Table II. multipole method has a similar scaling to the Ewald sum
This model does not account for charge transfer. Specifitechniques for the system sizes studied here, it is more flex-
cally, we do not account for defects such dsalRd F centers ible since it does not rely on periodic boundary conditions,
(anion vacancies with one and two trapped electrons, respeaithough periodic boundary conditions can be implemented
tively) in our calculations. An anion vacancy in our model is if desired. In the implementation of the algorithm we choose
formally an F* center with no trapped electrons. The samenot to impose periodic boundary conditions but instead to
is true for cation vacancies. We will discuss the implicationsuse a charge-neutral cube with charge-neuftfiG faces
of this on our results below. and embed the active part of the crystal in two fixed outer

TABLE Il. The parameters for the spline to the ZBL interaction.

fa f, fa f, fg fo
Mg-Mg 14.451 ~47.798 122.421 -176.000 125.130 -34.148
Mg-O 13.739 ~60.640 233.169 -491.210 499.133 -196.197
0-0 -0.913 64.435 ~209.550 295.875 -194.796 48.998
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layers. The reason for choosing this embedded approach as B. Temperature accelerated dynamics

opposed to periodic boundary conditions was just a matter of 14 fojlow the long time behavior of the defects seen in the
computational convenience. The fast multipole method i55cade simulations, temperature accelerated dynamics was
more efficient for an embedded geometry than for a periodi¢, jie g 1 representative defect structures. TATis one of
geometry. In principle, this geometry could result in sounda number of accelerated molecular dynamics techni

waves reflecting from the boundaries, though similar issueg{IIOW for the simulation of much longer time scales than

would exist for periodic boundary conditions. In fact, for . ; . )
. Yoo ; " _conventional MD. The TAD algorithm involves running MD
MgO, because the barriers for diffusion are typically high t a high temperaturygy typically much higher than the

relative to the energy in any reflected wave, we expect little® - . .
to no impact from the fixed boundaries. A few tests in whicht€mperature of interedf,,, in a way that constrains the dy-
we thermalized the boundary layers resulted in very similaf!@Mics to the current state of the systéwferred to as basin
results. However, we have also taken care in choosing theonstrained MD, BCMD. The times of events seen at this
sizes of our simulation cells, as will be addressed below. Aligh temperature are extrapolated to timesTaf,. The
cascade simulations were carried out at an initial temperatur@CMD procedure is continued until the stopping criteria is
of 0 K. met. This stopping criteria depends on two parameteis—

Previous MD work has indicatédithat the displacement the uncertainty of missing an event amgl;,, an assumed
energy threshold in MgO is very high: about 65 eV for an Ominimum prefactor in the system. These two parameters thus
primary knock-on atonfPKA) and about 90 eV for the Mg control the accuracy of a TAD simulation. Once the stopping
PKA. We obtain similar values with this potential. time has been reached, the event that occurs earligg},ds

Primary knock-on atoms at energies of 400 eV, 2 keV,then accepted and the entire process repeated in the new
and 5 keV were investigated. The small value of 400 eV wastate. The extrapolation of event times fraigg, to Ty, is
chosen to investigate the types of defects that form when thexact if harmonic transition state theory holds for the system
energy is near the displacement threshold, where the defedieing studied at both temperatures. It requires knowledge of
are expected to be small in number. Values larger than 5 ket¥he energy barrier for the event, which we find using the
require more computational resources and have not beamudged elastic band methd&’
studied at this time. Trajectories were evenly distributed be- A critical requirement of the TAD algorithm is detecting
tween PKAs of both O and Mg and run for up to 8 ps, ortransitions from the current state. In these simulations, a tran-
until the defects had thermalized. Initial trajectory directionssition was declared if, upon minimization, any atom had
were randomly distributed over a solid angle representativenoved more than 0.25 A from the minimum of the current
of the crystal symmetry. In total 20 trajectories were run atstate.

400 eV, and 12 each for the 2 keV and 5 keV PKA. The The system sizes that can be studied with TAD are smaller
actual simulations consisted of imparting a kinetic energy othan those accessible with conventional MD. In the work
either 400 eV, 2 keV, or 5 keV to the primary knock-on described here, TAD was applied to representative defects
atom. The dynamics of the system with this extra kineticobserved to form in the larger MD simulations, but in a
energy were evolved in time using standard molecular dyreduced system size containing 512 ions in a periodic cell. A
namics techniques including the velocity Verlet algorithm forfew simulations on periodic cells containing 1728 atoms
time integration, linked neighbor lists to achieve ordér were performed to ensure that effects due to periodic bound-
scaling, and a variable time step dependent on the maximumry conditions were not significant, which was indeed the
kinetic energy in the system; see Ref. 14 for details. case for the simulations reported here.

A word should be said about the size of the systems stud- In MgO, the barriers for different defects to diffuse vary
ied. These varied from 4000 to 160 000 atoms depending ogreatly, ranging from 0.3 to over 2 eV. To enhance the speed
the size and extent of the cascade. We verified that the atontd the TAD simulations, we have employed a recently devel-
displaced by the cascade were sufficiently far aatyleast oped extension to TAD that incorporates the dimer mefffod.
four nearest-neighbor distangdsom the outer boundary of This so-called dimer-TAD algoritht uses the dimer
the embedded geometry, thus ensuring that effects due toethod to find the minimum barrier to leave the state. This
interaction with the boundary were minimal. In the 400 eV minimum barrier is then used to redefine the time at which
cascades, the maximum kinetic energy imparted to atomthe BCMD can be stopped, often reducing it dramatically.
near the boundary was only 0.05 eV, too small to activatelhis new stopping criteria no longer depends&and vy,
migration in this system. The cells do tend to heat up becausiastead, it depends on the minimum barrier in the system.
of the added energy. For example, in the case of the 400 eVhis new TAD algorithm also allows us to turg;y, for the
PKAs, the temperature of the system increased to abowurrent state based on the minimum barrier, resulting in typi-
370 K. This could accelerate the recombination process;al values between 300 and 2000 K. In the simulations re-
compared tolr=0 K, but in a way that should be consistent ported here, we used,,, =300 K. We performed ten dimer
with a system at finite temperature. We are interested irsearches per state, focused on the “active” region of the sys-
longer-time dynamics af=300 K, so the systems that went tem, or that part of the system in which interstitials or va-
aboveT=300 K could bias the results slightly, but the accel- cancies resided. We can never be 100% certain that the dimer
eration of events for a few ps at this high€ris probably  searches have found the lowest barrier for escape from the
negligible. For the higher energy cascades, there was lestate. In the simulations reported here, the BCMD found a
heating of the system, leading to final temperatures beloiower barrier than the dimer searches about once per 17 es-
T=300 K. capes. When this occurred, the difference between the dimer-
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found minimum barrier and the lower discovered barrier was
usually small, on the order of 0.05 eV or less. Such errors
would affect the time scales over which the simulations oc-
curred and the particular events a simulation followed, but
the final structures and their migration barriers reported here
are likely unaffected.
For consistency with the molecular statics calculations de-
scribed below, which were performed at the minimum-
energy lattice constant of the potential, all TAD simulations . .
were also performed at the fixed volume correspondin FIG. 1. (Color online (a) The basic structure of tlje MgO crys-
to this minimum-energy lattice constant. Although the finite-t@l- © atoms(dark/red color occupy the & Wyckoff sites and Mg

temperature TAD simulations were thus under pressure?ioms light/blue coloy occupy the # Wyckoff sites of the two

: interpenetrating tetrahedra. The interstice site lies in the middle of
the temperature dependence of each activated processt t|§repeating unit, in the @site (represented by the octahedyon

T=300 K (as well as at the higher temperature used in JAD (b) Structure of the most elementary Frenkel pair, in which one of

:zrgggt?cgy the same barrier height computed in the mOIeCUfhe atoms is removed from a lattice sirepresented by the cube

and placed in the @site. This structure is not stable in MgO. The

. Finally, investligating charged defects is r_no.re ComputaFrenkel pair must be separated by four nearest-neighbor sites before
tionally challenging than neutral defects. This is because @ ig staple.

net charge resides within the simulation cell, so standard
Ewald techniques and periodic boundary conditions are no

longer applicable and the Coulomb sum is instead done di_Ia are allowed to vary, subject to forces determined via the

rectly on cells with free boundaries. Such cells require Mott-Littleton approximation; however, the interaction ener-

layer of frozen material at the boundary with a thicknessﬂ'zrsek;?;’gj;g;ﬁg'gpe Ic:?r?etljl (')?J?Su;:]e ?ﬁéczléléicéAeré)zhlcmy'
equal to the cutoff of the potential which, in turn, results in 9

cells that are much bigger. For the charged tri-interstitial de- These perfect lattice calculations are referred to as “static

fects investigated in the TAD simulations reported below, wesince vibrational entropy contributions are not included in

used a cell containing 1728 atoms, within which 512 atomsthe ”.‘Ode'- T_he energi_es c_alculated therefore relate, via the
were allowed to move(The skin size was chosen to be one quasiharmonic approximation, to the temperature of the lat-

unit cell in each direction. For example, the 512-atom inte 1€ O which the potential parameters were fitted, in this

rior consists of the 8 atom unit cell replicated 4 times in eachase, room temperature. For further details see Ref. 22. Be-
dimension. The total cell is thus the unit cell replicated prause we are interested In room temperature. in this study, we
times in each direction, so that the moving interior has a skiA(ept our systems at the minimum-energy lattice constant pre-

of one unit cell on each faceWe performed tests with even dicted by this potential.
larger cells on key barriers and found that this size gave
values to within 0.05 eV of the converged values. Il. RESULTS

A. MD simulations for large systems

C. Molecular statics and picosecond time scales

In the molecular statics calculations, the perfect lattice MgO belongs to the space gro&m3m. The structure of
structure and energy is determined by starting with the exthe basic repeating unit, shown in Figal, consists of two
perimental values and adjusting both ion positions and latticéterpenetrating tetrahedra in which O atoms are placed on
vectors, using the Newton-Raphson minimization procedurethe corners of one tetrahedron, in the Wyckoff sites, and
until each ion experiences close to zero foftiee short- Mg atoms are in the corners of the other tetrahedron lon 4
range parameters were chosen to reproduce the lattice strugites. The interstices of this structure lie in the center of this
ture very closely. The internal energy of a defect, or a clus- octant of the unit cell, or on thec8sites. Figure (b) shows
ter of defects, can then be calculated via the Mott-Littletonthe structure of the simplest Frenkel pair for this system in
approximatior? This begins with the relaxed perfect lattice, which one of the atoms is removed and placed in theig.
which is partitioned into spherical concentric regions. A de-In MgO, this particular configuration of the Frenkel pair is
fect is then placed in the center of region I. All ion positions not stable—it collapses to the perfect crystal.
in region | are allowed to relax in response to the defect, and Figure 2 shows a typical cascade simulation in MgO for a
interactions are summed over all pairs of ions within thisPKA energy of 400 eV. At=0, the initial knock-on event
region. Here the radius of region | is limited to 12.1 A sinceoccurs. Very quickly, the damage saturatés80 f9 and
the calculated defect energies remain constant at increasééttles(t=260 fg, after which only a few isolated defects
radius values, i.e., the defect energy has converged with réemain. In this particular case, these defects consist of two
spect to region size. The outer region Il extends to infinityvacancies and two interstitials, one of each tyjpig. 2(b)].
and responds to the defect as a dielectric continuum accorddue to the strong electrostatic attraction between the oppo-
ing to the Mott-Littleton approximation. To ensure a smoothsitely charged interstitials, they move toward one another
transition between regions | and Il, an interfacial region Ila,and byt=6.5 ps they have combined to form an MgO di-
of radius 32.9 A, is introduced. lon positions within region interstitial [Fig. 2(c)].
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FIG. 2. (Color online The defects in a cascade generated from

a 0.4 keV O PKA. The color scheme, used in this and all subse- FIG. 4. (Color online The recombination of an © interstitial,
quent figures, is darkred) for O defects and lightblue) for Mg generated from a 400 eV O PKA, with an O vacan@).0.44 ps
defects. Spheres indicate interstitials, or atoms more than 0.8 After the start of the cascade, by which time the cascade has settled,
from a lattice site, and cubes indicate vacancies, or lattice sites witleaving an isolated interstitial and vacancy separated by 1.5m.
no atom within 0.8 A.(a) At t=80 fs, the number of displaced Motion via the(111) interstitialcy event after 0.62 p&) Interstitial
atoms peakgb) By t=260 fs, most of the defects have recombined moves to a new8site, 1.26 nm from the vacancy after 0.71 (@.
and only a few isolated defects remain) By t=6.5 ps, the inter-  Motion via the sam&111) mechanism to new site after 1.34 ).
stitials have formed a di-interstitiglabeled A. Taken from Ref. 2. 0.9 nm from the vacancy after 1.52 186, 2.24 ps, andg) 0.68 nm

from the vacancy after 2.33 psh) 2.42 ps, (i) 2.51 ps,(j) The

Figures 3 and 4 illustrate other scenarios occurring foevent leading to final recombination occurs after 2.78 ps. The last
400 eV. In Fig. 3, as in Fig. 2, after the initial cascade hasrecombingtion event occurs quickly, appearing as a two-stage_hop
settled, a Mg interstitial is situated one lattice spacing from gind not directly via th€111) mechanism. However, further analysis
Mg vacancy. In contrast to the simulation of Fig. 2, in which reveals that events such as these are really one event, characterized
the Mg interstitial combines with an O interstitial to form a PY n€ saddle pointsee the discussion in Sec. 1).C

stable di-interstitial, in the case of Fig. 3, the O interstitial hicosecond time scales. However, in this particular case, per-

hOpS toward the Mg interstitial to form a di-interstitial which haps because of the residual thermal energy from the PKA

is still very close to the original Mg and O vacancies andevent(T=370 K, as discussed abdy¢he interstitial jumps

soon annihilates with them. Whether the interstitial annihi-to the vacancy site and recombines. The main mechanism is

lates with a vacancy, as shown in Fig. 3, or aggregates witfo move between @sites[see Fig. 18)] in the (111) direc-

another interstitial depends on the complex electric field cretion via a collinear interstitialcy mechanism, in which the

ated by all of the defects in the vicinity. interstitial in one & site replaces a lattice atom which simul-

In another simulation, illustrated in Fig. 4, an O interstitial taneously moves to anothet 8ite. This is in agreement with

is formed~15 A from the vacancy. In many cases, intersti- the prediction of Ref. 23.

tials that were this far away from a vacancy were stable over |n general, for the 400 eV PKA, only a small number of
defects form due to a tendency for nearby defects to recom-
bine over the time scale of a few picoseconds. Indeed, pre-
vious work on MgO has shown that Frenkel pairs are stable
only if the separation is greater than the fourth-nearest-
neighbor distancé® As seen in the snapshots from the three
cascades shown in Figs. 2—4, the only defects observed were
isolated vacancies, isolated interstitials or di-interstitial pairs
where an Mg and an O atom were situated at adjacent 8
sites so that the di-interstitial axis was always parallel to the
cell edges, or if100 directions. In only one case at 400 eV
was a divacancy formed.

The results of all of the cascade simulations are summa-

_ o _ rized in Table Ill. The lattice completely or very nearly com-
FIG. 3. (Color online Recombination events in a cascade gen-

d by & 400 eV PKA in MaO. Soh indi i toretitial Pletely reannealed within 8 ps of the impact event in 13 of
erated by a 400 & In MgO. Spheres indicate interstitials, oy, o 50 yrajectories investigated at 400 eV. In four simulations

atoms more than 0.8 A from a lattice site, and cubes indicate va- . . .
cancies, or lattice sites with no atom within 0.8 &) The peak a single Frenkel pair formed that was sufficiently well

number of displacements at 90 &) 0.53 ps where most of the separated—by f”lt least 1 nm—so Fhat it hgd not moved at all
defects have recombined. At this stage the Mg interstitial is only 1qver the 8 ps t',me SC&}'?' MgO di-interstitials formed three
lattice unit from the Mg vacancy. Normally, this would be an un- imes. These di-interstitials were stable over the 8 ps time
stable position for the Mg interstitial, but the nearby O interstitial SC2I€ When separated by more than 2 lattice Udittattice
and O vacancy act to partially cancel the attractive pull of the Mgunit=4.1986 A with the Lewis and Catlow potenidiom a

vacancy, stabilizing the Mg interstitial in this positioft) After ~ nearby vacancy. Summariz_ing all of these SimU't'itiODS, we
1.01 ps an MgO di-interstitial formg¢d) The Mg atom in the di- Saw about one Frenkel pair formed for every two simula-

interstitial recombines with the nearby vacancy after 5.33tpe  tions. However, the number of atoms displaced from their
large number of objects present in this figure illustrate the numbeg@riginal lattice sites and moved to others is about twenty
of atoms involved in the procesge) The remaining O atom hops times larger, averaging about 9 per trajectory.

closer to the remaining O vacancy after 6.38 (s The final event When the PKA energy is increased, the same types of
leading to complete recombination occurs after 6.44 ps. defects seen at 400 eV still predominate, typically separated
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TABLE lll. The total number of Frenkel pairs and principal defect tygesnointerstitials and di-
interstitials and monovacancies and di-vacandiesPKA energies of 0.4, 2, and 5 keV remaining after the
collisional phas€t=8 p9 of a cascade. In addition, one tri-interstitial formed at 2 keV and 4 tri-interstitials,
one tetrainterstitial, and one 7-interstitial cluster formed at 5 keV. Taken from Ref. 2.

number of defects

PKA No.

energy of Frenkel monoint. monovac. di- di- perfect
(keV) trajs. pairs O/Mg O/Mg int vac lattice

0.4 20 10 3/1 5/3 3 1 13

2 12 84 21/24 33/30 15 6 0
5 12 216 57162 78/80 39 15 0

by much larger distances, though some clustering of defectsf 124 displaced atoms produced in the collisional phase of
also begins to occur. Figure 5 shows examples of this for twdhe cascade per trajectory. Compared to lower energy cas-
typical cascades at 2 keV. As in the case of 400 eV cascadesades, while isolated defects still predominate, there is evi-
the di-interstitial pairs form not by direct collision but rather dence of more defect clustering. Out of the 12 trajectories
over picosecond time scales due to the strong Coulomb insimulated, 62 Mg interstitials and 57 O interstitials survived.
teraction between nearby interstitials. The vacancy clusterdh addition to these isolated interstitials, there were 39 MgO
however, form during the collisional phase of the cascadeli-interstitials—an average of more than 3 per cascade—and
and are immobile. Indeed, in all of the simulations we haved4 tri-interstitials, two each of O-Mg-O and M@-Mg.
performed at all energies, we have never seen a vacan®oth of these tri-interstitial structures had the same linear
move during the 8 ps collisional phase. At 2 keV, an averagetructure. In one case an interstitial cluster of 4 atoms formed
of 7 Frenkel pairs remain after 8 ps with an average of 48nd in another case we saw a cluster containing 7 interstitial
atoms displaced from their initial lattice sites. In 12 trajecto-
ries, 15 MgO di-interstitials formed in addition to 20 isolated
O and 20 isolated Mg interstitials. Out of the 12 trajectories,
a single O-Mg-O tri-interstitial also formed, which, like the
di-interstitial, consisted of linear interstitials located at adja-
cent & sites parallel to a unit cell axis. There were also a few
examples of vacancy clusters. Specifically, five divacancies
and one trivacancy cluster were observed.

One interesting observation at all energies was that trajec-
tories initiated in eithef110 or {100 planes, irrespective of
direction, produced defects which were confined to the origi-
nal plane of propagation or one lattice unit on either side.
The defect clusters of size three and larger observed in the
cascades occurred generally for PKA atoms initiated in these
low index planes.

Typical defect distributions at the end of a 5 keV cascade
are shown in Fig. 6. At this energy, an average of 18 Frenkel
pairs survived after 8 ps of simulation time, with an average

FIG. 6. (Color online Typical defects remaining after 8 ps for a
PKA energy of 5 keV. Defects are labeled(&9 di-interstitials,(B)
divacancies(C) Mg-O-Mg tri-interstitials, and(D) O-Mg-O tri-
interstitials.(a) The image shows two MgO di-interstitials and one
FIG. 5. (Color onling Examples of the spread-out residual dam- divacancy in addition to isolated interstitials and vacandiesln
age after the collisional phase of the cascade at 2 KeWThe this case the cascade is more compact and there are four divacan-
image shows three separated Mg vacancies and four O vacancieges in addition to five di-interstitials, two tri-interstitials, three O

There are two MgO di-interstitialdabeled A, one Mg interstitial,  interstitials, and one Mg interstitial. The distance between the two
and two O interstitials.(b) In this case, only well-separated tri-interstitials is 1.9 nm. The length of each side of the cubic simu-
monointerstitials and vacancies occur. lation cell, shown for perspective purposes, is 11.9 nm.
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FIG. 7. (Color onling The number of defects and displaced  FiG. 8. The average number of Frenkel pairs versus time in
atoms as a function of PKA energy. The displacement energyascades with PKA energies of 400 eV, 2 keV, and 5 keV. The
threshold for the Kinchin-Pease formula was takerEgs 60 eV.  ayerage time of peak damage increases with PKA energy, as does
The lines are guides for the eye. both the peak number of Frenkel pairs and the number of residual

Frenkel pairs.

atoms. Clustering of vacancies was also more prevalent: 15

divacancies, 6 trivacancies, and one case of an 8 atom viterstitials of both types—Mg and O—were also found to be

cancy cluster were observed. For the 2 and 5 keV cascadess‘table’ but higher in energy by over 0.5 eV. The energy bar-

. . o : . ... fier for this metastable structure to decay to tles8ucture
B ey hen eCoTENE ¥ Very small s than 0.0 oV and consequerty these

aredyto the 400 eV cascade ThFi)s s probably due to thi/ere never observed in the collision cascades. In contrast the
p ) P y Snergy barrier for migration of © between 8 sites was

longer distances between vacancies and interstitials and tl?gund to be 0.40 eV and for Mg it was 0.32 eV
complex Coulomb field due to the larger number of defects While we fi'nd the & site to be most st;':lble fdr a charged

forrgsg} the enerav range 400 eV to 5 keV. there is an al_in'[erstitial, others have found that this is not the most favor-
most linear de e%encg with enerav for b(;th the total dis?b|e site for theneutralinterstitial. Different electronic struc-
P 9y ture calculations find either the Q11) split interstitiaf® or

placed atoms and the number of residual Frenkel pairs, fgwe O(110 split interstitiaf” as the most stable neutral in-
e

SEh%V;/g(;nel\z/lgt.hZ r':‘f;gg'%? Igrghskﬂﬁcgirrnsegrﬁgﬁ rlgny t:frtlgfr;r?e rstitial. While the source of the discrepancy between these

cgscade for, all three energies is at?out 45% of thge KinchinEWO studies is not clear, it may at least be partially due to

Pease value. similar to thegresult for met?éllso differences in cell sizé In our study, because of the limita-
Finally, in addition to an increase in both the number Oft|0ns of our model, the interstitial is fully charged and prefers

residual Frenkel pairs and the maximum number of Frenkel® & Site:

pairs produced during the cascade with PKA energy, the time TABLE IV. The energy of the most strongly bound isolated
at which the damage peaks also increases. This is illustrateginall clusters in MgO found to date, up to size 8. The structures of
in Fig. 8. The average time of peak damage increases frorthe clusters containing 6 and 8 interstitials are shown in Fig. 9.
82 fs at 400 eV to 126 fs at 5 keV.

binding
B. Defect energies via molecular statics No. in defect energy energy
L . . . cluster type geometry (eV) (eV/atom
The binding energy of isolated small interstitial clusters
and vacancies was examined using static energy minimizek Mg, cell center -10.63
tion via a Mott-Littleton approach similar to that used in Ref. 1 0 cell center -11.90
25 and compared to those occurring at the end of the cag- Mg, +24.73
cades. Here, we have defined the binding energy ag o +25.47
Eisolated defects Eciuster Te results for the most stable configu- . o
rations are shown in Table IV. Some of these results have (l\'\:gg)' <180> Zg'gg 3.49
been previously reported in Ref. 2. In addition to those re- (MgO), (100 +40.
sults, we have calculated the binding energy for clusters cor? (MgOMg); (100 —43.96 3.60
taining 12, 14, and 16 interstitials. The binding energy in-3 (OMgO); (100 -45.17 3.58
creases from 3.49 eV per atom for the Mg-O di-interstitial to4 (2Mg20); -62.46 4.35
about 5.2 eV per atom for clusters containing 10 or mores (3Mg30); -95.61 4.79
interstitials. Although the isolated interstitials at the §te g (4Mg40), -129.71 503

were found to be the most stable configuratighl0 split
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FIG. 9. (Color online Ground-state structure of théa)

hexainterstitial and théb) octainterstitial. The hexainterstitial is

centered around one MgO fundamental structural (thé bars and

vacant lattice sites, represented by cubekile the octainterstitial

extends over two structural units. Each of the bars connecting the

vacant sites lies along@00 direction. In the hexainterstitial struc- FIG. 10. (Color onling Results of a typical TAD simulatior{a)

ture, six atoms have been inserted into the basic MgO structuralhe initial configuration contains a di-interstitial and two vacancies,

unit, displacing the crystallographic atoms away from their latticesimilar to the final state of Fig. (). (b) By t=81 ms, the di-

sites. The octainterstitial exhibits a similar structure in which eightinterstitial has diffused toward the O vacancy afd, via a con-

atoms have been inserted into two MgO structural units. certed event involving several atomgl) the O atom of the di-
interstitial annihilates the O vacancy 9 ns later. The remaining Mg

As discussed below. the TAD simulations have revealednterStitial then recombines with the Mg vacancy via a long-range,
! concerted mechanism involving many atofeswhich results in the

the ground state structure for the hexainterstitial and oc- . . L
tainterstitial clusters. Shown in Fig. 9, the structure of thereformatlon of the perfect crystéi) 51 ns after the first annihilation

d-stat tainterstitial i tended . fth tc)gvent. The asterisks indicate structures interpolated between the ini-
ground-state octainterstiial IS an extended version ot thal O, 4 final states of the events. See the text for discussion on the
the hexainterstitial. This suggests that extended |nterst|t|aJ

- : - etails of the event.
defects can be created by adding the basic building block

seen in the hexainterstitial cluster, that is, a compact MgO .
di-interstitial pair. This common structural motif was ex- order of ps. To truly understand the behavior of these defects,

tended to build interstitial clusters containing more than?ennq[:\[i\flemSZf;:ltjSsttgjitilrrggliteegﬁ \i/xetr?gpclfsdc;—c?elzjs ttc:) r;grr]?(;ve
eight interstitials. All of these proved stable when relaxed,

: e . experimental time scales.
except for the dodecainterstitial cluster. In this case, the re=""_ .
b Figure 10 shows results from a long-time scale TAD

laxation involves a twisting of the end of the cluster so that . . X .
this end lies along a new100 direction, forming an “L- simulation of the annealing, at 300 K, of the typical damage

een at 400 eV. The initial configuration is very similar to

shaped” structure in which each branch is composed of th at seen in Fig. @), consisting of two isolated vacancies
motif seen in the hexainterstitial. This structure has a slightl . 9. @), g . : ;
and a di-interstitial. At 300 K, vacancies are immobile even

higher binding energy than those of the neighboring intersti- . . .
tiag: cluster sizges. Wgyhave yet to determinegwhat irgpact thi?.n.the t|r_n_e scale_ of pentune_s. In_ contr_ast, an _|solat_ed MgO
structure has on the mobility of the dodecainterstitial cIusteld'.".merSt't'al’ moving m_(ll]} directions viaa collinear inter-
or if other cluster sizes also exhibit this lower energy stryc-Stitialcy mechanism, diffuses on the time scale of tenths of
ture. second§ with a barrier of 0.75 eV. In the presence of .the
We emphasize that we do not know for certain if the Yacancies, _because of the strong electrostat_lq lntera_ctlons,
structures investigated for the larger cluster sizes are indeetgIs barrier is reduced so that 7 0.08 s,_the d|-|nt_erst|t|a|
the ground state structure, and the fact that the dodecainterls?"’mh(':'S the O vacancy and partly annihilates with the va-

stitial cluster exhibits a different structure suggests that it i C.ﬁggyt'hzh& r?/r;ft;rggg zﬂo%n'nlt;riit't'f;:qu'ncrlfe@g'itnh'n ?c}cgzs and
very possible that even more compact structures will be mor 9 4 P 9 9p

- esulting in a perfect crystal.
stable. However, as the number of possible cluster geon{ The annihilation event shown in Fig. & is an interpo-

etries grows exponentially with cluster size, it is very diffi- ,_ . o
cult to explore the structure space fully. The trends discusselfﬁ'g?n?gysgggzesﬁgﬁzstﬁgfggi?:ge%ﬁﬁ;;r;g'g;letlﬂgnesgf::rii'
here are not necessarily definitive. Even if these extende hich foupr atoms are involved. The actual minimum energy
(100 structures are not the ground state, they are still ver ath, found with NEB, shows a more complex behavior. Ini-

stable structures. Experimentally, under certain condition wallv. the interstitial atom execut hop very similar to th
interstitial dislocation loops in MgO are seen to grow pref- ary, the Interstiial atom executes a hop very simiiar 1o the

erentially in the(100) direction and the defect clusters we Seecollinear interstitialcy mechanism describing isolated inter-

nee may b precursors o he islocaton oops seen i e£L1L SUSon, wih e sadde pan seomety apoeart
periment. However, more work needs to be done before an%eysaddle oint. the three re.mainin ator):ls arepmoved b
definite comparisons can be made. point, 9 y

two successive interstitialcy hops, but the process is all
downhill once the saddle has been cleared. There are no
barriers for the subsequent hops. Thus, although the mini-

The cascade simulations described above can only follownum energy path shows a sequence of three, seemingly in-
the dynamics of the resulting defects for time scales on thelependent hops, this is actually a single concerted event with

C. Long time behavior via temperature accelerated dynamics
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TABLE V. The energy barriers and event time scales for some 2 T T T T T T 7 1020
of the typical defects observed in the collision cascades. b 1 0+15 =
] R | 10+10 %
event time 3 ]
No. in barrier  at 300 K 51 0% 9
cluster species (eV) () note § -'1o+°° §
1 Mg 0.52 10° 05k %J’ "1 1008 g
1 Ving 2.12 16* N N AU
1 O 040 107 1 2 3 4 5 6 7 8
1 Vo 2.00 161 Number of atoms in cluster
2 (MgO); 0.75 0.1 FIG. 11. Migration barriers for interstitial clusters versus cluster
0.66 0.01 DFT size. The time scale for diffusion at 300 K is also shown. The bind-
2 Vmgo 2.49 167, Vo hop, ing energy increases with the cluster size, while the energy barriers
0.99 16 Vg catch do not follow any obvious trend. The dashed line indicates barriers
up for metastable clusters. Asterisks indicate barriers calculated with
2 Vigo 253, 167, Vyg hop,  PFT:
103 19 Vo catch up that the barriers are actually somewhat lower. Ner512
4 i H .
3 (MgOMg) 2'32 10 drlgtjz:iz: moving atoms, we find barriers of 0.59 and 0.61 eV for
: e Mg-O-Mg and O-Mg-O,respectively. We have further
3 (OMgO); 0.61 10* diffusion tested the dependence of the diffusion barrier of
1.27 rotation Mg-O-Mg versusN. For N=1003, the barrier is 0.54 eV
4 (2Mg20); 1.68 16° and remains essentially unchangedNat1731. Thus, the
6 (3Mg30), 0.24, 10° metastable  value of 0.59 eV aitN=512 is within 0.05 eV of the con-
state verged value. As with the di-interstitial structure, these tri-
0.33 108 metastable  interstitial structures diffuse via moves {i11) directions,
state, DFT  displacing three atoms from the lattice to form a new tri-
1.04 100 ground state Interstitial via this collinear interstitialcy mechanism. For
8 (4Mga0); 0.66 0.01 metastable both th(_e c_h- and_ trl_-lnterstltlgls, dlffus_lon via these_lb
state moves is isotropic; i.e., all eightl1l) diffusion directions
170 165 ground state are accessible from a given trimer orientation.

Both di- and tri-interstitials can also rotate to a n&0)
direction. For the di-interstitial, this rotation mechanism has
one saddle point. Analysis of trajectories initiated from thea barrier of 1.20 eV. In this process, the Mg ion of the di-
saddle plane shows that this entire sequence takes place iimerstitial remains in its original & site while the O ion
roughly 0.5 ps. displaces a lattice atom, very similar to a single interstitial

From this and other TAD simulations, we find that, for hop. If the O ion remains fixed instead, the barrier for this
small interstitial clusters, the migration energy tends to in-rotation is very similar at 1.24 eV. For the tri-interstitials, the
crease with cluster size. Isolated interstitials diffuse quicklycorresponding mechanism has a barrier of 1.23 eV for the
on the nanosecond time scale, with barriers of 0.32 eV foMg-O-Mg tri-interstitial and 1.27 eV for the O-Mg-O tri-
the Mg interstitial and 0.40 eV for the O interstitial. Di- interstitial. In this mechanism, one of the end atoms of the
interstitials are somewhat less mobile, diffusing on the timdri-interstitial remains stationary while the other two atoms
scale of a fraction of a second at 300 K with a barrier ofdisplace lattice atoms in a way that results in a tri-interstitial
0.75 eV. As discussed below, the trend is broken for tri-aligned along a differentl00 axis. These rotational mecha-
interstitials, which, with a barrier of about 0.6 eV, diffuse nisms do not change the isotropic diffusive character of the
faster than di-interstitials. However, tetrainterstitials are im-clusters. However, they would allow the clusters to change
mobile, diffusing on a time scale of 4§r. These tetrainter- orientation as they approach other defects, possibly affecting
stitials can form when two di-interstitials meet during the cluster aggregation.
diffusion process. The results of all of the TAD simulations  The immobility of the tetrainterstitial suggests that when
are summarized in Table V and Fig. 11. clusters of four atoms form, they might act as interstitial

Tri-interstitials diffuse in a manner similar to the sinks. Surprisingly, however, this is not necessarily the case.
di-interstitial, though with a significantly lower barrier. For example, the hexainterstitial, formed when a di-
We originally reported in Ref. 2 migration barriers of interstitial encounters a tetrainterstitial, is mobile, diffusing
0.79 eV and 0.80 eV for the M@ -Mg and O-Mg- Otri- with a barrier of 1.04 eV in its ground statd00 s time
interstitials, respectively. Those calculations used the frescalg. The structure of this ground state is shown in Fig.
boundary geometry discussed above, but with the interioB(a). More interestingly, the hexainterstitial can also exist in
region consisting oN=216 moving atoms. More recently, a metastable state, 0.89 eV above the ground state, in which
we have improved upon those calculations and have found diffuses much faster. Diffusion of this metastable
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FIG. 13. (Color online Bader decomposition of the DFT charge
FG. 12.(Colorcning TAD st of he formato of 5 (%1% 1206 3000 he measabie heaniersti) st o
mobile hexainterstitial at 300 K@) A di-interstitial and tetrainter- of 1.72 while each O atbm has a nét char egof ~1.72 illustrated g
stitial begin about 1.2 nm apart. The tetrainterstitial contains four, ™ . 1arg o ed by
; o e Co . . _the peak in the charge transfghe location of the O values have
interstitial atoms, but an additional atom is displaced from its Iattlcebeen shifted slightly to higher charge transfer for clarijhe at-
site so that in this representation it appears to be composed of tch))ms in the metgsta}éle hegainterstit?al cluster, labeled ifr?rlhe figure
Mg interstitials, three O interstitials, and one O vacan@y. t ’ 'gure,

=1.2 s; the di-interstitial has approached the immobile tetraintersti!r"jlnSfer slightly less charge than the bulk.

tial. (c) By t=4.1 s, the combined cluster has annealed to form a
persistent metastable state of the hexaintersti@l. This meta-  long-range concerted events. In the case of a di-interstitial
stable form diffuses on the ns time scale with a barrier of 0.24 eV close to a vacancy, many atoms are involved in the transition
The one-dimensionall10) diffusion direction is indicated. Taken which eventually annihilates part or all of the di-interstitial
from Ref. 2. [see Figs. 1@) and 1Qf)]. Concerted events are also impor-
tant in the diffusion of interstitial clusters, with the diffusion
hexainterstitial occurs in two stages, with an overall barriermechanism for the metastable hexainterstitial involving 12
of 0.24 eV, but is limited to diffusion along a sing(@10  atoms. That is, the metastable hexainterstitial diffuses via an
direction. At 300 K, this diffusion occurs on the nanosecondinterstitialcy mechanism in which all six atoms composing
time scale. This metastable structure was found by running the cluster displace and replace six atoms in the lattice; these
TAD simulation that began with a di-interstitial and a tet- six displaced atoms then become the hexainterstitial on the
rainterstitial, as illustrated in Fig. 12. When the two defectsother side of the saddle point.
met, after some rearrangement, they formed the metastable
hexainterstitial. The smallest barrier we have found to go
from the metastable structure to the most stable hexaintersti-
tial is about 1.3 eV, a process that takes years to occur at Previously’ we tested some of our empirical-potential re-
room temperature. This means that on the order % di- sults against DFT calculations, where we found that the for-
fusion events will occur in the metastable state before it demation energies of the di-interstitial and metastable
cays to the ground state. We do not know how often thishexainterstitial predicted by the empirical potential agreed
metastable hexainterstitial will form versus the true groundwith the DFT calculations to within about 8%—or 0.5 eV
state, but the fact that it did form in the single TAD simula- per atom in the cluster—while the diffusion barriers for these
tion we performed on this di-interstitial plus tetrainterstitial two species agreed to within 0.1 eV. The results for the bar-
encounter suggests that it will not be infrequent. riers are included in Fig. 11.

As discussed in Ref. 2, we find the behavior of the oc- This is very good agreement, giving us confidence that
tainterstitial is similar to that of the hexainterstitial. A meta- our results are not an artifact of the potential. To understand
stable structure diffuses in one dimension with a barrier othe origin of this good agreement, we have calculated the
0.66 eV (0.01 s time scale trapped by a barrier of 1.52 eV Bader charge$3tfor the atoms in and around the metastable
against decay to the ground state, which diffuses with théiexainterstitial configuration. In these calculations, as for
larger barrier of 1.7 eV. It is tempting to speculate that yetthose in Ref. 2, we employed thasp code&® with the Pwo1
larger clusters may also have interesting kinetic propertiesunctional and the projector augmented wave methaoh
The structure of the ground state of the octainterstitial, asupercells containing 216 lattice atoms and a plane wave
described above and shown in Figb® can be viewed as an basis with energies up to 400 eV. It was determined that a
extension of the hexainterstitial structure. One can imaginsingleI'-point sampling ok space was sufficient to converge
placing two hexainterstitials in adjacent cells and then reenergies for this cell size. For example, increasing the
moving any atoms which overlap. Such a construction givek-point mesh to X2X 2 changed barrier heights by less
the octainterstitial structure. than 0.001 eV.

Finally, TAD simulations have also revealed that, as inter- The result of the Bader charge decomposition is shown in
stitial defects approach vacancies, annihilation occurs vi&ig. 13 in which the net charge transferred to or from each

D. Density functional theory

104102-10



DYNAMICAL SIMULATIONS OF RADIATION DAMAGE ... PHYSICAL REVIEW B 71, 104102(2005

atom in the cell is given. In the bulk, Mg atoms transfer 1.72  As mentioned above, the potential used in this study does
electrons to O atoms. This value is about 0.3 electrons lessot account for any charge transfer between species. It is
than the formal charge of 2 electrons, supporting the validitymportant to consider what impact this property of our model

of the ionic model for this system. The atoms composing thé1as on the results described in this work. The largest effect is
metastable hexainterstitial transfer slightly less charge, withh the Coulomb interactions. If charge transfer were allowed,

the least amount of charge transferred being about 1.64 elefen the charge on individual defects would be reduced and
trons. Thus, the amount of charge transferred in the atom@€ interaction would be reduced as well. The most immedi-

composing the defect is very similar to the charge transfeft® consequence of this would be that long-range attraction
occurring in the bulk, possibly explaining why the ionic between oppositely charged defects would be reduced and

model does so well in describing these bulk defects. the time scale fqr, for example, annihilation would be in'—
The value for the charge transferred of 1.72 is less thar?reaSEd' Interstitials would have to move closer to vacancies

: . order for there to be a high probability of recombination.
the fuI_I charge of 2 ass_umed in our model. This suggests Fh#]here would also likely be differences in the ground state
we might be able to improve the model by using partial

h . ) tructure, as shown by density functional theory cal-
charges instead of the full formal charge. This may indee ulations and migrationybarriers,ythough the magnitzde of

improve the ability of the potential to model certain aspectpese differences are impossible to know without direct cal-
of the system, but one must take care before proceeding ifjation.

this direction. Partial charge models are less transferable; a The impact of charge transfer on the net-neutral species
parameter set for the O-O interaction developed for MgQye describe would likely be much less. The fact that the
will be different from one developed for Al-doped MgO, for gensity functional theory calculations we have done on the
example, making comparisons of defect energies more diffigj_jnterstitials and metastable hexainterstitials agree well
cult. In addition, while some properties are typically im- with the empirical potential calculations suggests that our
proved when a partial charge model is used, others, such §g|ly charged model describes these defects well. The DFT
dielectric constants, can be made wotSEinally, the Bader  cajculations also show that the charge transfer among atoms
charge decomposition is one of several such methods fqp the metastable hexainterstitial is similar to that in the bulk
partitioning charge. While we might expect other schemes tgnd that charge transfer does not play a big role in these
give qualitatively similar results, especially for the change inpeytral clusters. Thus, while the behavior we see for charged
charge transferred among the ions in the defects, the absolugfects may not be as indicative of their behavior in real
magnitude of transferred charge might differ. Thus, there igy1g0, our predicted properties of neutral clusters are likely to
no unique value for the transferred charge to use in a partigde much more reliable.
charge model. For these reasons, while using partial charges at this point, it is difficult to directly compare our simu-
may improve our ability to model MgO, we feel that a full |ation results with known properties of MgO. Experimental
charge model is more appropriate for studying a variety okstimates of the vacancflikely O) migration barrier of
complex materials. 1.9 eV (Ref. 34 agree well with the value of about 2.1 eV
predicted by this and other theoretical studies., see Ref.
36). More recent experiments find a range of activation en-
ergies for the annealing of F centers, from 1.9 to 3.4%V.
Combining the results from molecular dynamics, molecu-The interpretation in those experiments is that the value of
lar statics, temperature accelerated dynamics, and densi8/4 eV corresponds to the diffusion of F centers and that
functional theory reveals an interesting picture for the room{ower values represent more complex mechanisms. The dis-
temperature evolution of radiation damage after a low-crepancy between that result and ours may be due to the fact
energy cascade in MgO. Point defects and small clusterthat they are examining the behavior of Bnd F centers,
form during the first 10 ps after the impact. While vacancieswhile our simulations can only considei*Fdefects at this
are immobile at room temperature, interstitial ions diffusetime. However, whether F centers diffuse with a barrier of
quickly. They can either recombine with vacancies, effec2 eV or 3.4 eV would not change the results presented here;
tively healing the crystal, or aggregate with other intersti-they would be immobile at room temperature in either case.
tials, forming successively larger interstitial clusters. Theselhe key result is the fast diffusivity of large interstitial clus-
clusters become more stable with size. They also generalliers, which is confirmed by our DFT calculations.
become less mobile with size, but there are some dramatic Most experimental work on MgO, however, can only re-
and important exceptions. For example, the tetrainterstitial iseal properties of larger scale defects, such as interstitial
immobile at room temperature, but combining with a di- dislocation loops and vacancy voids. We have not addressed
interstitial can give a hexainterstitial in a long-lived meta-the length scales necessary to describe these larger defects.
stable state that diffuses faster than any other species w&peculation that th¢l00) character of the larger clusters in
have observed in MgO. These mobile clusters can thus difeur simulations is connected to tkE00 growth direction of
fuse over long ranges, interacting and aggregating with clussome interstitial dislocation loops is, for the moment, exactly
ters from other cascades which will increase the overall damthat: speculation. In our ongoing effort, we hope to make
age accumulation rate. In the case of the hexainterstitials andore direct comparisons between theory and experiment.
octainterstitials, the long range one-dimensional diffusion We point out that while this study has revealed intriguing
along (110 in their metastable states could result in an ex-properties of defect clusters in MgO, it is not a comprehen-
perimentally detectable signature. sive study of all small defects in MgO. We have not exam-

IIl. DISCUSSION AND CONCLUSIONS
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ined, for example, the properties of the pentainterstitial, noels should account for them in order to simulate the correct
some of the other possible small-cluster coalescence pratamage evolution.
cesses. Rather, we have focused on the characteristic of de-
I)enctt?1 izeen in low-energy cascades. Future work will expand ACKNOWLEDGMENTS
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