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We combine classical and quantum-mechanical simulations to study the structural changes in CaTiO3 under
irradiation. We identify common defects, and suggest that their stability is related to the covalent character of
Ti-O bonding. We address the issue of resistance to amorphization by radiation damage, and propose that a
complex material is amorphizable by radiation damage if it is able to form a covalent network. On a more
detailed level, we suggest that resistance to amorphization is defined by the competition between the short-
range covalent and long-range ionic forces.
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I. INTRODUCTION

The future of nuclear power is often linked to our ability
to effectively manage nuclear waste. This ability is also im-
portant for immobilizing the current stockpiles of highly ra-
dioactive waste and weapons-grade plutonium. Vitrification,
or immobilization of nuclear waste in glass, has been and
remains a popular way of its handling. The effective alterna-
tive to vitrification has been immobilization in crystalline
solids. Several potential waste forms have been proposed and
studied, including the composite titanate ceramic SYNROC.1
Under irradiation from immobilized elements, SYNROC
phases amorphize. Radiation-induced amorphization can af-
fect several physical properties of a material, including its
ability to remain an effective immobilization barrier. It has
been shown recently that when the damaged structure perco-
lates, transport phenomena can experience typical
percolation-type increases, affecting the stability of a waste
form.2
CaTiO3 is a much studied perovskite, and is a major

phase in SYNROC, in which it carries the function of cap-
turing strontium, rare earths, and actinide radioactive ele-
ments. Most of the damage comes from the large energetic
recoiling nuclei during alpha decay. Under irradiation, per-
ovskite loses long-range order (becomes “x-ray amor-
phous”), as is witnessed from irradiation by energetic ions
and actinide doping,3 with a large accompanying increase in
volume. The nature of the damaged state, the structural
changes under irradiation, what drives amorphization in this
and other titanate materials, etc., remain unknown. To an-
swer these and other important questions, we combine clas-
sical and quantum-mechanical calculations of radiation dam-
age effects in perovskite. We show that the damage is
stabilized by alternative Ti-O-Ti bridges with substantial co-
valent contribution to bonding.
Finally, we discuss a long-standing problem of resistance

of materials to amorphization by radiation damage. We pro-
pose that resistance to amorphization of a complex non-
metallic compound is defined by the competition between
the short-range covalent and long-range ionic forces.

II. DAMAGED PEROVSKITE STRUCTURE AND THE
NATURE OF BONDING

We begin by simulating a 30-keV U recoil in perovskite
structure using molecular dynamics (MD) simulation. First,

since it has been shown that the short-range repulsion poten-
tial is improved if calculated from first principles (relative to
the empirical potential),4 we compute short-range forces be-
tween all pairs of U, Ca, Ti, and O atoms. The ab initio
energy calculation was performed using the self-consistent
SIESTA program.5 This code is an implementation of density
functional theory6 combined with the pseudopotential ap-
proximation to remove the core electrons from the calcula-
tions. Due to the large overlap between the semicore and the
valence states, the 3s and 3p electrons of Ti and Ca were
included in the calculation. The electronic density is obtained
using the exchange-correlation potential of Ceperley and Al-
der in the Perdew-Zunger parametrization,7 and norm-
conserving pseudopotentials in the Kleinman-Bylander
form.8 The core radiis used for the pseudopotential genera-
tion were 1.15, 1.30, and 1.40 bohr for O, Ti, and Ca, respec-
tively. The Kohn-Sham eigenstates were expanded in a local-
ized basis set of numerical orbitals. We used a single-" basis
set for the semicore states of Ti and Ca, and a double-" plus
polarization for the valence states of all the atoms. Periodic
boundary conditions require the definition of a supercell
large enough for the interaction between replicas of the at-
oms to be cancelled !L"20 Å#. A uniform space grid with
an equivalent cutoff energy of 350 Ry was used to project
the charge density and calculate the exchange-correlation
and Hartree potentials. We have shown elsewhere9 that the
short-range potentials calculated using pseudopotentials in
the described way are in a good agreement with those ob-
tained from the all-electron treatment, with neither core nor
basis approximations.
The short-range potentials were joined to the perovskite

equilibrium interatomic potential10 to be used in the MD
simulations. We have used the DL_POLY MD package.11 The
system contained 500 940–832 000 atoms, and we have em-
ployed constant energy ensemble. The damage propagation
was simulated for about 20 ps at room temperature, and the
result is shown in Fig. 1.
What are the key features of the damaged structure? Mak-

ing definite conclusions about the structure of the damage is
challenging, because in MD simulations of radiation damage,
the empirical potential is fitted to the properties at equilib-
rium, and generally we cannot expect it to give correct re-
sults in the highly disordered state. In some cases, the simu-
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lation results can provide important insights into radiation-
induced structural changes, if combined with experimental
data and common knowledge. For example, in the case of
zircon, we saw that the damaged structure was stabilized by
the polymerized silica phase (absent in the crystal).12 This
was also observed in NMR experiments13 and is supported
by the common knowledge that silicates favor the creation of
polymerized chains and covalent networks. Unlike in zircon,
no detailed study of the damaged perovskite structure was
performed. Hence, we opted to carry out quantum-

mechanical calculations of the perovskite damaged state.
In the classical simulation we find that the damaged struc-

ture is populated by distorted edge-shared TiOn polyhedra.
Note that in the ideal perovskite structure TiO6 octahedra are
corner-shared, and the trend to edge-sharing interestingly
compares with increasing connectivity from nonconnected
SiO4 tetrahedra to the polymerized SiOn phase in zircon.12
We have identified about ten typical defects present in the
structure from the classical simulation, and used SIESTA ab
initio calculation described above, to relax those defects. We
introduced the defects in the periodic supercell with 80–82
atoms. The k-point sampling was reduced to the # point.
We find that all damaged configurations either relaxed

back to the crystalline state, or formed two distinct forma-
tions, which we call “oxygen molecule,” since two TiO6
polyhedra are connected by O-O bridge (defect 1), and a
defect with edge-sharing polyhedra (defect 2). We have cal-
culated overlap Mulliken population, together with the defor-
mation density, $% (the difference between the electronic
density around relaxed defects and the electronic density
around isolated atoms), shown in Fig. 1, together with $%,
calculated for the ideal perovskite structure.
The directionality of electronic charge distribution (elon-

gation of electronic density plot along the line connecting an
atomic pair) show that each of Ti atoms forms a bond with
the closest O atom, and that two oxygen atoms are bonded to
each other in defect 1 [see Fig. 1(a)]. Unlike in defect 1,
there is no electronic charge between two O atoms in defect
2, and $% shows that each Ti atom is bonded to two O atoms,
making it an edge-shared defect [see Fig. 1(b)]. In both de-
fects 1 and 2, the Mulliken analysis confirms the formation
(absence) of bonding between Ti-O and O-O.
More extensive statistical sampling of all possible defects

in the damaged perovskite structure requires a substantial
computational effort, which should be undertaken in further
studies. Because several initial damaged structures relaxed to
either configurations of defects 1 and 2, and, as mentioned
above, the damaged structure in Fig. 1 contained many simi-
larly disordered units, we suggest that defects 1 and 2 are
representative defects in the damaged perovskite structure.
We find that the formation energies of defects 1 and 2 are
about 2 and 4 eV, respectively. In both defects 1 and 2, there
is considerable covalent contribution to Ti-O bonding, as
witnessed by the directional character of bonding and Mul-
liken charges. We have calculated $% for crystalline CaTiO3
and rutile TiO2, and the covalency in Ti-O bonding can be
seen in these structures as well [see Figs. 1(c) and 1(d)]. This
is consistent with previous experimental and computational
results that showed considerable covalent contribution to
bonding in TiO2,14 and is crucial for understanding why all
titanate oxides are readily amorphizable by radiation dam-
age. In fact, this is important for answering a long-standing
question of what defines a material’s resistance to amor-
phization.

III. RESISTANCE TO AMORPHIZATION
BY RADIATION DAMAGE

The issue of resistance to amorphization by radiation
damage is generally perceived as complex, which is related

FIG. 1. (Color online) Top: damaged perovskite structure. The
damage has a characteristic dimension of 7–9 nm. The box size is
about 20 nm. The energetic particle propagated from the top left to
the bottom right corner. Bottom: Contour plots of deformation den-
sity $%, calculated for (a) defect 1, showing two Ti atoms connected
via an O-O bond, (b) defect 2, showing edge-sharing between two
Ti atoms, (c) crystalline CaTiO3, (d) crystalline rutile TiO2, (e)
crystalline MgO, and (f) crystalline ZrO2. In crystalline structures,
the contour plots are drawn for the cation-anion plane, and in de-
fected structures the plane was defined by the two O and Ti atoms.
The contour plots are drawn between −0.25 and 0.25 e, and each
line corresponds to a step of 0.006 e. Blue and green lines corre-
spond to negative and positive values, respectively (dashed and
solid lines in the black and white version of the figure). The analysis
of the overlap Mulliken population shows appreciable charge be-
tween Ti-O atoms forming a covalent bond. In contrast to the co-
valent character of bonding in (a)–(d), no directionality is seen in
$% in the highly ionic MgO and ZrO2.
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to the highly nonequilibrium process of radiation damage
and many intervening effects (see, for example, Refs. 15 and
16, and discussion below). The recent review has found
about ten different criteria considered as relevant for resis-
tance to amorphization.17 Most of the proposed criteria are
either empirical in nature, or considered to be correlations of
resistance to amorphization with other physical properties.
For example, the correlation of radiation damage with glass-
forming ability,19 is the attempt to link the two, otherwise
different, physical processes. This correlation may or may
not work, since many materials that are either bad glass
formers or do not form glasses by normal liquid quenching
because they phase-decompose, are nevertheless readily
amorphized by radiation damage, with Si, Ge, TiO2, CaTiO3,
ZrSiO4, etc., being obvious examples. Another correlation
has been made in the topological theory of Hobbs,20 who
related resistance to amorphization to the topological free-
dom of equilibrium structure, with high- and low-
coordinated structures being generally resistant and easily
amorphizable by radiation damage, respectively. Chemistry
is not a parameter in this theory, and it does not address
remarkably different resistance to amorphization observed in
topologically identical or similar, but chemically different
materials with different bonding type17 (see also discussion
below).
As a result of the absence of consistent microscopic

theory of resistance to radiation damage, there has been a
controversy in understanding new experimental results and
in predicting resistance of new materials (see, for example,
Ref. 18). As new experimental data is accumulating, the need
for a consistent theory of resistance to amorphization is
growing. In what follows we suggest that important insights
can be gained from the consideration of the nature of inter-
atomic forces.
The structure of a condensed phase is entirely defined by

the interactions between constituent particles. Our previous
computer simulations provide important insights about the
stability of the damaged structure. We have seen that the
damaged zircon structure contains damaged Si-O-Si poly-
merized phase,12 whose stability in the damaged state pro-
vides the mechanism for amorphization. We now recall the
strong covalent contribution to Si-O bonding, and the ease of
amorphization of SiO2.21 A quick review21,22,19 reveals 36
silicate oxides with various chemistries and symmetries,
which are easily amorphized under irradiation. We also recall
the strong covalency in Ti-O bonding discussed above, and
that 25 complex titanate oxides with various compositions
and symmetries are amorphized by irradiation relatively
easily.3,23–25 We now formulate the criterion of resistance to
amorphization by radiation damage: a complex material is
amorphizable by radiation damage if its chemistry allows it
to form a covalent network.
How is the nature of interatomic bonding relevant for

damage stability? The intuitive and qualitative arguments can
be offered as follows. At the initial state of damage, the
radiation cascade can be approximately viewed as a “hot”
mix of constituent elements.26 As the energy dissipates in the
matrix and kinetic energy of particles becomes comparable
with the energy of interaction, the interatomic forces come
into play and define the post-irradiated structure. At this

point, the rearrangement of atoms needed to regain coher-
ence with the crystalline lattice involves significant coopera-
tive motion. In a covalent structure, the interactions can be
thought of as short-range directional constraints, due to the
substantial electronic charge being localized between the
neighboring atoms. Therefore, cooperative atomic motion is
“hooked” by the electrons between neighboring atoms, and
requires breaking covalent bonds with associated energy
cost.27 This is exactly what we have observed during the
dynamics of relaxation of the damaged perovskite structure
in quantum-mechanical calculation: the Ti-O-Ti bridges sta-
bilized in the damaged state due to the considerable covalent
contribution to bonding.
Highly ionic structure can be viewed as a collection of

charged ions. To illustrate the qualitative difference in bond-
ing, we have calculated $% for ZrO2 and MgO with high
ionic contribution to bonding, which are known to be ex-
tremely resistant to amorphization. Figure 1 contrasts the di-
rectionality of covalent bonds in titanates and its absence in
the highly ionic ZrO2 and MgO, with $% having spherical
symmetry. The cooperative rolling of spheres, which are only
electrostatically charged, does not require additional activa-
tion energy,27 giving the damaged structure better chances to
re-establish coherence with crystalline lattice (the same
mechanism is behind the fact that melt viscosity is higher in
a covalent compound than in an ionic one, which has conse-
quences for glass-forming ability27). In an ionic material, the
local recrystallization process is driven by the need to com-
pensate electrostatic charges, with the crystalline lattice
around the radiation cascade providing a template for recrys-
tallization. Atoms near the interface between the crystalline
lattice and radiation cascade lose their kinetic energy through
dissipation faster than those in the core, and settle on the
crystalline positions provided by the crystalline template. In
this picture, re-establishing coherence with the crystalline
lattice can be viewed as growth of the interface inside the
radiation cascade.
At this point we note that Naguib and Kelly in 1975 dis-

cussed several criteria of resistance to amorphization by ra-
diation damage of binary compounds.28 Their first criterion
of resistance was temperature-ratio criterion, based on the
analogy between radiation damage and crystallization of liq-
uid, and implied that a material’s resistance increases with an
increase of the melting and a decrease of crystallization and
temperature. The second criterion was based on the good
correlation of increased resistance of binary compounds with
increased ionicity. The authors mentioned several possible
implications of bond type, but noted that the underlying
physical model of resistance was not clear, and therefore
considered the bond-type criterion as the one of empirical
origin. Since this work was published, bond type was frag-
mentarily mentioned in the literature as one of the possible
relevant issues in radiation damage, while other models and
theories have been proposed and developed. It can be specu-
lated that one of the reasons for this may be related to the
difficulty of quantifying bonding type of a complex com-
pound. Even apart from complex materials, bond ionicity
determined from the difference of electronegativities for bi-
nary oxides, for example, may not predict the shape of elec-
tronic density correctly (see, for example, Refs. 29 and 30).
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The reliable conclusion about the type of bonding can only
be reached if one returns to the definition of the terms cova-
lency and ionicity, and analyzes the electronic density maps.
These have become available relatively recently, with the
advance of experimental methods and quantum-mechanical
calculations. Other factors have also contributed to the pos-
sibility of the present discussion, including increasing ex-
perimental database. Finally, our understanding of how long-
and short-range forces can be relevant for the formation of
ordered patterns and hence for the resistance to amorphiza-
tion has been recently advanced, allowing for a more solid-
based theoretical discussion.
We now formulate the criterion of resistance to amor-

phization by radiation damage in terms of the competition
between the short-range (covalent) and long-range (ionic)
forces. Using catastrophe theory, Wales showed that the
long-range forces lead to the appearance of energy land-
scapes with fewer minima, while the short-range forces re-
sult in landscapes with many closely related minima.31
Hence, the damaged structure can stabilize in one of the
many alternative minima in a material with dominating
short-range covalent forces, whereas it is much more likely
to decay towards a crystalline minimum in a structure with
dominating long-range electrostatic forces (by the interface
growth mechanism using the crystalline template, as dis-
cussed above). For a given atomic pair in a complex com-
pound, the contribution of long-range forces to the force field
can approximately be defined by the values of effective Cou-
lomb charges, with the rest coming from the short-range in-
teractions. The radiation cascade, created in a complex ma-
terial, can contain several chemical phases with different
degrees of bond ionicity (see discussion below), and hence
differently weighted contributions of long-range and short-
range forces. The total force field in a complex compound
can also be approximated as the sum of short-range and
long-range forces, with the short- and long-range forces
competing in creating a potential energy landscape with a
certain number of minima and distribution of activation bar-
riers. Generally, short-range covalent forces and long-range
ionic forces compete in increasing and reducing the number
of minima and activation barriers on the energy landscape,
respectively. One can therefore state that the efficiency of
damage recovery and hence resistance to amorphization of a
complex non-metallic compound is defined by the competi-
tion between the short-range covalent and long-range ionic
forces. It has been shown32 that the winning of such a com-
petition by the long-range forces leads to ordered formations
in electronic systems.
It is interesting to see how the proposed criterion of resis-

tance based on the competition between the short-range and
long-range forces applies to the experimental results. That 61
(and possibly more) complex silicate and titanate oxides are
found to be readily amorphizable by radiation, regardless of
their structure, stochiometry, chemistry, and other character-
istics, finds a straighforward explanation in our picture, since
the proposed criterion equally applies to a material of any
complexity: in a complex silicate or titanate, short-range co-
valent forces dominate and result in the formation of a dis-
ordered covalent silica or titania network, stabilizing the
damage. This is in contrast to materials like ZrO2, MgO,

Al2O3, Al2MgO4, and others, whose electronic density maps
reveal (often “against chemical intuition”30) high ionicity in
bonding (see Fig. 1 and Refs. 30 and 33). In these materials,
long-range ionic forces dominate and result in efficient dam-
age recovery and remarkably higher resistance as compared
to silicates and titanates.17
A particularly good illustation of the competition between

long-range and short-range forces is the consistent increase
of resistance in Gd2ZrxTi2−xO7 pyrochlore with increase in x,
from easily amorphizable Gd2Ti2O7 to strikingly resistant
Gd2Zr2O7, which cannot be amorphized even at cryogenic
temperatures.34 As the proportion of covalent damaged-
stabilizing titania phase decreases in radiation cascade, the
efficiency of recovery and overall resistance consistently
increases.35 In our picture this is explained by the increased
contribution of the long-range ionic forces and accompanied
reduction of both the depth and the number of alternative
minima in the potential energy landscape. The same argu-
ment can be used to explain the remarkable resistance of
Er2Zr2O7 versus amorphizable Er2Ti2O7,24 which clears the
controversy in the previous explanations of this effect.18 Fi-
nally, recent experiments show that La2Zr2O7 pyrochlore is
more resistant than La2Hf2O7 pyrochlore, which, in turn, is
considerably more resistant than La2Sn2O7 pyrochlore.36 On
the basis of the proposed theory, this behavior can be ex-
plained by the increased covalency of B-O bond in these
pyrochlores in the order Zr-O, Hf-O, and Sn-O, as revealed
by the electronic density maps.37
We recall that the network-forming ability is an element

in the proposed criterion. For example, complex phosphates
are more resistant than silicates.38 The P-O bond is about as
covalent as the Si-O bond, but the difference in resistance
arises because the ability to form a three-dimensional cova-
lent network is reduced in phosphates relative to silicates,
due to the presence of the “double” bond in phosphates (PO4
units polymerize less efficiently in three-dimensional net-
work than SiO4 units). Therefore, barriers to recrystallization
are reduced in phosphates relative to silicates, explaining
their higher resistance to amorphization.
Before concluding, we note that although the barriers to

regaining coherence with crystalline lattice are reduced in
materials with strongly ionic bonding relative to those with
covalent bonding, the proposed criterion does not always im-
ply that the inability to form a covalent network makes a
material resistant to amorphization. Other factors may influ-
ence amorphization, including electronic defects that appear
at high energies and stabilize the damaged structure in ma-
terials that are highly ionic and resistant to amorphization at
lower energies,16 chemical demixing in a radiation cascade
that causes phase decomposition and inhibits recrystalliza-
tion in an otherwise resistant material (see, for example, Ref.
39), very different cation sizes in an ionic ABO compound,
which may stabilize the damage (similar to the “confusion”
principle used to prepare metallic glasses40), etc. Despite
this, it appears that the proposed criterion works for a large
class of materials. We have shown elsewhere17 that both high
and low resistance of more than 100 different complex com-
pounds can be explained in this picture.
Finally, we note that the proposed picture is inclusive, in

that it can explain why previously proposed correlations of
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resistance with other properties may sometime exist. For ex-
ample, the correlation of resistance with coordination or to-
pological freedom20 can be understood by noting that
strongly ionic forces generally favor highly coordinated
structures, while covalent forces favor more open, low-
coordinated structures.41 We have discussed elsewhere17 why
correlations with other properties may sometime exist as
well (as with glass-forming ability,19 etc).

IV. SUMMARY

In summary, we studied the radiation-induced structural
changes in perovskite, identified stable defects in the dam-
aged structure, and discussed the reason for the defects’ sta-
bility. Generally, we have proposed that a complex material
is amorphizable by radiation damage if it is able to form a
covalent network. On a more detailed level, we have sug-
gested that resistance to amorphization is defined by the

competition between the short-range covalent and long-range
ionic forces. We hope that the proposed picture may help in
the search for new resistant materials, including waste forms.
The interesting task now is to try to quantify the resis-

tance to amorphization basing on the available electronic
density maps, obtained from experiments and quantum-
mechanical calculations. This meets the challenge of obtain-
ing these maps for a wider class of materials, and also per-
forming the irradiation experiments under the same set of
conditions, allowing for consistent comparison.
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