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Abstract
We report molecular dynamics simulations of the production of radiation
cascades in pyrochlores. We consider the apparently similar systems Gd2Ti2O7,
Gd2Zr2O7 and Gd2Pb2O7, the first two of which have been put forward as
potential materials for high-level radioactive waste storage. The effects of
changing the mass of the ‘primary knock-on’ atom are also examined and we
investigate whether the change in behaviour from Ti to Zr to Pb is largely due
to the mass or the size difference between the elements. Problems associated
with analysing the cascades and the damage created are discussed. There are
clear differences between the three compounds. The simulations see no direct
amorphization but rather a transition to the fluorite structure which is more
pronounced for the Zr and Pb compounds than the Ti system. Underlying
chemical trends are examined.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Radiation damage in pyrochlores has been of considerable interest ever since they have been
proposed as possible materials for high-level radioactive waste storage. Disposal of the
plutonium generated by the nuclear fuel cycle remains one of the daunting environmental
challenges of this century [1, 2] since it is a long-lived environmental contaminant (half-life
239Pu 24 100 years) and fissile, so that it decays to the longer-lived and fissile 235U (half-
life 7 × 108 years). Substantial amounts of Pu require immobilization in a solid matrix for
geological disposal, together with other actinides such as Np and Am. The radionuclides need
to be bound in an inert matrix capable of retaining its structural integrity during prolonged
heavy particle bombardment at temperatures of ∼300–600 K. The identification of a suitable
host matrix is contentious, with the pyrochlore Gd2Ti2O7 a primary candidate. Nevertheless,
studies employing heavy ion bombardment [3] to simulate the effects of α-decay have shown
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this compound undergoes amorphization at a dose corresponding to that of α-decay damage,
resulting in a subsequent ten-fold increase in the leach rate of Pu. Wang et al [4] have also used
heavy ion bombardment to demonstrate a striking variation in radiation tolerance in the series
Gd2(Zrx Ti1−x)2O7 (x = 0–1). Increasing radiation tolerance was found with increasing Zr
content such that Gd2Zr2O7 was predicted to withstand radiation damage for 30 million years
compared with 800 years for Gd2Ti2O7. This is surprising in view of the chemical similarity
of the Group 4 elements Zr and Ti, and the Gd2(ZrxTi1−x)2O7 system and other pyrochlores
have now received considerable experimental attention [5–11]. The Gd zirconate end member
(x = 1) is indeed largely insensitive to irradiation damage remaining highly crystalline to high
doses even at very low temperatures undergoing a radiation-induced transition to the (oxygen-
deficient) fluorite structure in which the Gd3+ and Zr4+ cations are disordered and which is
itself highly radiation resistant. One of the purposes of this paper is to compare displacement
cascades in Gd2Ti2O7 and Gd2Zr2O7, and we extend this comparison by presenting results for a
further pyrochlore, Gd2Pb2O7, for which we have been unable to find any experimental reports
of the effects of radiation damage. A comprehensive recent review of pyrochlores in the context
of nuclear waste disposal is that of Ewing et al [12].

Sickafus et al [13] have proposed that oxygen-deficient fluorites, with the same basic
A2B2O7 structure as pyrochlores but a random arrangement of the cations, have a greater
propensity for resisting radiation damage (see also [14]). The lower the cation antisite defect
energy (e.g., Gd2Zr2O7) the more readily will a transition under irradiation to the disordered
fluorite structure take place and the more radiation resistant the compound. Alternatively, if
the antisite defect is large (e.g., Gd2Ti2O7) then there is an irradiation-induced crystalline to
amorphous transition. The cation antisite defect energies vary considerably with the radii of the
A3+ and B4+ ions, and are smaller the closer these ions are in size, as developed in subsequent
papers by Minervini et al [15, 16]. The more similar the A and B cations, then the higher the
capacity the system has for accommodating the antisite cation defect due to the lower antisite
defect energy. Only when the free energy is larger than that of the amorphous material will the
material be amorphized readily.

The correlation between calculated antisite point defect energies and behaviour under
irradiation [13] is remarkably successful. For example, La2Zr2O7 is more susceptible [17] to
ion-induced amorphization than Gd2Zr2O7, consistent with the larger size of La3+ (relative
to Gd3+) and this correlation [13]. Unlike the other Zr pyrochlores, it appears [17] to
undergo a transition under irradiation to the amorphized material at low temperatures (via
disordered fluorite) while at high temperature the material remains as the disordered crystalline
fluorite. The low-temperature behaviour shows that the fluorite structure by itself is not
necessarily sufficient to prevent amorphization. Addition of the smaller Ce ion to La2Zr2O7

increases substantially the resistance to ion irradiation amorphization [18] in agreement with
the suggested correlation. Covalency terms also seem to play a rôle as well as the relative
size of the cations. Although there is only a very small difference in size between Sn4+ and
Hf4+, Gd2Sn2O7 is more readily amorphized than Gd2Hf2O7. This has been attributed to the
covalency of the Sn–O interaction [19] with a preference for directional bonding which hinders
the healing process [20]. While the static calculations provide highly valuable correlations,
they do not take into account the complexity of the processes which are induced by irradiation.
They cannot give a detailed description of the behaviour at the atomic level involved in these
processes or allow for high concentrations of defects at high temperature. Weber et al [21],
in addition, have emphasized the critical importance of the energy barrier to damage recovery
rather than the fluorite structure itself. Thus in this paper we present the results of molecular
dynamics simulations of displacement cascades for Gd2X2O7 (X = Ti, Zr, Pb) and examine
and compare key features of the primary damage state.
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Two types of particle irradiation [22] are responsible for the α-decay damage. The first of
these is the α-particle or helium ion, with an energy of 4.5–5.8 MeV and a range of 10–30 µm.
The second is the recoil of the heavy actinide nucleus, which has an energy of 70–100 keV
and a range of 10–20 nm. To determine the amount of radiation damage it is important to
establish whether each particle will transfer its energy to electrons (via electronic excitation
and ionization) or to atomic nuclei by means of collisions. An α-particle deposits its energy
predominantly by ionization over its path with a limited number of collisions (∼100) at the end
of its trajectory; in contrast an α-recoil ion will lose most of its energy by collisions producing
up to several thousand atomic displacements.

The initial step in the radiation damage process is the production of a ‘primary knock-on’
atom (PKA). The PKA dissipates its energy through interactions with ‘target’ atoms and when
the PKA has sufficient kinetic energy (and mass) an atomic collision cascade [22] results. One
of our aims in this paper is to investigate the effect of the mass of the PKA on the damage.
The subsequent evolution of the damage depends on the degree to which the stability of
the lattice is altered by the accumulation of point defects (i.e. its propensity to amorphize
under irradiation) and the ultimate fate of the irradiation-induced point defects, which can
migrate and annihilate harmlessly or can cluster with other interstitials and vacancies to
precipitate dislocation loops and voids. The final damaged state results from the initial cascade
(timescale of femtoseconds), nearly instantaneous relaxation of the structure (picoseconds) and
the thermal annealing (seconds).

Molecular dynamics (MD) simulations are well suited to studying atomic processes
that operate on picosecond timescales. They have been used to study the formation of
defect cascades in metals [23] but, despite studies of cascades in a waste glass [24] and in
zircon [25], considerably less attention has been paid to the mechanism of damage production
in displacement cascades in ceramics. The structure and the initial evolution of the radiation-
damaged state are increasingly accessible with the computational resources now available. A
recent molecular dynamics study [26] of cascades in La2Zr2O7, for example, suggests that the
primary damage state in this compound is related to the fluorite structure and there is little
amorphization; the single cascades in this study did not result in direct amorphization.

Here we investigate and compare the formation of cascades in Gd2Ti2O7, Gd2Zr2O7 and
Gd2Pb2O7. Are the differences between the cascades attributable chiefly to the different masses
of Ti, Zr and Pb, the different sizes or the differences in bond strength? In addition, previous
molecular dynamics work has generally generated a PKA simply by assigning a large kinetic
energy to one of the ions in the parent compound (i.e., Gd/Ti/Zr/Pb/O), thus ignoring that the
PKA is almost always a foreign heavy atom such as uranium. Thus, we also examine the
effect of the mass of the PKA to see if this simple procedure is a good assumption. Some
important general issues associated with the analysis of the damage in the cascades generated
in the simulations are also discussed.

2. Theoretical methods

We have used the DL POLY 3 code [27], and have assumed an ionic model throughout, in
which each ion is assigned its formal charge, i.e. 3+, 4+ and 2− for Gd, Ti/Zr and O
respectively. During a displacement cascade ions can approach each other very closely and
it is vital to use potentials that are likely to be accurate over a wide range of internuclear
separations and especially at short distances. The potentials used here have been calculated over
a wide range of separations using a modified Gordon–Kim method [28]. These electron–gas
potentials have been used previously in simulation studies of a wide range of binary and ternary
oxides (e.g., high-temperature superconducting ceramics [29]) and have been particularly
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Table 1. Short range potential parameters. The form of the Buckingham potential is Vij =
A exp(−ri j /ρ).

Interaction A (eV) ρ (Å)

O–O 249.3764 0.3621
Ti–O 3878.4225 0.2717
Gd–O 4651.9633 0.2923
Zr–O 8769.5930 0.2619
Pb–O 8721.4000 0.2607
U–O 4792.4400 0.3009

useful for problems involving defects where the interatomic distances close to the defect after
relaxation may be very different from those in the perfect lattice at equilibrium [30]. The
potential parameters for O–O, Ti–O, Gd–O, Zr–O and Pb–O, collected together in table 1, were
generated by fitting an exponential of the form A exp(−r/ρ) (where A and ρ are constants) to
the electron–gas interaction energies. For U–O, the potential listed in table 1 was obtained
by fitting to the lattice parameter of UO2 transferring the O–O potential already generated.
A comparison of experimental lattice parameters and, where available, selected bond lengths
for undefective Gd2Ti2O7 and Gd2Zr2O7 is given in [31]; for Gd2Pb2O7 the lattice parameter
calculated using energy minimization in the static limit and the SHELL code is 10.735 Å which
compares with the one experimental value we have been able to find [32] of 10.716 Å (for a
sample prepared by high-pressure synthesis); no bond lengths are available for comparison.
Very recently Devanathan and Weber have used potentials for the Ti and Zr compounds very
similar to our own [33].

In the molecular dynamics simulations, for PKAs with energies E � 3 keV, 3 keV <

E < 10 keV and E = 10 keV cubic simulation cells of 88 000, 152 064 and 193 336 atoms
were used, respectively. These large cell sizes are such that a cascade does not interact with
its periodic images for all practical purposes. Initial simulation cell lengths were set to the
appropriate multiple of the experimental lattice parameter, corresponding to 10, 12 and 13
unit cells in each direction, respectively. The initial temperature of the simulation was set to
300 K and the simulation was allowed to equilibrate for 10 ps within the NPT-ensemble, using
a timestep of 2 fs. Unless specified otherwise below, and unlike in the previous work of two of
us [31], all simulations used for the PKA a U atom substituted for a native Gd ion.

The production of a cascade was then started from the energetic recoil of a single atom,
the PKA, and the subsequent collisions, displacements and recombination of atoms with
vacant sites followed, so that the complete structure and evolution of the cascade could be
monitored. In contrast to the fixed timestep of 0.5 fs used in all simulations reported in an
earlier preliminary account of cascades in these two pyrochlores [31], the extra computational
resources now available to us have enabled us to use a variable timestep. The variable timestep
method, as developed in DL POLY 3, relies on two user-specified distances Dmin and Dmax

(default values 0.03 and 0.10 Å respectively) which are used to control the timestep length
during a simulation. At the end of each timestep the algorithm compares the greatest distance a
particle has travelled during the integration with the control distances. If Dmax is exceeded, the
integration is rewound back a timestep, the timestep length is then halved and the integration
step repeated. If the largest move is less than Dmin, the integration is rewound, then the timestep
length is doubled and the integration step repeated. In this way the integration timestep self-
adjusts in response to the dynamics of the system. We shall see that such a variable timestep is
particularly important due to the high energy of the PKA, and quantitatively our results differ
from those in the preliminary study [31].
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Table 2. A comparison of structural damage data from a 10 keV cascade in Gd2Zr2O7 with a U
PKA of different masses directed along [111].

PKA mass m(U) = m(O) m(U) = m(Ti) m(U) = m(Zr)

Displaced

Species Species Species

Band (Å) Gd Zr O Gd Zr O Gd Zr O

>1 0 0 0 0 0 0 0 0 0
1–2 0 0 164 2 0 173 0 0 190
2–3 3 0 145 3 3 204 2 3 174
3–4 4 2 70 4 3 99 2 2 70
4–5 1 0 27 0 0 56 0 1 35
5–6 0 1 3 0 1 3 0 1 2
6–7 0 0 8 0 0 4 1 0 4
7–8 0 0 2 0 1 4 1 1 1
8–9 0 0 5 0 1 0 0 0 4
9–10 0 0 0 0 1 3 1 1 1
... ... ... ... ... ... ... ... ... ...
Total 8 3 430 9 11 555 6 9 487

Final distance of PKA
78a 84 89

from starting position (Å)

a The maximum distance of this very light PKA from the starting point during the simulation was
91 Å. For the heavier PKAs the final distance is also the maximum distance from the start.

The creation of a radiation cascade results in an initial sharp rise in the global temperature
of the simulation cell, no larger than 1150 K for the simulation cells in this paper, and
the temperature then decreases during the simulation. Timestep lengths vary during the
development of a cascade. Typically for the 10 keV cascades reported in this paper, timesteps
are very short (approximately a few atoseconds) at the beginning of the cascade simulation (up
to 0.25 ps) and remain relatively unchanged at a few femtoseconds towards the end (8–12 ps).

3. Results and discussion

PKA mass

Previous workers have largely neglected the mass of the PKA, often simply making a host ion of
any type the PKA. To examine the possible influence of the mass of the PKA we have carried
out a series of simulations on Gd2Zr2O7 with a PKA of 5 keV and a simulation cell size of
152 064 ions. Instead of choosing a Gd or Zr host atom as the PKA we have explicitly replaced
Gd3+ with a U3+ ion. The use of this charge state for U removes the need for any compensating
defect. A subsequent run used for the PKA a hypothetical atom (‘light uranium’) with the same
interatomic potentials as U but with the mass of Gd (a 30% reduction). In table 2 is listed the
structural damage from three cascades in the [111] direction each with a different PKA mass.
The numbers of each type of atom which have been displaced by a given distance are tabulated,
together with the total distance travelled by the PKA.

The heavier the PKA, the further it travels. The total number of atoms displaced also varies
with this quantity, increasing from increasing the mass from that of O to that of Ti. When the
PKA has the mass of Zr, it now has the same mass as that of a host ion. Classical mechanics
indicates that the energy transfer between the PKA and the host ion is a maximum in this
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Figure 1. Total number of ‘defects’ (a) and instantaneous temperature (K) (b) as a function of time
after the creation of a PKA for a single simulation of Gd2Zr2O7 with initial temperature 300 K. The
10 keV PKA was a U ion in this case. As discussed in the text we here define a ‘defect’ as an ion
that has moved more than half the average of the first-neighbour interatomic distances.

case, and this may be responsible for the smaller total number of displaced atoms generated
here. When the PKA is very light it bounces off the other atoms during the cascade, changing
direction frequently as it rebounds. Thus the shape of the cascades must be different for the
lightest PKA, being more elongated for the heavier species. This may have implications for
the further evolution of the system. Overall, it does appear important to assign the appropriate
mass to the PKA rather than choose a host ion at random.

Damage

The cascades can be usefully analysed in several different ways but a key quantity of interest
is the number of defects created as a function of the PKA energy. We note in passing that
the behaviour of metals is quite different so that cascades in such systems can be analysed
in terms of point defect assemblies. We first define, following reference [23], a ‘defect’ in
terms of displacements, i.e., as an ion that has moved more than half the average of the first-
neighbour interatomic distances. This is determined with respect to the position of an ion after
the equilibration phase of the simulation. Alternative definitions are considered later.

It is possible that the duration of the subsequent simulation of the cascade might influence
the number of ‘defects’ thus calculated if the simulation is truncated prematurely, and so
the number of such ‘defects’ was monitored as a function of time. In figure 1(a) we show
the results of a single simulation for Gd2Zr2O7, using a PKA of 10 keV (the highest energy
considered in this study), and it is evident that after approximately 5 ps the number of ‘defects’
remains effectively constant. Temperature is shown as a function of time for this simulation in
figure 1(b). Note that the number of ‘defects’ is greater and the final temperature has a larger
value than that reported previously [31] (note there is also a typographical error in the caption
to figure 1(b) in [31], which should have stated that the PKA was 5 keV). This is due to the
use here of a variable timestep which allows a far more accurate evolution of the system at the
start of the simulation where the PKA has lost little of its initial kinetic energy. With too large a
fixed timestep at this early stage, the PKA moves too far at each step without interacting with its
immediate surroundings, which may create less damage or may result in the PKA adopting an
unphysical position too close to another ion. We stress though that all the conclusions of [31]
remain unchanged, since the same qualitative trends are seen throughout using both variable
and fixed timesteps.
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Figure 2. Instantaneous number of ‘defects’ plotted as a function of time during a 10 keV cascade
(U PKA) in the Ti, Zr and Pb pyrochlores (Gd–Ti–O triangles, Gd–Zr–O squares and Gd–Pb–O
circles). There are separate plots for the damage on the cation (empty symbols) and anion (filled
symbols) sublattices. The definition of a ‘defect’ is as in figure 1.

To investigate whether defect diffusion takes place after the number of ‘defects’ is
effectively constant, we have carried out a series of NPT-simulations on Gd2Zr2O7, Gd2Ti2O7

and Gd2Pb2O7 (20 ps duration) and determined the limiting value of the mean-square
displacement over a range of temperatures considerably wider than the variation of the global
temperature of the cell (figure 1(b)). These indicate that self-diffusion processes are negligible
after the final formation of the cascade and therefore do not influence the number of defects on
this relatively short timescale.

Since each cascade is different, it is necessary to simulate as many cascades as possible in
order to collect reasonable statistics and identify trends. Unfortunately, limitations in computer
resources hinder this objective (especially for the largest cell used in this study). In this study
we assessed the damage for a given energy of a PKA by simulating cascades with the PKA
headed along all body-diagonals of the MD cell (eight directions).

For a given PKA energy the number of ‘defects’ decreases in the order Gd2Zr2O7 >

Gd2Pb2O7 > Gd2Ti2O7. For example, this is evident from figure 2, which plots the running
total of ‘defects’ as a function of time during a 10 keV cascade. It would of course be possible
to use an alternative definition of a ‘defect’ with a different displacement. We examined several
distances �1 Å. The number of ‘defects’ decreases with increasing cutoff but qualitative
differences between the three compounds remain unchanged. We discuss these apparent trends
in more detail below.

In tables 3 and 4 we summarize the structural damage which results from the 10 keV
cascades in Gd2Ti2O7 and Gd2Zr2O7 starting at 300 K and zero pressure. Results are presented
both for a typical cascade in the 〈111〉 direction and mean values of eight cascades, one in each
body-diagonal direction. The numbers of each type of atom which have been displaced by a
given distance are listed, together with the total distance travelled by the PKA. Examining the
totals in the final rows of these two tables, it is clear that more atoms are displaced in the Zr than
the Ti compound. Note also that the PKA has travelled further in the Zr case, and fewer heavier
Zr ions are displaced in the Zr compound than lighter Ti ions are displaced in the Ti compound.
Thus the number of cations displaced is comparable in the two compounds, while more anions
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Table 3. Structural damage data from 10 keV cascades in Gd2Ti2O7 at 300 K and zero pressure.
The PKA is a U ion. The table lists how many atoms of each species have moved a particular
distance given in the first column from their original lattice positions. The second column is for one
cascade in the [111] (‘body-diagonal’) direction, while the third column lists the mean values for all
eight cascades in 〈111〉 directions.

PKA direction [111] direction 〈111〉
Displaced

Species Species

Band (Å) Gd Ti O Gd Ti O

>1 0 0 0 0 0 0
1–2 0 3 2 0 1 6
2–3 1 3 242 1 2 212
3–4 13 14 63 8 8 49
4–5 0 1 42 0.5 1 30
5–6 0 0 15 0 0.5 13
6–7 0 2 5 0.3 0.8 4
7–8 0 1 5 0 0.8 4
8–9 0 0 1 0.5 0 3
9–10 0 0 1 0 0 1
... ... ... ... ... ... ...
Total 14 24 385 11 15 329

Final distance of PKA
100 84

from starting position (Å)

are displaced in the Zr pyrochlore. At first sight, this appears to be in conflict with results
from high-energy ion bombardment experiments [4], where the resistance to amorphization in
Gd2Ti2−X ZrX O7 increases with increasing Zr content.

We have therefore examined the damage distribution in more detail. We note first that the
increase in damage on the oxygen sublattice is largely due to a substantial increase in the Zr
compound of the numbers of O ions moving between 1 and 2 Å (by over 150) and between 3
and 4 Å, relative to those in the Ti compound. The numbers of oxygen atoms moving between
2 and 3 Å or more than 4 Å from their initial positions are comparable.

Replacing Ti with Zr not only alters the transition-metal–oxygen bond strength but also
the mass of this constituent. An advantage of computation is that we can attempt to separate
out these two effects by changing only one of these two factors in the simulations. Table 5 lists
the calculated displacements in hypothetical Gd2Ti∗2O7 where Ti∗ has the same mass as Zr but
interacts via the same potentials as Ti. In the hypothetical compound the total damage is much
less (by approximately 30%) and the PKA has travelled less, as one might have expected,
but the pattern of damage as a function of distance is essentially the same in the Ti and Ti∗
compounds, and does not change to resemble that in the Zr system (table 4). Similarly, table 6
presents structural damage data cascades in hypothetical Gd2Zr†

2O7 with Zr† having the relative
atomic mass of Ti, Gd2Zr2O7 itself and Gd2Zr∗2O7, where Zr∗ has the relative atomic mass of U.
The PKA travels the same distance in all three compounds and we see the same general trends.
Increasing the mass of the Zr atom decreases the damage but again the pattern and distance-
distribution of the damage is unchanged. Note also that there is an apparent asymmetry in
the variation of the cation damage with mass. Decreasing the mass of Zr does not affect the
number of Gd ions displaced while increasing it to that of U leads to markedly less damage on
the Gd sublattice. In this general context it is interesting to note that correlations such as that
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Table 4. Structural damage data from 10 keV cascades in Gd2Zr2O7 at 300 K and zero pressure.
The PKA is a U ion. The table lists how many atoms of each species have moved a particular
distance given in the first column from their original lattice positions. The second column is for one
cascade in the [111] (‘body-diagonal’) direction, while the third column lists the mean values for all
eight cascades in 〈111〉 directions.

PKA direction [111] direction 〈111〉
Displaced

Species Species

Band (Å) Gd Zr O Gd Zr O

>1 0 0 0 0 0 0
1–2 0 0 166 0.3 0 153
2–3 4 3 211 3 2 232
3–4 5 2 120 6 6 132
4–5 4 2 48 3 2 51
5–6 1 1 15 0.8 1 18
6–7 1 0 11 0.8 1 8
7–8 0 0 0 0 0 2
8–9 0 1 3 0.5 0.3 2
9–10 0 0 2 0 0 1
... ... ... ... ... ... ...
Total 15 10 585 15 12 610

Final distance of PKA
104 95

from starting position (Å)

Table 5. Structural damage data from a 10 keV cascade at 300 K and zero pressure with an U PKA
initially directed along the [111] direction in (i) Gd2Ti2O7, and (ii) Gd2Ti∗2O7, with Ti* having the
relative atomic mass of Zr.

Displaced

Species Species

Band (Å) Gd Ti O Gd Ti* O

>1 0 0 0 0 0 0
1–2 0 3 2 0 3 8
2–3 1 3 242 1 2 173
3–4 13 14 63 7 9 50
4–5 0 1 42 0 0 32
5–6 0 0 15 3 0 14
6–7 0 2 5 0 0 3
7–8 0 1 5 0 0 3
8–9 0 0 1 0 0 1
9–10 0 0 1 0 0 0
... ... ... ... ... ... ...
Total 14 24 385 11 15 290

Final distance of PKA
100 84

from starting position (Å)

suggested in [13] which are based on point defect energies are independent of the masses of the
constituent ions and so cannot contain all the underlying physical quantities of importance.
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Table 6. Structural damage data from a 10 keV cascade at 300 K and zero pressure with an U PKA
initially directed along the [111] direction in (i) Gd2Zr†

2O7 with Zr† having the relative atomic mass
of Ti, (ii) Gd2Zr2O7, and (iii) Gd2Zr∗2O7, with Zr* having the relative atomic mass of U.

Displaced

Species Species Species

Band (Å) Gd Zr† O Gd Zr O Gd Zr* O

> 1 0 0 0 0 0 0 0 0 0
1–2 0 0 127 0 0 166 1 0 160
2–3 2 3 251 4 3 211 2 3 167
3–4 9 9 155 5 2 120 6 2 124
4–5 2 2 53 4 2 48 0 0 40
5–6 1 1 23 1 1 15 0 2 8
6–7 1 0 18 1 0 11 0 1 2
7–8 0 0 3 0 0 0 0 0 1
8–9 0 1 4 0 1 3 0 0 4
9–10 0 1 0 0 0 2 0 0 1
... ... ... ... ... ... ... ... ... ...
Total 15 18 641 15 10 585 9 10 519

Distance travelled
103 104 102

By PKA (Å)

We thus have available a range of data comparing the damage caused by the cascades in
the three compounds. We see a variety of behaviour by simply calculating how many atoms
have moved a given distance. But this variety itself presents a problem of interpretation. As
we have seen, comparing the cascades for the Zr and Ti compounds in tables 3 and 4, there
is approximately equal cation damage but more anion damage overall in the Zr system. Even
just considering the oxygen sublattice, there are more displacements at short distances and
less at greater distances in the Zr compound than in the Ti analogue. This makes any overall
correlation between the simulated cascades and the observed degree of amorphization difficult
to establish, and a more complex issue than anticipated in [31].

We can obtain further insight into the oxygen disorder after each cascade by plotting the
number of ions displaced versus distance rather than tabulating this information in broad bands
such as in tables 2–5. This plot is shown in figure 3 for the three materials, and it is clear that this
plot is highly structured with well defined peaks up to approximately 6 Å for each compound.
The differences in the number of atoms displaced at short distances (<2.7 Å) between the Zr
and Ti compounds are particularly striking in this figure, with pronounced peaks at just below
and just above 2 Å for the former which are almost completely absent in the curve for the latter.
Many oxygens are thus displaced a small amount in the Zr compound. The differences in the
two curves for larger displacement distances (>3.5 Å) are smaller and the sign of the difference
between the two curves changes with distance.

It is also potentially instructive to consider not just the displacements of individual ions
but to consider the structure of the damaged compound itself. We first do this by looking at the
final cascade and looking at the number of atoms not located at lattice sites. This is achieved
by a new defect detection algorithm recently implemented in DL POLY 3 by one of us (ITT).
The algorithm compares the simulated MD cell to a reference MD cell. The former defines
the actual positions of the particles and their atom types and the latter is taken here to be the
structure of the undamaged lattice. If a particle, p, is located in the vicinity of a site, s, defined
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Figure 3. Mean final number of oxide ions displaced as a function of distance moved for all 10 keV
cascades (U PKA) in the Ti, Zr and Pb pyrochlores (Gd–Ti–O triangles, Gd–Zr–O squares and
Gd–Pb–O circles).

by a sphere with its centre at this site and a user-defined radius, 0.3 Å � Rdef � 1.3 Å (default
value 0.75 Å), then the particles is a first hand claimee of s, and the site is not vacant. Otherwise
the site is presumed vacant and the particle is presumed a general interstitial. If a site, s, is
claimed and another particle, p′, is located within the sphere around it, then p′ becomes an
interstitial associated with s. After all particles and all sites are considered, it is clear which
sites are vacancies. Finally, for every claimed site, distances between the site and its first hand
claimee and interstitials are compared and the particle with the shortest one becomes the real
claimee. If a first hand claimee of s is not the real claimee it becomes an interstitial associated
with s. At this stage it is clear which particles are interstitials. The sum of interstitials and
vacancies gives the total number of defects in the simulated MD cell. Note that the algorithm
cannot be applied safely if Rdef is larger than half the shortest interatomic distance within
the reference MD cell since a particle may (i) claim more than one site, (ii) be an interstitial
associated with more than one site, or both (i) and (ii). Low values of Rdef are likely to lead to
slight overestimation of the number of defects. If the simulation and reference MD cell have the
same number of atoms then the total number of interstitials is always equal to the total number
of defects.

This algorithm avoids the previous somewhat arbitrary definition of a defect in terms of
displacements. Table 7 lists the number of defects, both interstitials and vacancies, defined
in this new way, in the simulation cell (193 336 atoms) for a PKA of 10 eV for each of the
three pyrochlores. The numbers of interstitial defects are now of course much smaller but the
variation from one atom type to another and from one compound to another are the same as for
the totals of each atom type displaced in each compound (e.g., tables 3 and 4).

A measure based on a point defect description will be misleading for example in the
presence of dislocation-type extended defects since every atom associated with the extended
defect will count towards the defect total even in a region where there is significant local order.
This consideration has led to a calculation of the oxygen–oxygen radial distribution functions
(RDFs) for the undamaged and damaged materials. These and the differences between the
two are shown in figures 4(a)–(c). A comparison of figures 3 and 4 shows that although various
oxygen atoms move by a small amount this does not mean that there are any such short oxygen–
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Figure 4. (a)–(c) Calculated oxygen–oxygen radial distribution functions (RDFs) for the three
undamaged (thick solid line, black) and damaged (dashed line, red) pyrochlores. In each plot the
difference between the undamaged and damaged RDFs is also plotted (thin solid line, green).

Table 7. Final number of interstitials and vacancies by atom type and antisite defects in the
simulation cell associated with cascades in each pyrochlore Gd2X2O7 (X = Ti, Zr, Pb) for a PKA
of 10 keV with initial temperature 300 K. The final column for oxygen interstitials (headed Int′) is
the total number recalculated for the three compounds classifying the 8a site as a lattice rather than
interstitial site, as described in the text.

Defects

Gd X O

Compound Int Vac Int Vac Int Vac Int′ Gd–X

X = Ti 2.3 2.8 4.0 3.0 16.0 16.5 15.8 8.3
X = Zr 4.3 5.0 3.3 2.8 244.0 243.8 74.8 12.0
X = Pb 4.5 4.3 3.0 3.3 165.5 165.5 11.0 8.8

oxygen separations in the damaged materials. Overall, as indicated by the sharp negative
peaks in figure 4, there is a loss of order and there are clear differences between the Ti and
Zr compounds. One way of investigating this a little more quantitatively is to sum the absolute
values of the areas under the difference curves in figure 4 for each compound. In figure 5 the
integral of the absolute difference between the oxygen–oxygen RDFs of the undamaged and
damaged material is plotted as a function of distance. There is a larger loss of order in the
Zr pyrochlore at shorter separations (3–5 Å), whereas at larger distances there appears to be a
slightly larger loss of order for the Ti compound. The total integral is approximately 2% larger
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Figure 5. The integrated absolute difference, I , between the oxygen–oxygen RDFs of the
undamaged and damaged as a function of distance. Gd2Ti2O7 red (dashed) line, Gd2Zr2O7 black
(thick solid) line, Gd2Pb2O7 green (thin solid) line.

for the Ti than for the Zr compound. This is of course a small difference but nevertheless this
measure, unlike those based on oxygen displacements considered earlier, at least suggests that
overall the loss of oxygen order is at least comparable in the Ti to that in the Zr compound, due
to the nature of the RDFs at larger rather than shorter separations.

It is worthwhile here to comment on ionic conductivity measurements of the ZrO2–Gd2O3

system [34]. The pyrochlore Gd2Zr2O7 shows enhanced conductivity relative to that of the
defect fluorite phases, which bound it on both sides in the phase diagram. The pyrochlore
structure not only contains A and B ions on separate sublattices but the seven oxygen ions per
formula unit in the unit cell also fully occupy two sublattices (48f and 8b). Unlike the defective
fluorite structure there is an ordered arrangement of oxygen vacancies, with the so-called 8a site
vacant. The ionic conductivity is due to intrinsic disorder of oxygen ions between the occupied
48f and empty 8a sites [34]. The loss of order at short distances (3–5 Å) is associated with
the partial occupation of this 8a site. Classifying the 8a site as an additional available lattice
site, rather than an interstitial site, reduces very substantially the number of oxygen defects in
Gd2Zr2O7 by a factor of 3 (table 8), while the total in the Ti compound is virtually unchanged.
For Gd2Ti2O7 intrinsic oxygen disorder and hence ionic conductivity is much less [35].

Gd2Pb2O7 versus Gd2Ti2O7 and Gd2Zr2O7

We have so far concentrated on Gd2Ti2O7 and Gd2Zr2O7 for which most experimental data are
available. In view of the increasing attention being paid to other pyrochlores it is of interest
to consider briefly what our various models suggest for Gd2Pb2O7. Pb is substantially heavier
than Ti and Zr. Pb4+ is also larger [36] than Ti4+ and Zr4+, but, consistent with its position as
a post-transition metal, the ion is also highly polarizable and a significant covalent contribution
to the bonding is expected.

Table 8 lists the displacements for each type of atom in 10 keV cascades in Gd2Pb2O7, in an
analogous format to that used for Gd2Zr2O7 and Gd2Ti2O7 in tables 2 and 3. The total distance
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Table 8. Structural damage data from 10 keV cascades in Gd2Pb2O7 at 300 K and zero pressure.
The PKA is a U ion. The table lists how many atoms of each species have moved a particular
distance given in the first column from their original lattice positions. The second column is for one
cascade in the [111] (‘body-diagonal’) direction, while the third column lists the mean values for all
eight cascades in 〈111〉 directions.

PKA direction [111] direction 〈111〉
Displaced

Species Species

Band (Å) Gd Pb O Gd Pb O

>1 0 0 0 0 0 0
1–2 0 0 166 0.3 0.8 94
2–3 4 3 211 4 1.8 215
3–4 5 2 120 8 4.8 137
4–5 4 2 48 1 0.8 46
5–6 1 1 15 1 0.8 14
6–7 1 0 11 0.3 0.8 13
7–8 0 0 0 0 0 3
8–9 0 1 3 0 0.3 2
9–10 0 0 2 0 0 0.8
... ... ... ... ... ... ...
Total 17 8 506 14 10 533

Final distance of PKA
91 85

from starting position (Å)

travelled by the PKA is comparable in all three compounds. In Gd2Zr2O7 the U atom in all our
cascades finally occupied a Zr site, whereas in the Ti and the Pb compounds both cation sites
were occupied by the U at the end of the simulation in different cascades as the occupancy of
a Gd site was ≈3 more likely than a Ti or Pb one. The total number of displacements in the
Pb system lies between those in the other two systems and the detailed displacement pattern
is more similar to that of Gd2Zr2O7 than Gd2Ti2O7 with a large number of ions displaced by
1–2 Å. Again the total numbers of atoms not located at lattice sites after the cascade (table 7)
reflects the same trends as these totals. Classifying the 8a site as an additional available lattice
site, rather than an interstitial site, reduces very substantially (table 7) the number of oxygen
defects in Gd2Pb2O7 by a factor of 11, to a total well below that of the Zr pyrochlore, and even
below that of Gd2Ti2O7.

Turning to the oxygen–oxygen radial distribution function and how it changes as a result
of damage (figures 4 and 5), we see that the difference plot (figure 4) has a closer resemblance
to that of Gd2Zr2O7 than Gd2Ti2O7. The integral measure of the loss of order shown in figure 5
is such that the total integral is approximately 13% less for the Pb than for the Zr compound.
Thus this particular measure, which puts more weight on behaviour at larger oxygen–oxygen
separations unlike those based on oxygen displacements or the total number of interstitials,
suggests that overall the loss of oxygen order is least in the Pb pyrochlore of the three materials
studied.

4. Discussion and conclusions

Why do Gd2Ti2O7, Gd2Zr2O7 and Gd2Pb2O7 show different behaviour in our cascade
simulations, and how might this be related to the extent of damage by radiation? Is it the
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mass of the transition metal or a feature of the bonding (determined chiefly in turn by the
bond strengths Ti–O, Zr–O and Pb–O as reflected in the different interatomic potentials) that is
playing a crucial role? We have already seen that an advantage of simulation is the ability to
carry out calculations on hypothetical compounds in order to decouple size (potential-based)
and mass effects. Our simulations here have shown the importance of the mass, which is not
included in correlations such as that of Sickafus et al [13]. It may well be that in some series
of chemically similar compounds there is a correlation between the masses of the ions and the
antisite defect energy, but in others this may not necessarily be so.

The total number of oxygen atoms displaced is much larger than that of the cations (as also
noted [26] in simulations of cascades in La2Zr2O7) consistent with a much lower threshold
displacement energy for O. With the low-energy PKAs considered here, the final total of
displaced cations is low. Most of the displaced cations occupy an equivalent crystallographic
site. Only very few cations (at most one in each cell) move to occupy an oxygen site. Cation
displacement threshold energies in Gd2Ti2O7 are significantly larger than in Gd2Zr2O7, in
agreement with [33].

As the RDFs show, for the cascades we have considered here both long and short range
order are largely preserved, as also observed [26] for La2Zr2O7. Although many oxygen
atoms are displaced from their equilibrium positions most end up occupying equivalent
crystallographic sites. Anion disordering involving the greater occupancy of the 8a sites is
greater in the Zr and Pb compounds as shown by the larger occupancy of this 8a site; there is
partial occupancy of this site in the fluorite rather than the pyrochlore structure and the oxygen
vacancies are disordered over the oxygen sites in addition to the cation disorder. Figure 5
hints at the possible larger loss of longer range oxygen order in the Ti compound, although
the number of oxygens displaced is much smaller. The characteristics of the cation and anion
disorder differ from compound to compound, with different timescales, and largely need to be
considered independently. Overall, the primary damage by our low-energy events shows the
beginnings of the formation of the fluorite-like phase, rather than amorphization per se, though
this is less for the Ti compound.

What materials are likely to be resistant to radiation-induced amorphization? This complex
issue continues to be a subject of considerable debate (e.g., [37] and [38]) and ab initio
prediction of resistance of a new material is in general still not possible. It appears particularly
important to consider the healing process rather than activation barriers to damage creation and
a useful connection in this context is that between resistance and glass-forming ability [39]. For
example, silicates, which readily form glasses, amorphize readily, consistent with the formation
of disordered covalently bonded silicate networks. Even where glasses are not formed, such as
with the pyrochlores studied here, the larger the polarizing power of the cation, the greater
the degree of covalency and preference for directional bonding. The more pronounced is
the tendency for directional bonding, oxygen–metal–oxygen and metal–oxygen–metal bond
linkages [37] may provide stabilization of the damaged state and an associated activation
barrier to the healing process, which must necessarily involve the breaking of a bond with
an appreciable degree of directional character. In more ionic solids there are no preferential
directions for bonding and movement of ions in the healing process is not hindered in this way.
Gd2Ti2O7 is less resistant to amorphization than Gd2Zr2O7, consistent with this trend. Similarly
the titanates Sm2Ti2O7, Eu2Ti2O7 and Y2Ti2O7 are all amorphized relatively easily [3, 8, 14]
whereas the zirconates Sm2Zr2O7, Er2Zr2O7 and Nd2Zr2O7 are not [14, 17]. In this context
it is interesting that Y2Sn2O7 is very resistant to radiation [40], and much more so [40] than
La2Sn2O7, consistent with ionic radii considerations and antisite defect energies calculated
using an ionic model [15] but not the covalency argument in its most basic form since Sn is
appreciably less electropositive than Ti or Zr.
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How do these trends relate to the simulations? Overall our calculations suggest the
connection between ease of damage and the formation of defect cascades over the first
few picoseconds is more complex than anticipated hitherto. Different measures of damage
(displacements, defect totals, radial distribution functions) need careful consideration. The
simulations see no direct amorphization but rather a transition to the fluorite structure which is
more pronounced for the Zr compound (as well as the Pb pyrochlore) than the Ti system, which
contains a smaller number of antisite defects, and although fewer oxygens are displaced by a
small distance, there are hints that overall there is a larger loss of order, as shown in figure 5.
The total number of displaced atoms is largest for the Zr pyrochlore of the three studied, but the
loss of long range order as indicated by the change in the oxygen–oxygen radial distribution
indicates this is comparable or less for the Zr than the Ti pyrochlore. Of the three systems
studied the integrated radial distribution measure is least for the Pb system, which bears a
closer resemblance to the Zr than the Ti pyrochlore. The transition to the fluorite structure
appears more pronounced for the Zr and Pb compounds than the Ti, as shown by the occupancy
of the 8a site following the cascades.

Covalency arguments in their simplest form would indicate that the Pb compound would
be readily amorphized because of the activation energies of the healing process. Given the
resistance observed for the Sn pyrochlore, which suggests that the covalency term does not
dominate, it is tempting to suggest that the Pb compound too will be resistant to amorphization,
despite the low electropositivity of Pb(IV). More experiments would clearly be extremely
useful here.

For use as a host phase for actinides, the ease of incorporation of the large actinide ion in
the pyrochlore structure is an important issue. Thus we have also examined solution energies
for UO2 in the three pyrochlores using reaction schemes analogous to those of Cleave et al [41]
for PuO2 and in particular the enthalpies of the most favourable reaction:

4UO2 + 2GdGd + 2XX → 2U•
Gd + 2U′

X + Gd2X2O7 (X = Ti, Zr, Pb)

which is written in standard Kröger–Vink notation [42]. See reference [41] for further details
of other possible solution mechanisms. Consistent with Goldschmidt’s rule, the calculated
solution energies decrease from Ti to Zr to Pb, with the lowest energy for the Pb pyrochlore.

We caution that our simulations have been limited to small initial PKA energies because
of the problem of cascade overlap. While molecular dynamics simulations include crystal
structure effects and a realistic treatment of atomic movements during the cascade, we are
restricted by the size of the simulation cell. In addition, as pointed out in [21], the creation
of a defect cascade is only part of the process of the formation of the damaged state. Our
simulations, due to the short timescale, are not able to probe the healing process and determine
the ultimate fate of the interstitial ions and vacancies (i.e. the formation of defect clusters,
dislocations) and further work is required. Nevertheless, we might expect thermal annealing
via order–disorder in Gd2Zr2O7 (which is an ionic conductor) and thus also in Gd2Pb2O7 to be
faster than for structural recovery in Gd2Ti2O7. Overall more experiments are urgently needed
and it will be interesting to try and build up correlations between ease of damage formation
and ease of amorphization with measures calculated not in static calculations but directly from
molecular dynamics simulations of the type presented here. In addition, ab initio studies such
as those in [38] should provide greater insights into the link between the chemical bonding and
damage creation. In the context of the variation of the damage and healing processes with, for
example, mass, defect energies and bond strength, a simpler set of compounds worthy of study
are the alkaline-earth oxides MgO, CaO, SrO and BaO.

We end with further important caveats. We also carried out various cascade simulations
in all three compounds at higher temperature, 500 K, to compare the damage overall to that
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at 300 K. Although structurally and geometrically the damage looked the same, at higher
temperature the PKA trajectory was longer and the damage was more extensive in terms of
totals of displaced native atoms. Real waste-forms containing used nuclear fuel or highly
contaminated derivatives are ‘hot’ (≈500 K) and the damage dynamics is more pronounced
from that at low temperatures (≈300 K). In addition, our simulations have neglected electronic
effects entirely.
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