
PHYSICAL REVIEW B 67, 174102 ~2003!
Atomistic modeling of displacement cascades in La2Zr 2O7 pyrochlore

Alain Chartier* and Constantin Meis†

CEA-Saclay DEN/DPC/SCP Baˆt. 450Sud, 91191 Gif-Sur-Yvette, France

Jean-Paul Crocombette
CEA-Saclay DEN/DMN/SRMP Baˆt. 520, 91191 Gif-Sur-Yvette, France
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An empirical potentials molecular dynamics method was used to simulate thea-recoil effects in the lantha-
num zirconate pyrochlore La2Zr2O7, at 350 K, where a tetravalent uranium ion was used as the primary
knock-on atom with a kinetic energy of 6 keV. The displacement cascades simulations have been carried out
along four different crystallographic directions. A detailed analysis indicates that the primary damage state
associated with the cascades remains crystalline and consists of point defects, such as cations antisites con-
figurations, various interstitials, and vacancies. There is no evidence for direct amorphization within the
cascades. The results are consistent with experimental evidence as well as with previous theoretical work based
on static calculations.
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I. INTRODUCTION

Pyrochlores are ceramics having the general form
A2B2O7, where A and B are metallic cations that can b
either trivalent and tetravalent or divalent and pentavale
respectively.1 Lixiviation studies have shown that the zirco
ate pyrochloresA2Zr2O7, where A is generally a rare-eart
element, are extremely durable materials,2–5 exhibiting
leaching rates as low as 1025 g m22 day21 at pH;7. Re-
cent experimental studies6 have demonstrated that th
titanate-zirconate pyrochlore Gd2Ti22xZrxO7 becomes more
radiation resistant with increasing zirconium concentrati
Hence, the purely titanate end member pyrochlore (x50) is
sensitive to irradiation damage and readily undergoes
irradiation-induced crystalline to amorphous transition
temperatures up to relatively high temperature~900 K! at
doses as low as 0.2 dpa. In contrast, the pure zirconate
member (x52) is rather insensitive to irradiation damag
and remains highly crystalline to high doses~up to 7.0 dpa!
even at very low temperature (;25 K), undergoing a
radiation-induced transition to the disordered fluorite str
ture, which is highly radiation resistant. An equivalent b
havior has been observed experimentally for the Er2Zr2O7
pyrochlore.7 Because actinide cations may be easily sub
tuted for the rare-earth elements,8 the zirconate pyrochlore
have been proposed9 as actinide-bearing host phases with
the framework of nuclear waste disposal and as inert ma
for industrial and military grade plutonium incineration.10

In order to explain the radiation resistance of the zircon
pyrochlores, it has been argued6,7 that the final radiation state
of such a compound is mainly composed of a high numbe
cation antisite configurations with a random occupancy
the oxygen crystallographic sites 48f , 8b, and 8a ~Fig. 1!.
Such a structure is considered to be close to that of cu
zirconia ZrO2, stabilized by a rare-earth oxideA2O3 (A
5Gd, Er, . . . ), similar to the Y2O3 stabilized zirconia
0163-1829/2003/67~17!/174102~13!/$20.00 67 1741
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~YSZ!, which is extremely radiation resistant.11 That trend
seems to be further enhanced by the structure of the
members solid solution of the zirconate pyrochloresA2O3
and ZrO2.12 Thus for example, Gd2O3 has the bixbyite struc-
ture, which is cubic and closely related to the fluorite on
involving no significant lattice destabilization of the matri
Conversely, TiO2 has the rutile structure, which is essentia
different to the fluorite as well as to the bixbyite structur
imparting a strong destabilization of the matrix symmetry

Many theoretical studies, based exclusively upon ene
calculations of static configurations, have been done7,13–19in
order to draw out the relevant trends that could explain
radiation behavior of the pyrochlores with respect to th
chemical composition. It has been advanced that the prop
sity of a pyrochlore to undergo a transition to the amorpho
state is closely related to the cation antisite defect forma
energies,7 which are strongly dependent on the trivalent a
tetravalent cation ionic radii.7,17 Thus, the lower the cation

FIG. 1. The La2Zr2O7 pyrochlore structure separated into catio
and anion sublattices. Zirconium occupies the 16c site while lan-
thanum the 16d one. The natural oxygen vacancy is in the 8a site,
while the oxygen at the 8b site is tetrahedrally coordinated wit
four lanthanum cations. The center of this cube is the 32e site.
©2003 The American Physical Society02-1
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antisite formation energies, the easier the pyrochlore tra
forms under irradiation to the disordered fluorite structu
hence the more radiation resistant it becomes. Applyingab
initio calculations, within both the self-consistent fie
Hartree-Fock computational scheme and the density fu
tional theory~DFT! within the local density approximation
~LDA ! approach, we have shown20 the La-Zr cation antisite
(1X) formation energy in the La2Zr2O7 pyrochlore to be
rather low, aboutE(1X)52 eV. Furthermore, this value de
creases with increasing cation disorder, which also favors
oxygen occupancy of the 8a vacant site~Fig. 1!. Conse-
quently, the La2Zr2O7 should be expected to be very radi
tion resistant, since the disordered fluorite state should
easily induced under irradiation at very low energy co
However, according to recent experiments,21 the La2Zr2O7
seems to be the only zirconate pyrochlore that, under irra
tion, undergoes an intermediate transition to the disorde
fluorite state prior to becoming amorphous at low tempe
tures (T,310 K); however, under irradiation at higher tem
peratures, this material retains the crystalline fluorite dis
dered structure. Thus, based on experimental results,
primary damage state induced in pristine La2Zr2O7, over a
wide range of temperatures, is a fluoritelike structure w
little, if any, amorphous material produced. This particu
behavior is consistent with the static calculations on the
fect formation energies; however, these results demons
that the disordered fluorite structure itself is not sufficient
prevent amorphization in La2Zr2O7 under extended irradia
tion. While the static calculations correctly predict the ea
of transformation to the disordered fluorite structure, th
calculations do not take into account the activation energ
for relaxation of irradiation-induced defects, the effects
high concentrations, nor the effects of temperature and p
sure on the creation and annealing of defects. Conseque
an extended investigation of the dynamic processes du
atomic displacement cascades, taking into account the
perature of the system, is necessary to understand the
cipal mechanisms responsible for the transition towards
disordered fluorite and then to the amorphous state.

In this paper, we present the results of molecular dyna
ics ~MD! simulations of atomic displacement cascad
~DC’s! in La2Zr2O7, at 350 K. While the simulation tem
perature is above the critical temperature for amorphisa
determined to beTc;310 K under a given set of experimen
tal conditions,21 the simulation times are too short to allo
the diffusive recovery processes to occur that drive the
termination ofTc ; thus, the primary damage state produc
in these simulations should be representative of the prim
damage state for a range of temperatures above and b
Tc . Planned simulations over a range of temperatures
determine the significance of temperature on the prim
damage state. In the first step of this theoretical study,
establish hard-core ionic interaction potentials, appropr
for the DC simulations, using theGULP code.22 The resulting
force field is further validated by comparing various calc
lated physical properties of the La2Zr2O7 structure, including
sound velocity and thermal conductivity, to experimental v
ues in the literature. We then calculate the formation ener
for Frenkel pairs and cation antisite defects in both the
17410
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dered and disordered structure, as well as the threshold
placement energies along different crystallographic dir
tions. Finally, we perform MD simulations of thea recoil
along four nonequivalent crystallographic directions usin
238U41 ion at 6 keV and applying theNDM-90 code.23 The
analysis of these results will provide important insights in
the primary damage state produced in La2Zr2O7 over a range
of temperatures where defect diffusion processes are
compared to the simulation times.

II. ANALYTIC INTERATOMIC POTENTIALS „AIP’S …

A. Establishing rigid-core AIP for La 2Zr 2O7

The cubic zirconate pyrochlore structure has the sp
group Fd3̄m and derives from the M O2 (M
5Zr, Ce, U, . . . ) fluoritelike arrangement of atoms.24,25 In
La2Zr2O7, as illustrated in Fig. 1, the La31 cations occupy
the special crystallographic site 16d (1/2,1/2,1/2)(A site!
and the Zr41 ones the special site 16c (0,0,0)(B site!. The
two independent O22 are located at the 48f (x,1/8,1/8), de-
noted O48f , and 8b (3/8,3/8,3/8), denoted O8b sites. Thus,
the cubic pyrochlore structure can be described by two in
pendent parameters: the internal parameterx for the 48f oxy-
gen positions and the cell parametera. The unfilled 8a site
~1/8,1/8,1/8! is the site of the missing oxygen in the pyro
chlore structure and is denoted O8a . The occupation of the
8a vacant site by oxygen, which leads to a fluorite-type a
ion sublattice, increases with the temperature and also w
increasing cation antisite disorder.20 The 32e site at ~1/4,
1/4,1/4! is a natural interstitial site for cations.

With the aim of performing reliable MD-DC simulations
the modeling of the interatomic interactions in La2Zr2O7 py-
rochlore demands a reliable force field capable of reprod
ing not only the crystallographic properties but also the el
tic and thermodynamic properties, the heat conductivity, a
defect formation energies. It is of utmost importance that
ionic interactions during the ballistic process be describ
with convenient precision not only around the equilibriu
positions, but also at intermediate distances and for inte
tial sites. In fact, during thea-recoil process, a large numbe
of atomic displacements occur that entail the creation of v
ous defects while the matrix experiences a significant lo
variation of temperature and pressure. Consequently, a
representation of the energetic pathways in the structure,
of the defect formation energies, could lead to an inaccu
configuration of the damage structure created by the kin
energy dissipated by the recoiling ion. Furthermore, a v
high ~or low! value of the bulk modulus could unphysical
alter the structure resistance to damage,26–28while poor ther-
mal conductivity could strongly affect the number and t
nature of the defects created during the thermal spike
argued in metals and dielectrics.29,30

We assume the interactions to be purely ionic using Bu
ingham potentials for the description of the short-range
teractions to complement the Coulomb interactions. As
well known, Buckingham potentials are composed by
Born-Mayer repulsive exponential term and anr 26 attractive
one. Cation-cation interactions, other than the electrost
2-2
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ones, are set to zero. The ionic polarizability is neglec
here to avoid computational problems and reduce comp
tional costs during the displacement cascade. Charges ar
equal to their formal values22.00, 13.00, and14.00 for
oxygen, lanthanum, and zirconium respectively, which
the distinction between the 48f and 8b oxygens.20 The po-
tential parameters optimization is obtained by using a le
square procedure minimizing the sum of the squares of
differences between the calculated and the experimental
ues of the crystal properties as implemented in theGULP

code.22 The O-O Buckingham parameters have been fixed
the values published by Catlow.31 For the fitting procedure
we have used the experimentally available crystallograp
data32–36 and, in the lack of experimental values, the elas
properties calculated previously within theab initio Hartree-
Fock ~HF! approach.20

The established rigid-core force field is given in Table
and the calculated properties are in excellent agreement
the experimental andab initio values, as shown in Table II
Furthermore, it is worth noting that the calculated value
the bulk modulus of La2Zr2O7 , B5191 GPa, is physically
reasonable when compared to the experimental valuB
5205 GPa for the isostructural Gd2Zr2O7 pyrochlore.37 The
calculated IR frequencies, given in Table III, are in go
correlation with experiment.1 The vibration entropyS300 K
was calculated using the phonon spectra, where
symmetry-uniquek points across the Brillouin zone wer

TABLE I. Parameters for the Buckingham potentials fitted
experimental crystallographic data and Hartree-Fock calcula
elastic constants~Ref. 20!. The O-O parameters have been fixed
those optimized by Catlow~Ref. 31! and the U-O parameters com
from Karakasidis and Lindan~Ref. 53!.

Interactions A(eV) r (Å) C(eV Å6) Charges

O - O ~Ref. 31! 22764.30 0.14900 27.89 O:22
La - O 1367.41 0.35910 0.00 La:13
Zr - O 1478.69 0.35542 0.00 Zr:14
U - O ~Ref. 53! 895.60 0.42512 65.40 U:14

TABLE II. Comparison between experimental~Refs. 32–36!
and calculated data for the La2Zr2O7 pyrochlore. HF sets forab
initio Hartree-Fock calculations~see Ref. 20!, AIP sets for analytic
interatomic potentials calculations done with theGULP code ~Ref.
22!.

La2Zr2O7 Exp. ~Refs. 32–36! HF ~Ref. 20! AIP core
V (Å 3) 315.4 331.5 315.4
a (Å) 10.805 10.986 10.805
x 0.4200 0.4198 0.4210
r (g cm23) 6.024 5.732 6.024
B (GPa) 191.7 191.4
C11 (GPa) 335 338
C12 (GPa) 120 118
S300 K (J/mol K) 240 208
a (1026 K21) 7.0–9.1 6.24
vL (m/s) 7487
17410
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considered in carrying out the frequency summation for
partition function. The vibrational entropyS300 K is in satis-
factory agreement with the experimental value34 just as is the
thermal expansion coefficienta,25,26 calculated by MD
simulations~Table II!. The entropy derivative versus tem
perature, at constant pressure, gives immediately the spe
heatCP , which is shown in Fig. 2. The derivedCP values
are quite satisfactory although the discrepancies at high t
peratures, of the order of 6% compared to the experime
measurements,34 are mainly due to anharmonic effects. Mo
of the those physical parameters are slightly more precis
described by the shell model we used in our previous stud20

The most sensitive effect of the core model simplification
a slightly shifted description ofCp anda.

B. Sound velocity and thermal diffusivity

In the case of cubic symmetry lattices, the compress
waves sound velocityvL can be immediately deduced usin
the elastic matrix constants38 following the expression

vL5S C11

r D 1/2

5S B14G/3

r D 1/2

, ~1!

whereB is the bulk modulus,G5(C112C12)/2 is the shear
modulus andr is the density calculated to be 6.024 g cm23

for La2Zr2O7. Using the calculated elastic matrix constan
~Table II!, we get the valuevL57487 m s21 ~Table I! which
is quite comparable to 7850 m s21 found for the cubic zir-
conia ZrO2 ~Ref. 39! and also to the value of 6947 m s21

calculated for the Gd2Zr2O7 pyrochlore using the experimen

d
TABLE III. Comparison between experimental~Ref. 1! and core

model AIP calculated vibration frequencies for the La2Zr2O7 pyro-
chlore. Assignations have been made by their values.

IR (cm21) n1 n2 n3 n4 n5 n6

Experiment~Ref. 1! 518 412 352 244/208 176 140
AIP core 540 424 340 271 160 120

FIG. 2. Heat capacity at constant pressureCp (J mol21 K21)
versus temperature~K! for the La2Zr2O7 pyrochlore. Solid line sets
for present AIP core model calculations and open squares are
perimental data~Ref. 34!.
2-3
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tal values ofB5205 GPa andG580.3 GPa~Ref. 37! for the
bulk and shear modulus, respectively.

The calculation of the thermal conductivityk can be car-
ried out by using either the direct or the Green-Kubo meth
both based on MD techniques and having generally sim
reliability when compared to the experimental values, as
cently shown by Schelling and co-workers.40 Applying the
former as described below, we have used a supercell con
ing 28 160 atoms with the dimensions of 216.13 Å along
x axis and 43.226 Å along they andz axis. Calculation along
one crystallographic direction~x! may be considered as
good approximation since the thermal diffusion in the py
chlore structure is approximately isotropic.

The direct method based on MD computer simulations
carried out as follows. The simulation box is first equi
brated at 700 K~the temperature for which experimental da
are available41! by scaling the atomic velocities. The therm
gradient simulations are performed in the NVE microcano
cal thermodynamic ensemble by heating the atoms with
slab on theyz plane of 4 Å thickness~along thex axis!
where the cell border is centered at the coordinatex50 ~and
also atx5216.362 Å because periodic boundary conditio
are used!. Within this slab the thermal energy is increased
the rate ofD«/Dt50.1 K/fs per atom. In order to produce
thermal gradient simultaneously, we cool the atoms in
other 4 Å thickness slab also in theyz plane, centered in the
middle of the simulation volume, atx5108.06 Å, with the
thermal energy decreasing at the opposite rate ofD«/Dt
520.1 K/fs per atom. Thus, roughly after 2 ps, a stea
thermal flow is established along thex axis between the bor
ders and the middle of the simulation volume. The tempe
ture variation along thex axis is obtained by simply averag
ing the temperature within thin slabs, 2 Å thick in theyz
plane, over the last picosecond of the MD calculations. T
obtainedDT/Dx value equals 2.3 K/Å. The thermal condu
tivity k can then be easily determined by setting the h
flow Jx ~linear part of the thermal gradient40! equal to Fou-
rier’s law as follows:

Jx5
D«

2ADt
52k

]T

]x
, ~2!

where D5k/rCP and A51868.487 Å2 is the simulation
volume cross section in the (xy) plane through which
propagates the heat flow. We have obtainedk
52.88 W m21 K21, in good agreement with the experime
tal valuekexp52.40 W m21 K21. Using the calculated val
ues of the densityr and the specific heatCp at 700 K~Table

TABLE IV. Comparison between experimental and calcula
heat capacity at constant pressureCP , density, thermal conductivity
k, and thermal diffusivityD, at 700 K, for La2Zr2O7.

La2Zr2O7 ~700 K! Experiment AIP core

Cp (J/mol K) 271.63~Ref. 34! 256.9
r (g cm23) 5.936 5.946
k (W m21 K21) 2.40 ~Ref. 41! 2.88
D (1026 m2 s21) 0.85 ~Ref. 41! 1.05
17410
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IV !, one gets immediately the thermal diffusivityD51.05
31026 m2 s21 which is comparable to the experiment
value of the thermalDexp50.8531026 m2 s21~Ref. 41! at
700 K.

C. Formation energy of point defects

As far as we know, no experimental values are availa
on the formation energies of point defects in the La2Zr2O7
pyrochlore structure for further validating the establish
core-model force field. However, those of cation antisi
and Frenkels defects have been calculated in a prev
study by ab initio methods and more precise shell-mod
interatomic potentials.20

The calculation of defect formation energies is carried
by applying theGULP code,22 within the Mott-Littleton ap-
proximation~MLA !.42 According to this approach, we hav
considered the crystal volume around the defect to be
vided into two concentric spherical regions, with correspon
ing radiusr 159 Å and r 2520 Å containing, respectively
206 and 2121 atoms. In the first region, the interactions
treated rigorously and ions are allowed to relax fully. In t
second one, only harmonic perturbations are conside
Outside of these two regions is the outer region where
ions interact with the defect net charge as in a perfect die
tric medium. Calculations have also been performed us
periodic boundary conditions~PBC’s! considering a point
defect per primitive lattice~that contains 22 atoms! in order
to compare with published results obtained within the DF
LDA approach.20 Further comparison can be made betwe
the MLA and the PBC calculations by noting that the form
is an isolated defect and the latter is associated with a m
dense population of defects. This difference in environm
could give insight on the behavior of the ordered pyrochlo
because at the beginning of the irradiation the number
defects is sparse and far apart, whereas in the disord
state, observed during irradiation experiments,21 the defects
are found at a higher population and closer together. Kno
ing the influence of a significant number of closely locat
cation antisites upon the defects formation energies is q
important. The defect energy is obtained by the class
scheme

E~def!5Erelax~bulk1def!2Erelax~bulk!1DE` , ~3!

whereDE` is a correction energy for the missing species
infinite distance from the crystal. For individual ion defec
the last quantity is zero since the potentials are defined w
respect to zero energy at infinity.DE` also vanishes for cat
ion antisites as well as for Frenkel pair defects, since both
vacancy and the interstitial are present in the bulk.

As previously defined in similar studies,15–20 0X denotes
the perfectly ordered pyrochlore, and 1X and 2X means
single and double La-Zr exchange, respectively. The res
for the cation antisite formation energies, calculated with
the same computational scheme as in Ref. 20, are prese
in Table V. When compared to the DFT/LDA and she
model AIP calculations, our results show overall satisfact
agreement. Formation energies are nevertheless syste
2-4
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cally overestimated by the core model when compared w
the shell model, the last being more flexible to accomod
the local distortions of the structure by displacing slightly t
shells of the cations or anions. Note that in all cases,
energiesE(1X) andE(2X) are lower in the PBC than in th
MLA calculations. That follows the trend that a cation an
site inversion in the disordered state, which might cor
spond to an advanced irradiation stage, may be produ
much easier compared to the ordered pyrochlore at the
diation first stage.

Cation vacancies as well as Frenkel pair formation en
gies have been calculated and compared with previous
sults in the ordered pyrochlore and the disordered st
~Table VI!. As expected, lanthanum vacancies and lanthan
Frenkel pair creation cost considerably less energy comp
to those of zirconium. However, the La and Zr Frenkel fo
mation energies are getting close with increasing disor
i.e., from 0X to 2X.

Note that the formation energy of the pair O8a
221V48f

•• cal-
culated with the core-model potentials, is close to zero~Table
VII !, in agreement with the previous shell-mod
calculations,20 probably because the same charge22ueu is
removed from the pyrochlore structure in both cases.43 That
value is nevertheless in good correlation with the experim
tal result in the isostructural compoun
Gd2(GaSb)0.2Zr1.6O7. 44 The oxygen configuration is mainl
driven by the cation configurations characterized by high
tisite formation energies compared to the oxygen Fren
pairs formation energies, which are slightly negative~Table
VII !. This trend is further supported by the considerable d

TABLE V. Cation antisite energies~eV! for the compact con-
figuration around the 48f site, calculated using a periodic primitiv
cell containing 22 atoms, with AIP@shell-model~Ref. 20! and core-
model# andab initio DFT-LDA ~Ref. 20! methods.

La2Zr2O7 Mott-Littleton Periodic boundary conditions
~MLA ! ~PBC’s!

Disorder AIP AIP AIP AIP DFT/LDA
core shell core shell

0X 0.00 0.00 0.00 0.00 0.00
1X 2.42 1.95 1.60 1.45 1.38
2X 4.67 3.37 4.20 2.79 2.60

TABLE VI. Cation vacancies and Frenkel pair formation en
gies ~eV! in different cation antisite disorder configurations, calc
lated using AIP with core model and compared with previous s
model calculations~Ref. 20!. 0X, 1X, and 2X set for perfect pyro-
chlore, one La-Zr inversion and two La-Zr inversions, respectiv

Formation energies 0X 1X 2X
AIP core shell core shell core shel

VLa- 46.61 46.30 46.97 46.37 51.81 48.4
Frenkel La 5.38 7.28 7.25 7.93 8.76 8.9
V-Zr8 87.66 85.88 81.92 85.29 82.69 82.4
Frenkel Zr 14.15 14.93 11.49 12.67 7.24 10.6
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ference between the cation and anion activation energies
lattice migration. Applying the rational function optimizatio
~RFO! method45 for the saddle point research within the tra
sition state theory, as implemented in theGULP code,22 the
activation energy for the 48f oxygen towards the 8a vacant
site and vice versa in the ordered pyrochlore (0X) is calcu-
lated to be 0.32 eV, close to the value calculated previou
0.40 eV.20 Conversely, those characterizing the cation mig
tions toward homoatomic and hetero-atomic vacancies in
disordered state (2X) are calculated to be close to 4 e
comparable to the values determined experimentally for
ion vacancy migration in stabilized zirconia.46

Finally, the core-model force field optimized here, wi
the aim to be used in MD-DC simulations, reproduces sa
factorily the crystallographic and elastic properties of t
La2Zr2O7 pyrochlore, as well as the main IR frequencies, t
constant pressure specific heat, and the thermal expan
coefficient. It is notable that the shell model presented
previous work20 and the core model used predict very simil
properties, even though the former is expected to be so
what superior. Quite physical values have been also obta
for the compressive waves velocity and the heat conduc
ity. This could mean that, even though the electron-phon
coupling is completely ignored in such a potential repres
tation, the propagation of the mechanical and thermal per
bation produced by the ballistic process during the therm
spike will be described in a fairly reasonable way. It is al
important to note that the values obtained for the vario
point defects formation and migration energies in the orde
and disordered structure using the core model are in g
agreement with those calculated previously with the sh
model,20 a more precise methods. Hence, the establis
force field can be used with a convenient degree of co
dence for the calculation of the threshold displacement e
gies and for performing MD-DC in La2Zr2O7 for the simu-
lation of thea-recoil process.

III. THRESHOLD DISPLACEMENT ENERGIES

The threshold displacement energiesEd provide initial in-
sights on the response of atoms to the primary knock
atom ~PKA! ballistic propagation, by characterizing the r
sistance of a given sublattice to short-range displaceme

ll

.

TABLE VII. Defect formation energies~eV! for the oxygens in
different configurations. The obtained values are also compare
previous shell model calculations~Ref. 20!. Symbols are the same
as for Table VI.

Formation
energies 0X 1X 2X

AIP core shell core shell core shell

O8a
22

interstitial
214.30 215.64 214.19 215.53 214.41 214.96

VO48f
•• 19.06 18.70 16.71 15.86 16.30 16.8

VO8b
•• 20.56 19.54 18.32 15.75 20.79 16.7

VO48f
•• 1O8a

22 0.00 20.05 20.06 20.15 21.50 21.64
2-5



c
e
le

be
en

e

in
iti
rv
tic

o
th
s

o

ab
th
a
th
a-
ta
e

th
th
re
ch
o

ce

e
is

h

t
fa
n

he

der
for

li-
the
fied
for
e

ant
id-

r-
that
, in
to

e

n
for
llo-
le
hile
ths

hin

V

e
u-

in

CHARTIER, MEIS, CROCOMBETTE, CORRALES, AND WEBER PHYSICAL REVIEW B67, 174102 ~2003!
By definition, theEd corresponds to the minimum kineti
energy transferred by the PKA to an atom along a giv
crystallographic direction yielding the creation of a stab
Frenkel pair defect. The values ofEd provide basic informa-
tion for modeling radiation effects in materials and may
calculated either by using MD or by applying the sudd
approximation~SA! within the MLA. In the MD method,47 a
definite momentum is imparted to an atom along a giv
crystallographic direction@uvw#. After an evolution of a
few picoseconds, the system is examined to determ
whether the atom is permanently displaced to an interst
site or not. However, such a process occurs in a time inte
much shorter than that needed for relaxation of the lat
through the phonons. Consequently, during the collision
the recoiling atom with the lattice, it can be assumed that
vibrational motion is frozen. This assumption forms the ba
of the sudden approximation~SA! method.48 The SA method
does not take into account the dynamic effect of the PKA
the mass ratio effects~heavier/lighter ions! during collisions.
However, previous studies on zircon23,49as well as on Si and
SiC ~Ref. 50! have revealed that theEd values calculated
with the SA method to be quite reasonable and compar
to those calculated using the MD methods. Thus, since
SA method is by far less computationally expensive th
MD, the former method has been applied here using
GULP code.22 In the SA method, only static energy calcul
tions are performed. The ion is displaced in a given crys
lographic direction@uvw#, calculating at each position th
total energy of the unrelaxed system. The value ofEd is
simply the difference between the minimum energy of
unrelaxed system and that of the perfect bulk provided
displaced ion occupies a stable interstitial position after
laxation. For avoiding complications during relaxation, su
as the eventual creation of metastable sites that may be
cupied by the displaced atom, the RFO minimization pro
dure within the MLA framework42 has been applied here.

As is well known, the value ofEd strongly depends on th
crystallographic direction along which the atom
displaced.51 The @111# direction is for example the pat
through the ZrO6 octahedron whereEd for Zr is lower ~see
Table VIII! since the oxygen 8a site is vacant in the perfec
pyrochlore. Conversely, this direction is not energetically
vorable for the La since the 8b site is occupied by an oxyge
atom, leading to a direct collision. The lowerEd values for
La are obtained along the@ 1̄47# direction ~Table VIII!,
through the LaO8 scalenohedron. Hence, for extracting t

TABLE VIII. Calculated threshold displacement energies, in e
for the atoms of La2Zr2O7. The mean valueŝEd& have been ob-
tained over fourteen different crystallographic directions.^O&s is
the stoichiometric mean value for the oxygen. The lowerEd values
noted min(Ed) and the corresponding directions@uvw# have been
quoted too. Note that min(Ed) for the Zr is in the@111# direction,
thus crossing the vacant 8a site.

La Zr O48f O8b ^O&S

^Ed& 153 188 38 68 42
min(Ed)2@uvw# 53@ 1̄47# 68 @111# 6.7 @012# 7.0 @114#
17410
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relevant mean values, it is of crucial importance to consi
the highest possible number of representative directions
each of the atomic species La, Zr, O48f , and O8b . Of course,
crystallographic directions along which direct ionic col
sions occur are not considered in the SA method. In
ordered pyrochlore, such a sampling may be easily simpli
by using the site symmetry of the atom considered. Thus,
the O8b having the 4̄3m site symmetry, the sampling may b
done only in the irreducible part of the total 4p steradians
solid angle represented in Fig. 3, for estimating a relev
^Ed(O8b)&. value. Fourteen directions have been cons
ered in this case, ranging from@ 1̄1̄1̄#, where no direct col-
lision is expected, to directions close to@11̄1̄# and close to

@001̄#, where direct collisions with the La should occur du
ing a ballistic process. In the same way, the solid angle
has been considered for the La and Zr, lying, respectively
16d and 16c crystallographic site, is reduced with respect
their .3̄m site symmetry to directions between@111#, @ 2̄11#,
and @112̄#. For the O48f , the solid angle is reduced to th
directions included between the planesx5y andx52y, in
agreement to its 2.mm site symmetry. The calculated mea
values that consider fourteen crystallographic directions
each sublattice, together with the lower energy crysta
graphic directions are given in Table VIII. A considerab
amount of energy is needed for displacing the cations w
conversely, the oxygen ions may move through specific pa
at an extremely low energy cost.

IV. MODELING OF THE a RECOIL IN La 2Zr 2O7

A. Molecular dynamics displacement cascades

The MD-DC simulations ofa recoils in La2Zr2O7 have
been performed using theNDM-90 code.23 In our case, the
established short-range Buckingham potentials, valid wit

,

FIG. 3. ~Color! The La2Zr2O7 pyrochlore structure, where th
crystallographic directions delimiting the solid angle for the calc
lation of the threshold displacement energies for the O8b sublattice,
following its symmetry, is quoted. Zirconium and lanthanum are
cyan and green respectively, while O48f are in red and O8b is in light
brown.
2-6
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ATOMISTIC MODELING OF DISPLACEMENT CASCADES . . . PHYSICAL REVIEW B 67, 174102 ~2003!
the interatomic distance range of 1 Å,r ,10 Å, are
coupled to Ziegler-Biersack-Littmark~ZBL! potentials, valid
for r ,0.9 Å,52 by a fifth degree polynomial in the rang
0.9 Å<r<1.0 Å. The ZBL potentials express more acc
rately the ionic interactions at very short distances occurr
during high-energy collisions. A tetravalent uranium ion
substituted for zirconium in the La2Zr2O7 in order to simu-
late the recoiling nucleus during thea-decay process. To
respect the transferability conditions, the U-O Buckingh
parameters are fixed to those published by Karakasidis
Lindan53 that were optimized in UO2 by using the Catlow
interaction potential for O-O.31 The latter is also used her
for the La2Zr2O7 modeling.

The atomic trajectories throughout the ballistic proce
are determined by integrating Newton’s equations of moti
using the Verlet algorithm,54 where the forces derive from
the AIP formalism. The integration time stepdt is adjustable
taking values as low as 5310217 s, at the beginning of the
DC, up to 10215 s at the end. In a first step, a cubic superc
with the characteristic dimensionL58a5129.66 Å, con-
taining 152064 atoms among which one uranium U41 is sub-
stituted for Zr41 at the approximate fractional coordinate~1/
4,1/4,1/4! of the supercell, is equilibrated within the NP
ensemble at 350 K by scaling the atomic velocities. After
equilibration stage, the MD calculations are performed
constant volumeV with fixed number of particlesN. We use
periodic boundary conditions and within a border thickne
of 4 Å the atomic velocities are continuously scaled dur
the DC process for simulating a thermal bath at 350 K. T
DC calculations are carried out within a microcanonical e
semble that could be denoted as pseudo-~NVE! because the
applied thermal bath at the borders contributes in pumpin
fractional part of the kinetic energy out of the system.

The mechanical shock-wave produced by the DC pro
gates through the material with the compressive sound w
velocity. Similar compressive sound wave features have b
observed during irradiation experiments in Al2O3 and other
solids.28 In the simulations, the periodic boundary conditio
act as reflecting walls that can rapidly reflect the mechan
perturbation to the DC area. As shown recently in copper
Ryazanovet al.,55 the local stress tensor fluctuation cou
have a direct influence upon the atomic displacements
the defects formation. Different numerical methods exist
handle pressure relaxation and pressure transmission o
borders ~see Ref. 56, and references therein!. Sufficiently
large simulation box dimensions have been chosen here
avoiding pressure influence, due to the reflected shock w
on the thermal spike area. In fact, taking into account
compressive sound waves velocity, calculated above to
;7500 m s21, as well as the characteristic dimension of t
simulation volumeL58a, the DC induced shock-wav
needs about 1.7 ps to come back to the damaged area.
time interval is longer than 1 ps during which, as we sh
see, the most important part of the atomic displaceme
crystal recovery and defects creation takes place for the t
cal kinetic energy of 6 keV.

In addition, the heat flux induced by the DC leads to
significant rise of the local temperature within the crys
volume containing the region strongly affected by the bal
17410
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tic process. Since the calculated values for heat conducti
and the heat diffusivity~Table IV! are very close to the ex
perimental values, the heat flux will propagate quite phy
cally in the bulk, reaching the borders after about 2 ps, wh
the heat will be smoothly pumped by the thermal bath set
to simulate an infinite crystal at 350 K. To produce an a
proximate statistical analysis of the La2Zr2O7 during a 6 keV
ballistic process, four different displacement cascades h
been performed along the crystallographic directions@111#,
@211#, @221#, and@322#.

B. Analysis of the DC in the La2Zr 2O7 pyrochlore

Snapshots of the cascade simulation projected on
~110! plane for ten time intervals where the U41 is launched
in the @111# direction at 6 keV are presented in Fig. 4. Th
upper border of the periodic cell can be seen on the top of
figure, the three others being truncated to focus on the in
esting part of the DC. In the first frame, att50 ps, is shown
the perfect pyrochlore bulk. During the DC, the highest nu
ber of displaced atomsNdisp51069 is observed approxi
mately att150.3 ps. At that time, 807 oxygen, 171 lanth
num, and 91 zirconium ions are displaced by more than 1
from their equilibrium positions~Fig. 5 and Table IX!. Note
that those numbers are directly related to the above ca
lated Ed and quoted Table VIII, whereEd(O),Ed(La)
,Ed(Zr). A fast recovering stage is then observed betwe
t150.3 andt250.9 ps during which about 40% of the dis
placed atoms return to their initial position or occupy equiv
lent crystallographic sites. A considerably slower evoluti
stage, mainly involving oxygen thermal annealing, occ
betweent250.9 ps andt353.0 ps, where roughly 10% o
the oxygen atoms displaced to interstitial sites return to cr
tallographic positions. In fact during the period betweent2
50.9 ps andt353.0 ps there is a continuous creation a
annealing of oxygen interstitials at the 8a site, the annealing
rate being more important.

This behavior may be explained by the very high te
perature subsisting just after the thermal spike30 in the
closely situated crystal bulk, and by the relatively low ac
vation energy characterizing the transitions O48f

22→V8a and
O8a

22→V48f
•• , calculated above to be close toEm50.3 eV.

The transitions O48f
22→V48f

•• is not considered since itsEm is
calculated to be 1.0 eV, which is three times higher. In or
to estimate the extend of this effect, we assume that the ju
frequency could characterize the corresponding 8a vacancy
occupation by the 48f closely situated oxygen so as we ma
consider the following expression:57

n~O48f↔V8a!;
) in i

) mvm

exp~2Em /kBTins!, ~4!

where we have taken into account thatDH(V8a)50 and
DH(V48f

•• 1O8a
22)50 ~Table VII! andkB is Boltzmann’s con-

stant. The parametersn i are the equilibrium frequencies an
nm are those with the migration oxygen at the saddle po
Although during thea-recoil process the system is local
2-7
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FIG. 4. ~Color! View at different times~ps! in the ~110! plane of the displacement cascade of a U41 at 6 keV along the direction@111#
in the La2Zr2O7 pyrochlore, at 350 K. Cyan, green, and red spheres correspond to zirconium, lanthanum, and oxygen atoms, res
The uranium atom is in blue.
ay
ta es,
out of thermodynamic equilibrium, the atomic velocities m
be used in order to attribute to the whole supercell an ins
taneous temperatureTins according to the relationship

(1/N)( i 51
N 1

2 miv i
25 3

2 kBTins, whereN is the total number of
17410
n-
atoms in the simulation volume. UsingTins and the total
virial developed according to the energy spatial derivativ
an instantaneous pressurePins can also be defined.58 Now,
due to a fast collective phenomenon of recovery~see Fig. 5!,
2-8
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ATOMISTIC MODELING OF DISPLACEMENT CASCADES . . . PHYSICAL REVIEW B 67, 174102 ~2003!
we may assume the system is establishing a thermodyn
equilibrium roughly after 1 ps. At that time theTins is about
450 K, over the whole supercell, but a careful analysis of
velocities of about 12 000 atoms around the thermal sp
area can easily show the mean local instantaneous tem
ture to be close to 2000 K such thatn(O48f↔V8a , T
52000 K);1012 Hz. This jump frequency is high enoug
for permitting oxygen transitions between the 48f and 8a
sites within a time interval of a few picoseconds. This lea
to the conclusion that the oxygen thermal annealing
La2Zr2O7 during 3 to 4 ps after the first picosecond of t
thermal spike~Fig. 5! is not negligible. In fact, the coordi
nate analysis within the time interval 1.0 – 4.0 ps show
dozen oxygen ions occupying the 8a vacant site that return
to a 48f site. Further thermal annealing should be expec
to take place at much longer time~hundreds of picoseconds!
at lower temperatures. Such a simulation is presently c
putationally very expensive to be carried out by MD. Ho
ever, no significant recovering or annealing is observed

FIG. 5. Number of displaced atoms during the U41 DC at 6 keV
along the@111# direction in La2Zr2O7, at 350 K. Solid lines~filled
symbols! correspond to the atoms displaced by more than 1 Å fr
their equilibrium positions and dashed lines~open symbols! to those
displaced by more than 1.5 Å. Lanthanum, zirconium and oxy
are represented by squares, triangles, and circles, respectively
number of oxygen ions has been divided by 7.
17410
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yond 4.0 ps up tot f57.5 ps. Finally it is worth noting tha
all the oxygen atoms displaced by less than 1.5 Å return
their equilibrium sites within less than 0.9 ps~Fig. 5!.

A similar behavior is realized in all the DC performe
along the four crystallographic directions considered h
and presented in Table IX. However, a larger number of
oms, about 20 % more, are displaced during the DC al
the @111# and@322# directions than along the@211# and@221#
directions. This is related with the almost direct impact of t
uranium with the lanthanum at the very beginning of t
cascade creating different subcascades. This is illustrate
Fig. 6 for the @111# cascade where the uranium suffers
first direct collision with a lanthanum ion. The trajectory
the uranium and lanthanum~first atom scattered by uranium!
have been plotted. Conversely, for the two other crysta
graphic directions,@211#, @221# the uranium suffers its firs
direct collision with an oxygen ion.

The global response of the material is quite similar in a
direction, and we may use the mean instantaneous press
and temperatures of all the four DC’s to describe, from
mesoscopic point of view, the general response of
La2Zr2O7 pyrochlore to a U41 recoiling ion at 6 keV. In the
first 0.25 ps of the DC, the very high velocity of the uraniu
induces an extremely fast increase of the instantaneous p
sure, and the potential energy, and an abrupt decrease o
instantaneous temperature due to the nuclear stopping e
in the material~see Fig. 7!. That stage corresponds to a fa
increase of the number of displaced atoms, for which
maximum is attained at around 0.3 ps. Due to an iner
collision process, the instantaneous pressure continues r
until 0.45 ps when it attains the value of 1.34 GPa. Mea
while a part of the stored potential energy is transformed
kinetic energy, thus raising the instantaneous temperat
The Tins increases until 1.4 ps~Fig. 7! reaching the value of
450 K for the whole simulation volume and then, under t
effect of the borders thermal bath, it decreases consta
together with the pressurePins. Of course, all these chrono
logical values depend directly on the size of the simulat
box considered and on the pumping rate at the borders. H
ever, the latter parameters have been carefully chosen
described above, so as not to affect the main part of the
Consequently, these characteristic time events should rem
roughly identical for bigger simulation volumes and for th
same uranium kinetic energy. Hence, this analysis rev

n
he
of
re
ms in
d

TABLE IX. Comparison between the maximum number of displaced atoms by more than 1 Å, att1 ~time
in ps at which the maximum disorder is observed! and the number of definitely displaced atoms at the end
the cascadest f57.5 ps. All the crystallographic directions of the 6 keV U41 displacement cascades a
considered. Thedf means displaced atoms at the end of the DC from which are deduced the ato
replacement configurations~quoted as equivalent site in Table X!. R(%) denotes the total recovery an
annealing percentage, that is (t12df)/t1.

@111# @211# @221# @322#
t1 t f df R t1 t f df R t1 t f df R t1 t f df R

0.32 7.5 0.26 7.5 0.31 7.5 0.29 7.5
La 171 16 9 95 132 21 13 90 117 11 8 93 178 29 17 90
Zr 91 10 8 91 67 12 9 87 66 9 5 92 103 24 15 85
O 807 532 64 92 711 433 77 89 699 408 64 91 804 474 58 93
Tot. 1069 558 81 92 910 466 99 89 882 428 77 91 1085 527 90 92
2-9
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that the DC induces first a strong almost isothermal rise
the pressure followed by oscillations between potential a
kinetic energy. The oscillations occur as the energy
pumped out of the cascade region by dissipating the sh
wave and the thermal energy at first within the supercell a
later by absorption at the boundaries as described above.
net effect is a steady and smooth decrease of pressure
temperature towards the initial conditions.

C. Analysis of the DC end stage

The final number of displaced cations is very low as
dicated in Table IX, between 20~in the @221# direction! and
53 ~along the@322# one!. Most of the displaced cations form
antisite configurations or occupy an equivalent crystal
graphic site~see Table X!. Those cation antisite defects ca
be seen on the enlargement~see Fig. 8! of the final picture
obtained at 7.5 ps~Fig. 4! within the most highly damaged
area. Compared to Fig. 4, the projected plane of the Fig

FIG. 6. ~Color! Displaced atoms by more than 1 Å at the end
the cascade~7.5 ps! in the ~100! plane. The majority of the oxygen
atoms~red! occupy equivalent crystallographic sites and then bu
a squared network. The uranium~blue! trajectory as well as one
lanthanum ~green! trajectory responsible for a subcascade a
shown.
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has been slightly tilted in order to display the periodic ch
acteristics of the bulk involving~in this perspective! alterna-
tively oxygen and cation slabs. Two different arrangeme
can be distinguished in the cation slabs, those contain
only La or Zr atoms and those presenting alignments of
ternatively La and Zr in the same direction. That makes
easy to distinguish visually the cation antisite defects. Qu
a few among the displaced cations, roughly 5 to 10~Table X!
are found at interstitial positions, occupying the 32e crystal-
lographic site, and can be easily distinguished in Fig. 8. T
trend follows the static calculation results indicating that t
cation Frenkel pair formation energies~see Table VI! are
considerably higher than the antisites formation energies~see
Table V!. The same correspondence appears between s
and DC calculations of the formation energies of Zr and
Frenkel pairs, and the number of created pairs. By consi
ing only interstitial and cation antisite as relevant defe
~thus, a simple replacement configuration is not counted
cause it does not contribute to the disorder!, the cation re-

f

e

FIG. 7. Evolution of the mean value~over all the DC along the
four crystallographic directions! of the instantaneous pressu
~squares! and instantaneous temperature~triangles! as a function of
time. The local minimum temperature occurs at 0.25 ps while
maximum pressure is attained latter at 0.45 ps. The instantan
temperature raises to a maximum value at 1.4 ps.
tly
f
n-
ch
le,
s
ng
FIG. 8. ~Color! Close view of the mostly
damaged area after the 6 keV DC in the sligh
tilted ~110! plane. Alignments or alternation o
lanthanum and zirconium can easily be disti
guished in the slabs of cations. Point defects su
as cation antisites are consequently easily visib
along with interstitials. The U atom ended it
course substituted for a zirconium, the last bei
ejected to a close interstitial site.
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ATOMISTIC MODELING OF DISPLACEMENT CASCADES . . . PHYSICAL REVIEW B 67, 174102 ~2003!
covery is close to 90%, independent of the crystallograp
direction of the DC~see Table IX!.

Compared to cations, a quite large number of oxygen i
are displaced in agreement with the calculatedEd ~Table
VIII !. Most of them, for example 468 out of a total of 532
the @111# DC, are simply displaced in replacement sequen
that have little effect on the crystalline network, as can
seen in Fig. 6. Consequently, these oxygen replacement
not considered as important defects, as discussed abov
the cations. Only 64~in the case of the@111# DC, see Table
X! are thus fixed at interstitial sites, mainly the 8a site. In
some particular configurations after the thermal spike, all
oxygen sites including the 8a one are found occupied pe
mitting the formation of an oxygen interstitial in the 32e site.
Such a situation is presented in Fig. 8. As in the case of
cations, the recovery for the oxygen ions is also found to
around 90%, where the replacement configurations are
tracted from the total displaced atoms~see Table IX!. In sum-
mary, the analysis of all four DC simulations carried out
this work reveals that an average of about 70 interstitials

TABLE X. Detailed analysis of the nature of the defects crea
during the U41 DC at 6 keV along the four crystallographic dire
tions considered. More La interstitials are created compared wit
ones, in agreement with the Frenkel pair formation energies qu
in Table VI.

@111# @211# @221# @322#

La ~Equivalent site! 7 8 3 12
La ~Antisite! 6 5 3 9
La ~Interstitial, 32e site! 3 8 5 8

Zr ~Equivalent site! 2 3 4 10
Zr ~Antisite! 6 6 2 13
Zr ~Interstitial, 32e site! 2 3 3 2

O ~Equivalent site! 468 356 344 416
O ~Interstitial, 8a and 32e site! 64 77 64 58

FIG. 9. Radial distribution function comparison before~solid
line! and after~dashed line! the DC of U41 at 6 keV launched to the
@111# crystallographic direction in the La2Zr2O7 pyrochlore.
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produced by a 6 keV uranium pka. The uranium atom end
its course substituted for zirconium, the latter being ejec
to a close interstitial site~Fig. 8!.

The final picture obtained at 7.5 ps~Fig. 4! is surprisingly
close to the initial state. It correlates the quite small num
of defects produced, all localized at crystallographic sit
either interstitials or antisites. The analysis of the radial d
tribution function ~RDF! of the four DC reveals no hint o
amorphisation as shown in Fig. 9 for the@111# direction.
Both short range and long-range order are preserved. T
results are in good agreement with recent experime
works done by Lianet al.21 on La2Zr2O7, where an interme-
diate stage of disordered fluorite structure has been obse
over a wide range of temperatures, together with a very h
resistance to amorphisation at 350 K.

V. CONCLUSION

We have applied an analytic interatomic potential mole
lar dynamics method to study the damage profile of displa
ment cascades produced in La2Zr2O7 at 350 K, by a uranium
recoiling ion with a kinetic energy of 6 keV. The main con
clusion is that at 350 K the lanthanum zirconate pyrochl
preserves its crystalline state during isolated DC events,
hibiting only the formation of cation antisites, interstitia
and vacancies at very low yield. For the crystallograp
directions considered, th DC simulations show an equiva
behavior, characterized by a very fast recovery phenome
during which about 90% of the displaced atoms return
crystallographic sites within less than 1 ps.

The results show that in pristine La2Zr2O7 the primary
radiation-induced damage state is a transition towards
disordered fluorite state, in good agreement with the exp
mental results.21 A significant amount of thermal annealing
observed just after the thermal spike, mainly related to
rapid oxygen mobility towards the 8a site characterized by a
very low activation energy. Since cation thermal annealing
negligible during the very short simulation time interva
~10–20 ps! employed in these MD-DC simulations, the r
sults suggest that equivalent crystalline states with highe
lower point defect densities may be obtained at lower a
higher temperatures, respectively. Hence, from the sim
tion point of view, the single DC events in La2Zr2O7 are
unable to induce direct amorphisation in this pyrochlore,
least for low recoiling ion kinetic energies. Complementa
calculations using cascade overlap at different temperat
coupled to the study of defects mobility in the resulting da
aged areas are required to determine a detailed understan
of the behavior of La2Zr2O7 under irradiation.
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