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An empirical potentials molecular dynamics method was used to simulate-theoil effects in the lantha-
num zirconate pyrochlore L&r,O,, 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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[. INTRODUCTION (YSZ), which is extremely radiation resistaitThat trend
seems to be further enhanced by the structure of the end
Pyrochlores are ceramics having the general formulanembers solid solution of the zirconate pyrochlofesO;

A,B,0;, where A and B are metallic cations that can be and ZrQ.'?Thus for example, GD; has the bixbyite struc-
either trivalent and tetravalent or divalent and pentavalenture, which is cubic and closely related to the fluorite one,
respectively: Lixiviation studies have shown that the zircon- involving no significant lattice destabilization of the matrix.
ate pyrochloresA,Zr,0O;, where A is generally a rare-earth Conversely, TiQ has the rutile structure, which is essentially
element, are extremely durable materfafs, exhibiting  different to the fluorite as well as to the bixbyite structure,
leaching rates as low as 1®gm 2 day * at pH~7. Re- imparting a strong destabilization of the matrix symmetry.
cent experimental studi®shave demonstrated that the  Many theoretical studies, based exclusively upon energy
titanate-zirconate pyrochlore GH,_,Zr,0; becomes more ~ calculations of static configurations, have been dofie®in
radiation resistant with increasing zirconium concentrationorder to draw out the relevant trends that could explain the
Hence, the purely titanate end member pyrochlore @) is  radiation behavior of the pyrochlores with respect to their
sensitive to irradiation damage and readily undergoes aghemical composition. It has been advanced that the propen-
irradiation-induced crystalline to amorphous transition atSity of a pyrochlore to undergo a transition to the amorphous
temperatures up to relatively high temperat(@0 K) at  state is closely related to the cation antisite defect formation
doses as low as 0.2 dpa. In contrast, the pure zirconate erdergies, which are strongly dependent on the trivalent and
member =2) is rather insensitive to irradiation damage tetravalent cation ionic radfi*’ Thus, the lower the cation
and remains highly crystalline to high dodes to 7.0 dpa
even at very low temperature~@25 K), undergoing a PYROCHLORE
radiation-induced transition to the disordered fluorite struc- [odi]
ture, which is highly radiation resistant. An equivalent be- [, 16 ooy | 8}”“‘*
havior has been observed experimentally for theZEiO, siseily gation ()
pyrochlore’ Because actinide cations may be easily substi-
tuted for the rare-earth elemefitshe zirconate pyrochlores
have been propos@as actinide-bearing host phases within
the framework of nuclear waste disposal and as inert matrix‘]
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for industrial and military grade plutonium incineratith.
In order to explain the radiation resistance of the zirconate o
pyrochlores, it has been argiédhat the final radiation state 100] [100] |
of such a compound is mainly composed of a high number of Basile
cation antisite configurations with a random occupancy of rig. 1. The Lazr,0, pyrochiore structure separated into cation

the oxygen crystallographic sites 48b, and & (Fig. 1).  and anion sublattices. Zirconium occupies the Ste while lan-
Such a structure is considered to be close to that of cubighanum the 16 one. The natural oxygen vacancy is in the Site,

zirconia ZrQ, stabilized by a rare-earth oxid&,03; (A while the oxygen at the I8 site is tetrahedrally coordinated with
=Gd, Er, ...), similar to the Y,0O5; stabilized zirconia four lanthanum cations. The center of this cube is the Sige.

. .
' B-site cation
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antisite formation energies, the easier the pyrochlore transgdered and disordered structure, as well as the threshold dis-
forms under irradiation to the disordered fluorite structure placement energies along different crystallographic direc-
hence the more radiation resistant it becomes. Applghg tions. Finally, we perform MD simulations of the recoil
initio calculations, within both the self-consistent field along four nonequivalent crystallographic dlrect|ons using a
Hartree-Fock computational scheme and the density func2U** ion at 6 keV and applying thepom-g0 code?® The
tional theory(DFT) within the local density approximation analysis of these results will provide important insights into
(LDA) approach, we have shotitthe La-Zr cation antisite the primary damage state produced inZB0O; over a range
(1X) formation energy in the La&r,0; pyrochlore to be of temperatures where defect diffusion processes are long
rather low, abouE(1X)=2 eV. Furthermore, this value de- compared to the simulation times.
creases with increasing cation disorder, which also favors the
oxygen occupancy of thea8vacant site(Fig. 1). Conse-
quently, the LaZr,O;, should be expected to be very radia- !l ANALYTIC INTERATOMIC POTENTIALS  (AIP'S)
tion. re§istant, since thg di§0(dered fluorite state should be A. Establishing rigid-core AIP for La ,Zr ,0,
easily induced under irradiation at very low energy cost. o
However, according to recent experimefitghe LaZr,0, The cubic zirconate pyrochlore structure has the space
seems to be the only zirconate pyrochlore that, under irradiggroup  Fd3m and  derives from the M O, (M
tion, undergoes an intermediate transition to the disorderee Zr, Ce, U, . .. ) fluoritelike arrangement of atomi$2® In
fluorite state prior to becoming amorphous at low temperata,Zr,0;, as |Ilustrated in Fig. 1, the B4 cations occupy
tures (T<310 K); however, under irradiation at higher tem- the special crystallographic site d§1/2,1/2,1/2)@A site)
peratures, this material retains the crystalline fluorite disorand the Zt* ones the special site €60,0,0)® site). The
dered structure. Thus, based on experimental results, theo independent & are located at the 48(x,1/8,1/8), de-
primary damage state induced in pristine,Z50;, over a  noted Qg , and & (3/8,3/8,3/8), denoted &) sites. Thus,
wide range of temperatures, is a fluoritelike structure withthe cubic pyrochlore structure can be described by two inde-
little, if any, amorphous material produced. This particularpendent parameters: the internal paramefer the 48 oxy-
behavior is consistent with the static calculations on the degen positions and the cell paramegerThe unfilled & site
fect formation energies; however, these results demonstraté/8,1/8,1/8 is the site of the missing oxygen in the pyro-
that the disordered fluorite structure itself is not sufficient tochlore structure and is denoteg O The occupation of the
prevent amorphization in L@r,0O,; under extended irradia- 8a vacant site by oxygen, which leads to a fluorite-type an-
tion. While the static calculations correctly predict the ease@on sublattice, increases with the temperature and also with
of transformation to the disordered fluorite structure, theséncreasing cation antisite disord@rThe 32 site at (1/4,
calculations do not take into account the activation energie$/4,1/4 is a natural interstitial site for cations.
for relaxation of irradiation-induced defects, the effects of With the aim of performing reliable MD-DC simulations,
high concentrations, nor the effects of temperature and preshe modeling of the interatomic interactions in,Za,0; py-
sure on the creation and annealing of defects. Consequentiyochlore demands a reliable force field capable of reproduc-
an extended investigation of the dynamic processes durinipg not only the crystallographic properties but also the elas-
atomic displacement cascades, taking into account the tentic and thermodynamic properties, the heat conductivity, and
perature of the system, is necessary to understand the pridefect formation energies. It is of utmost importance that the
cipal mechanisms responsible for the transition towards thénic interactions during the ballistic process be described
disordered fluorite and then to the amorphous state. with convenient precision not only around the equilibrium
In this paper, we present the results of molecular dynampositions, but also at intermediate distances and for intersti-
ics (MD) simulations of atomic displacement cascadestial sites. In fact, during the-recoil process, a large number
(DC’s) in LayZr,0;, at 350 K. While the simulation tem- of atomic displacements occur that entail the creation of vari-
perature is above the critical temperature for amorphisatious defects while the matrix experiences a significant local
determined to b& .~310 K under a given set of experimen- variation of temperature and pressure. Consequently, a poor
tal conditions’* the simulation times are too short to allow representation of the energetic pathways in the structure, and
the diffusive recovery processes to occur that drive the deef the defect formation energies, could lead to an inaccurate
termination ofT,; thus, the primary damage state producedconfiguration of the damage structure created by the kinetic
in these simulations should be representative of the primargnergy dissipated by the recoiling ion. Furthermore, a very
damage state for a range of temperatures above and beldvigh (or low) value of the bulk modulus could unphysically
T.. Planned simulations over a range of temperatures wilklter the structure resistance to dam&gé®while poor ther-
determine the significance of temperature on the primarynal conductivity could strongly affect the number and the
damage state. In the first step of this theoretical study, waature of the defects created during the thermal spike, as
establish hard-core ionic interaction potentials, appropriatargued in metals and dielectrits°
for the DC simulations, using theuLp code?? The resulting We assume the interactions to be purely ionic using Buck-
force field is further validated by comparing various calcu-ingham potentials for the description of the short-range in-
lated physical properties of the 42r,0; structure, including teractions to complement the Coulomb interactions. As is
sound velocity and thermal conductivity, to experimental val-well known, Buckingham potentials are composed by a
ues in the literature. We then calculate the formation energieBorn-Mayer repulsive exponential term andrar? attractive
for Frenkel pairs and cation antisite defects in both the orone. Cation-cation interactions, other than the electrostatic
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TABLE |. Parameters for the Buckingham potentials fitted on ~ TABLE Ill. Comparison between experiment&ef. 1) and core
experimental crystallographic data and Hartree-Fock calculatedhodel AIP calculated vibration frequencies for the,Zg0O; pyro-
elastic constantéRef. 20. The O-O parameters have been fixed to chlore. Assignations have been made by their values.
those optimized by CatloRef. 3) and the U-O parameters come

from Karakasidis and LindafRef. 53. IR (cm™ ) 121 vy V3 I Vs Vg

Interactions A(eV) p (A) C(ev AG) Charges Experiment(Ref. ]) 518 412 352 244/208 176 140
AIP core 540 424 340 271 160 120

O - O (Ref. 3) 22764.30 0.14900 27.89 0:2

La-O 1367.41  0.35910 0.00 La:3

Zr-o 1478.69 0.35542 0.00 ZE4 considered in carrying out the frequency summation for the

U- O (Ref. 53 895.60  0.42512 65.40 Ut4 partition function. The vibrational entrop§sq, ¢ IS in satis-

factory agreement with the experimental vaftjest as is the
thermal expansion coefficient,??% calculated by MD
ones, are set to zero. The ionic polarizability is neglectegimulations(Table I). The entropy derivative versus tem-
here to avoid computational problems and reduce computaerature, at constant pressure, gives immediately the specific
tional costs during the displacement cascade. Charges are §&atCp, which is shown in Fig. 2. The derivedp values
equal to their formal values-2.00, +3.00, and+4.00 for ~ are quite satisfactory although the discrepancies at high tem-
oxygen, lanthanum, and zirconium respectively, which liftperatures, of the order of 6% compared to the experimental
the distinction between the #&nd & oxygens?® The po- measurement¥,are mainly due to anharmonic effects. Most
tential parameters optimization is obtained by using a leas®f the those physical parameters are slightly more precisely
square procedure minimizing the sum of the squares of theescribed by the shell model we used in our previous sttidy.
differences between the calculated and the experimental val-he most sensitive effect of the core model simplification is
ues of the crystal properties as implemented in ¢hep  a slightly shifted description o€, and a.
code?? The O-O Buckingham parameters have been fixed to
the values published by Catloth.For the fitting procedure, B. Sound velocity and thermal diffusivity
we have used the experimentally available crystallographic
dat#?~3®and, in the lack of experimental values, the elasti
properties calculated previously within thé initio Hartree-
Fock (HF) approactf®

The established rigid-core force field is given in Table |, (Cn 12 (B+4G/3)1’2
and the calculated properties are in excellent agreement with vL= il D
the experimental andb initio values, as shown in Table II. P P
Furthermore, it is worth noting that the calculated value forwhereB is the bulk modulusG=(C;;—C;,)/2 is the shear
the bulk modulus of LgZr,O0,, B=191 GPa, is physically modulus ang is the density calculated to be 6.024 gcin
reasonable when compared to the experimental v@due for La,Zr,0O;. Using the calculated elastic matrix constants
=205 GPa for the isostructural Ga,0, pyrochlore3” The  (Table 1), we get the value, =7487 m s* (Table ) which
calculated IR frequencies, given in Table Ill, are in goodis quite comparable to 7850 m found for the cubic zir-
correlation with experimerit.The vibration entropyS;po«  Conia ZrQ (Ref. 39 and also to the value of 6947 m’s
was calculated using the phonon spectra, where tenalculated for the G&r,0O; pyrochlore using the experimen-
symmetry-uniquek points across the Brillouin zone were

In the case of cubic symmetry lattices, the compressive
Cwaves sound velocity, can be immediately deduced using
the elastic matrix constarifsfollowing the expression

@

300
)
a
TABLE Il. Comparison between experimentéRefs. 32—3p La,Zr,0, e o °

and calculated data for the 42r,O, pyrochlore. HF sets foab 250 -
initio Hartree-Fock calculationsee Ref. 20) AIP sets for analytic
interatomic potentials calculations done with theLp code (Ref. & 200
22, £ 150 Calc.

= o Exp.
La,Zr,0, Exp. (Refs. 32-3p HF (Ref. 20 AIP core >, ®
Vv (A% 315.4 331.5 315.4 © 100
a (A) 10.805 10.986 10.805
X 0.4200 0.4198 0.4210 50
p (gcm ) 6.024 5.732 6.024

O 1 1
E (c(sgs)) 13?;‘57 139318'4 0 200 400 600 800 1000
11 a )
T It Kel

C., (GPa) 120 118 emperature (Kelvin)
Sz00 k (J/mMol K) 240 208 FIG. 2. Heat capacity at constant press@g(J mol * K™%
a (108K 7.0-9.1 6.24 versus temperatur@) for the LaZr,O; pyrochlore. Solid line sets
vy (m/s) 7487 for present AIP core model calculations and open squares are ex-

perimental datdRef. 34.
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TABLE IV. Comparison between experimental and calculated|y/) one gets immediately the thermal diffusiviy=1.05
heat capacity at constant press@g, density, thermal conductivity 1076 m2 s~ which is comparable to the experimental

«, and thermal diffusivityD, at 700 K, for LaZr,0,. value of the thermaDexpz 0.85x 108 m2 S—l(Ref_ 4) at
La,Zr,0; (700 K) Experiment AIP core 700 K.

Cp( (iﬁnnjgl) K) 271-238_\;:1‘- 34 2553496 C. Formation energy of point defects

i (?N m1 K1) 240 (.Ref. 41 2:88 As far as we know, no experimental values are available

on the formation energies of point defects in theZaO,
pyrochlore structure for further validating the established
core-model force field. However, those of cation antisites
tal values ofB =205 GPa an@=80.3 GPaRef. 37 for the and Frenkels defects have been calculated in a previous
bulk and shear modulus respecti\}ely ' study by ab initio meghods and more precise shell-model
The calculation of the thermal conductivigycan be car- Interatomic pot_enﬂal%. . oo .
ried out by using either the direct or the Green-Kubo method The calculation of defecztzfor_mz_mon energies is carried out
both based on MD techniques and having generally simiIaPy a_ppl){!ng(chEiL)ng Zode,d_wnhtmtthhe Mott—thtLeton a;]p-
reliability when compared to the experimental values, as reProximation -~ According to this approach, we have
cently shown by Schelling and co-workdPsapplying the considered the crystal volume around the defect to be di-
former as described below, we have used a supercell contai?{ided in_to two concentric spherical regic_)r!s, with corrgspond-
ing 28 160 atoms with the dimensions of 216.13 A along the"d radiusr,=9 A and r2=20 A containing, respect!vely,
x axis and 43.226 A along theandz axis. Calculation along 206 and_2121 atoms. I_n the first region, the interactions are
one crystallographic directiof) may be considered as a treated rigorously and ions are allowed to relax fully. In the

good approximation since the thermal diffusion in the pyro_seco_nd one, only harmonic perturbations are considered.
chlore structure is approximately isotropic. Outside of these two regions is the outer region where the

The direct method based on MD computer simulations ar jons interact with the defect net charge as in a perfect dielec-
carried out as follows. The simulation box is first equili- ric medium. Calculations have also been performed using

brated at 700 Kthe temperature for which experimental dataperIOdIC boundary condition¢PBC') considering a point

are availabl&h) by scaling the atomic velocities. The thermal defect per primitive latticéthat contains 22 atorhisn order

gradient simulations are performed in the NVE microcanoni-[® OMPare with published results obtained within the DFT/

. . . | DA approach?® Further comparison can be made between
cal thermodynamic ensemble by heating the atoms within <J51 . .
slab on theyz plane of 4 A thicknesgalong thex axis e MLA and the PBC calculations by noting that the former

where the cell border is centered at the coordinat® (and is an isolated defect and the latter is associated with a more

= o " dense population of defects. This difference in environment
also atx=216.3= 2 A because periodic boundary conditions could give insight on the behavior of the ordered pyrochlore

are usegl Within this slab the thermal energy is increased atbecause at the beginning of the irradiation the number of
:Egr;i: O:ig{(aAr:t:s?rhlu:?gr?e%irslatovTé Igozl]dg]retoa{)()rr%iu?ne :ngefects is sparse and far apart, whereas in the disordered
other 4 Ethickness slab also inyt' g plane, centered in the state, observed during irradiation experimefitthe defects

iddle of the simulati | hast—p 108’06 A with th are found at a higher population and closer together. Know-
micdie of e simutafion voiume, at= 2t » W € ing the influence of a significant number of closely located

tﬁle_rrgall }?/?serggr iigrrﬁaiﬂgsatrgzghﬁ/pg?tsei:ez rgl:zsgt éttea dycation antisites upon the defects formation energies is quite
thermal flow is established along tikeaxis between the bor- Important. The defect energy is obtained by the classical

; . ! scheme
ders and the middle of the simulation volume. The tempera-

ture variation along the& axis is obtained by simply averag-
ing the temperature within thin slabs, 2 A thick in the
plane, over the last picosecond of the MD calculations. The

obtainedA T/Ax value equals 2.3 K/A. The thermal conduc- WHereAE.. is a correction energy for the missing species at

tivity « can then be easily determined by setting the heaitnfinite distance from the crystal. For individual ion defects
flow J, (linear part of the thermal gradiéf equal to Fou- the last quantity is zero since the potentials are defined with
rier’s |);W as follows: respect to zero energy at infinitkE., also vanishes for cat-

ion antisites as well as for Frenkel pair defects, since both the
Age JT vacancy and the interstitial are present in the bulk.
W=~ Ko 2 As previously defined in similar studié%;2°0X denotes

the perfectly ordered pyrochlore, andland 2X means
where D= «/pCp and A=1868.487 K is the simulation single and double La-Zr exchange, respectively. The results
volume cross section in thexy) plane through which for the cation antisite formation energies, calculated within
propagates the heat flow. We have obtained the same computational scheme as in Ref. 20, are presented
=2.88 Wm ! K71, in good agreement with the experimen- in Table V. When compared to the DFT/LDA and shell-
tal value kgy;=2.40 W m 1 K™, Using the calculated val- model AIP calculations, our results show overall satisfactory
ues of the density and the specific hedl, at 700 K(Table = agreement. Formation energies are nevertheless systemati-

D (105m?s?) 0.85(Ref. 41) 1.05

E(def) = E e bulk+def) — E(bUlk) + AE..,  (3)
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TABLE V. Cation antisite energie&eV) for the compact con- TABLE VII. Defect formation energiegeV) for the oxygens in
figuration around the 48site, calculated using a periodic primitive different configurations. The obtained values are also compared to
cell containing 22 atoms, with Alshell-model(Ref. 20 and core-  previous shell model calculatiorifRef. 20. Symbols are the same
model| andab initio DFT-LDA (Ref. 20 methods. as for Table VI.

La,Zr,0; Mott-Littleton Periodic boundary conditions Formation
(MLA) (PBC's energies X 1X 2X
Disorder AIP AIP AIP AIP DFT/LDA AIP core shell core shell core shell
core shell core shell oz
—ga —14.30 —15.64 —14.19 —15.53 —14.41 —14.96
0X 0.00 0.00 0.00 0.00 0.00 interstitial
1X 2.42 1.95 1.60 1.45 1.38 Voast 19.06 18.70 16.71 15.86 16.30 16.80
2X 4.67 3.37 4.20 2.79 2.60 Vosh 20.56 19.54 1832 1575 20.79 16.75
Voug+ 03, 0.00 —0.05 —-0.06 —0.15 —150 —1.64

cally overestimated by the core model when compared with
the shell model, the last being more flexible to accomodatéerence between the cation and anion activation energies for
the local distortions of the structure by displacing slightly thelattice migration. Applying the rational function optimization
shells of the cations or anions. Note that in all cases, théRFO) method® for the saddle point research within the tran-
energiesE(1X) andE(2X) are lower in the PBC than in the sition state theory, as implemented in theLp code?? the
MLA calculations. That follows the trend that a cation anti- activation energy for the 48oxygen towards the & vacant
site inversion in the disordered state, which might corresite and vice versa in the ordered pyrochloré&)Qs calcu-
spond to an advanced irradiation stage, may be producddted to be 0.32 eV, close to the value calculated previously
much easier compared to the ordered pyrochlore at the irra.40 e\2° Conversely, those characterizing the cation migra-
diation first stage. tions toward homoatomic and hetero-atomic vacancies in the
Cation vacancies as well as Frenkel pair formation enereisordered state (2 are calculated to be close to 4 eV,
gies have been calculated and compared with previous recomparable to the values determined experimentally for cat-
sults in the ordered pyrochlore and the disordered stateisn vacancy migration in stabilized zircorfié.
(Table V). As expected, lanthanum vacancies and lanthanum Finally, the core-model force field optimized here, with
Frenkel pair creation cost considerably less energy comparefie aim to be used in MD-DC simulations, reproduces satis-
to those of zirconium. However, the La and Zr Frenkel for-factorily the crystallographic and elastic properties of the
mation energies are getting close with increasing disordel.a,Zr,0, pyrochlore, as well as the main IR frequencies, the

i.e., from OX to 2X.

Note that the formation energy of the pai§ O V5 cal-
culated with the core-model potentials, is close to Z&eble
VIl), in agreement with
calculations? probably because the same chargé|e| is
removed from the pyrochlore structure in both caSeEhat

constant pressure specific heat, and the thermal expansion
coefficient. It is notable that the shell model presented in
previous work® and the core model used predict very similar

the previous shell-model properties, even though the former is expected to be some-

what superior. Quite physical values have been also obtained
for the compressive waves velocity and the heat conductiv-

value is nevertheless in good correlation with the experimenity. This could mean that, even though the electron-phonon
tal result in the isostructural compound coupling is completely ignored in such a potential represen-
Gd,(GaShb), ,Zr; {O;. ** The oxygen configuration is mainly tation, the propagation of the mechanical and thermal pertur-
driven by the cation configurations characterized by high anbation produced by the ballistic process during the thermal
tisite formation energies compared to the oxygen Frenkespike will be described in a fairly reasonable way. It is also
pairs formation energies, which are slightly negatiVable important to note that the values obtained for the various
VIl). This trend is further supported by the considerable dif-point defects formation and migration energies in the ordered

and disordered structure using the core model are in good

TABLE VI. Cation vacancies and Frenkel pair formation ener- agreement with those calculated previously with the shell

gies(eV) in different cation antisite disorder configurations, calcu- model® a more precise methods. Hence, the established
lated using AIP with core model and compared with previous shelforce field can be used with a convenient degree of confi-
model calculationgRef. 20. 0X, 1X, and 2X set for perfect pyro- dence for the calculation of the threshold displacement ener-
chlore, one La-Zr inversion and two La-Zr inversions, respectively.gies and for performing MD-DC in L&r,0; for the simu-
lation of the a-recoil process.

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

Ill. THRESHOLD DISPLACEMENT ENERGIES
Vi, 46.61 46.30 46.97 46.37 51.81 48.49
Frenkel La 538 7.28 725 7.93 876 8.99 The threshold displacement energiggprovide initial in-
s 87.66 85.88 81.92 85.29 82.69 82.40 sights on the response of atoms to the primary knock-on
Frenkel Zr 1415 14.93 11.49 12.67 7.24 10.63 atom(PKA) ballistic propagation, by characterizing the re-

sistance of a given sublattice to short-range displacements.
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TABLE VIII. Calculated threshold displacement energies, in eV,
for the atoms of LaZr,0,;. The mean value$E,) have been ob-
tained over fourteen different crystallographic directio(®)s is
the stoichiometric mean value for the oxygen. The lo&gwvalues
noted minE,) and the corresponding directiohgvw] have been
quoted too. Note that mil{y) for the Zr is in the[111] direction,
thus crossing the vacanaSsite.

La Zr Oyt Ogp (O)g

(Eg) 153 188 38 68 42
min(Eq) —[uvw] 53147 68[111] 6.7[012] 7.0[114]

By definition, theE, corresponds to the minimum kinetic
energy transferred by the PKA to an atom along a given
crystallographic direction yielding the creation of a stable
Frenkel pair defect. The values Bf; provide basic informa-

tion for mod_eling radiati_on effects in materiz_ils and may becrystallographic directions delimiting the solid angle for the calcu-
calcula.ted _elther by_uglng MD or by applying the dslyddenlation of the threshold displacement energies for thyg €blattice,
approximationSA) within the MLA. In the MD method,"a  fo1owing its symmetry, is quoted. Zirconium and lanthanum are in

definite momentum iS_ imparted to an atom alo_ng a givenyan and green respectively, whilggare in red and @ is in light
crystallographic directiofuvw]. After an evolution of a prown.

few picoseconds, the system is examined to determine

whether the atom is permanently displaced to an interstitigle|eyant mean values, it is of crucial importance to consider

site or not. However, such a process occurs in a time intervah e highest possible number of representative directions for
much shorter than that needed for relaxation of the lattice,; .1y of the atomic species La, Zr and Q. Of course

through the phonons. Consequently, during the collision oty staiographic directions along which direct ionic colli-
the recoiling atom with the lattice, it can be assumed that th ions occur are not considered in the SA method. In the

vibrational motion is frozen. This assumption forms the basis, qareq ; N cimnlifi
e 3 pyrochlore, such a sampling may be easily simplified
of the sudden approximatid§A) method.® The SA method by using the site symmetry of the atom considered. Thus, for
does not take into account the dynamic effect of the PKA orth having the 8m sit v, th i b
the mass ratio effectdeavier/lighter ionsduring collisions. € Qy, having the £m site symmetry, the sampling may be

However, previous studies on zirddf®as well as on Si and done only in the irreducible part of the totalrdsteradians

SiC (Ref. 50 have revealed that thE, values calculated solid angle represented in Fig._ 3, for estimating a reIevgnt
with the SA method to be quite reasonable and comparabl{‘a\Ed((?Bb)>.> value. FOE‘”ee” directions have bgen consid-
to those calculated using the MD methods. Thus, since théred in this case, ranging fropi11], where no direct col-
SA method is by far less computationally expensive thardision is expected, to directions close [tb11] and close to

MD, the former method has been applied here using theo1], where direct collisions with the La should occur dur-
cuLP code?? In the SA method, only static energy calcula- jng a ballistic process. In the same way, the solid angle that
tions are performed. The ion is displaced in a given crystalhas been considered for the La and Zr, lying, respectively, in
lographic directionfuvw], calculating at each position the 164 and 1& crystallographic site, is reduced with respect to
total energy of the unrelaxed system. The valueEgfis . ir 3 site symmetry to directions betwe€ht 1], [211],

imply the diff betw the mini f th —
simply *e QIerence Dewween e minimum energy of the d[112]. For the Qg , the solid angle is reduced to the

unrelaxed system and that of the perfect bulk provided th&"

displaced ion occupies a stable interstitial position after redirections included between the planesy andx=—y, in

laxation. For avoiding complications during relaxation, such2dreément to its Zam site symmetry. The calculated mean

as the eventual creation of metastable sites that may be ogglues that consider fourteen crystallographic directions for

cupied by the displaced atom, the RFO minimization proce_each sublattice, together with the lower energy crystallo-

dure within the MLA frameworf€ has been applied here. graphic directions are given in Table VIII. A considerable
As is well known, the value o4 strongly depends on the amount of energy is needed for displacing the cations while

crystallographic direction along which the atom is conversely, the oxygen ions may move through specific paths

displacec?® The [111] direction is for example the path atan extremely low energy cost.
through the Zr@ octahedron wher&, for Zr is lower (see

FIG. 3. (Color) The LgZr,0, pyrochlore structure, where the

Table VIII) since the oxygen & site is vacant in the perfect IV. MODELING OF THE & RECOIL IN La ,Zr,0,
pyrochlore. Conversely, this direction is not energetically fa-

vorable for the La since thel8site is occupied by an oxygen A. Molecular dynamics displacement cascades
atom, leading to a direct collision. The lowEg values for The MD-DC simulations ofx recoils in LaZr,0O, have

La are obtained along th{aT47] direction (Table VIII), been performed using theom-90 code? In our case, the
through the La@ scalenohedron. Hence, for extracting the established short-range Buckingham potentials, valid within

174102-6
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the interatomic distance range of 1<&<10A, are tic process. Since the calculated values for heat conductivity
coupled to Ziegler-Biersack-LittmariZBL) potentials, valid and the heat diffusivityTable 1V) are very close to the ex-
for r<0.9 A by a fifth degree polynomial in the range perimental values, the heat flux will propagate quite physi-
0.9 A<r<1.0 A. The ZBL potentials express more accu- cally in the bulk, reaching the borders after about 2 ps, where
rately the ionic interactions at very short distances occurringhe heat will be smoothly pumped by the thermal bath set up
during high-energy collisions. A tetravalent uranium ion isto simulate an infinite crystal at 350 K. To produce an ap-
substituted for zirconium in the LZr,0O, in order to simu- Proximate statistical analysis of the 21,0, during a 6 keV

late the recoiling nucleus during the-decay process. To ballistic process, four different displacement cascades have
respect the transferability conditions, the U-O Buckinghampeen performed along the crystallographic directipii],
parameters are fixed to those published by Karakasidis arl@11], [221], and[322].

Lindarr® that were optimized in UQby using the Catlow

interaction potential for O-&' The latter is also used here B. Analysis of the DC in the LaZr,0, pyrochlore

for the La,Zr,0; modeling.

The atomic trajectories throughout the ballistic proces 1
are determined by integrating Newton’s equations of motion
using the Verlet algorithmt where the forces derive from
the AIP formalism. The integration time stép is adjustable
taking values as low as»10 1’ s, at the beginning of the
DC, up to 10 *° s at the end. In a first step, a cubic supercell
with the characteristic dimension=8a=129.66 A, con-
taining 152064 atoms among which one uraniufii s sub-
stituted for Zf* at the approximate fractional coordindte
4,1/4,1/4 of the supercell, is equilibrated within the NPT
ensemble at 350 K by scaling the atomic velocities. After th
equilibration stage, the MD calculations are performed

ngiﬁ‘iztk\)’g&ﬂg: Wcl:tgntlj)i(t’iagngu;ze\:vﬁ;i%a:mblgﬁljé \rNtEr:wiL(J:ire;es <Eq(Zr). A fast recovering stage is then observed between
P y %l=0.3 andt,=0.9 ps during which about 40% of the dis-

of 4 A the atomic velocities are continuously scaled during laced atoms return to their initial position or occupy equiva-

the DC process for 3|mu'lat|ng a “.‘efma' b‘f’lth at 350. K. Th ent crystallographic sites. A considerably slower evolution
DC calculations are carried out within a microcanonical en-

semble that could be denoted as pse(N\WE) because the stage, mainly involving oxygen thermal annealing, occurs

. X : .~ betweent,=0.9 ps andt;=3.0 ps, where roughly 10% of
appl!ed thermal bath at th? borders contributes in pumping the oxygen atoms displaced to interstitial sites return to crys-
fractional part of the kinetic energy out of the system.

The mechanical shock-wave produced by the DC propa'EfI"Ogr"’IphIC poEmons. In fact <_jur|ng th? period bet\_/vegn

: : . =0.9 ps andt;=3.0 ps there is a continuous creation and

gates through the material with the compressive sound wave : ; " . .

. e . annealing of oxygen interstitials at the 8ite, the annealing

velocity. Similar compressive sound wave features have beef ; .

R L . . rate being more important.

observed during irradiation experiments in,®t and other This behavior mav be exolained by the very high tem

solids?® In the simulations, the periodic boundary conditions y P y y g

; ) . ~perature subsisting just after the thermal spikien the
act as ref_lectmg walls that can rapidly reflect the_ rr]ecm‘n'Ca@losely situated crystal bulk, and by the relatively low acti-
perturbation to the DC area. As shown recently in copper b

Ryazanovet al,> the local stress tensor fluctuation could}o%tlon energy characterizing the transitiongy©-Va, and

have a direct influence upon the atomic displacements an{sa — Vasr» calculated above to be close E,=0.3 eV.
the defects formation. Different numerical methods exist tol € transitions G — Vi is not considered since i, is
handle pressure relaxation and pressure transmission on tfalculated to be 1.0 eV, which is three times higher. In order
borders(see Ref. 56, and references theyeiBufficiently 0 estimate the extend of this effect, we assume that the jump
large simulation box dimensions have been chosen here fdfequency could characterize the correspondiagvécancy
avoiding pressure influence, due to the reflected shock wavé@ccupation by the 48closely situated oxygen so as we may
on the thermal spike area. In fact, taking into account theconsider the following expressidt:
compressive sound waves velocity, calculated above to be
~7500 m s, as well as the characteristic dimension of the H e
simulation volumeL=8a, the DC induced shock-wave (Ougr = Vaa)~ s
needs about 1.7 ps to come back to the damaged area. This Vi ag Vea
time interval is longer than 1 ps during which, as we shall Hmvm
see, the most important part of the atomic displacements,
crystal recovery and defects creation takes place for the typwhere we have taken into account th&H(Vg,)=0 and
cal kinetic energy of 6 keV. AH(V;@+O§;)=O (Table VII) andkg is Boltzmann’s con-

In addition, the heat flux induced by the DC leads to astant. The parametets are the equilibrium frequencies and
significant rise of the local temperature within the crystalv,, are those with the migration oxygen at the saddle point.
volume containing the region strongly affected by the ballis-Although during thea-recoil process the system is locally

Snapshots of the cascade simulation projected on the
10 plane for ten time intervals where thé' Uis launched

in the [111] direction at 6 keV are presented in Fig. 4. The
upper border of the periodic cell can be seen on the top of the
figure, the three others being truncated to focus on the inter-
esting part of the DC. In the first frame,tat 0 ps, is shown

the perfect pyrochlore bulk. During the DC, the highest num-
ber of displaced atomdlys,=1069 is observed approxi-
mately att;=0.3 ps. At that time, 807 oxygen, 171 lantha-
num, and 91 zirconium ions are displaced by more than 1 A
from their equilibrium positiongFig. 5 and Table IX Note
&hat those numbers are directly related to the above calcu-
Aated E4 and quoted Table VIII, whereEy(O)<E4(La)

exp( - Em/kBTins) ) (4)
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and oxygen atoms, respectively.

can also be defined. Now,

due to a fast collective phenomenon of recov@se Fig. 3,

lanthanum
ped according to the energy spatial derivatives,

Nneous pressurg,g

and red spheres correspond to zirconium,
174102-8

the atomic velocities mayatoms in the simulation volume. Usingj,s and the total

be used in order to attribute to the whole supercell an instangirial develo

taneous temperaturd;,; according to the relationship an instanta

kgTins, WhereN is the total number of

_3
iT 2

2
iU

N 1
=12

FIG. 4. (Colon View at different timegps) in the (110 plane of the displacement cascade of & lt 6 keV along the directiofi11]

in the LgZr,0O; pyrochlore, at 350 K. Cyan, green

The uranium atom is in blue.
out of thermodynamic equilibrium

(1N)=
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150 yond 4.0 ps up td;=7.5 ps. Finally it is worth noting that
all the oxygen atoms displaced by less than 1.5 A return to
their equilibrium sites within less than 0.9 fiSig. 5).

A similar behavior is realized in all the DC performed
along the four crystallographic directions considered here
and presented in Table IX. However, a larger number of at-
oms, about 20 % more, are displaced during the DC along
the[111] and[322] directions than along th211] and[221]
directions. This is related with the almost direct impact of the
uranium with the lanthanum at the very beginning of the
cascade creating different subcascades. This is illustrated in
Fig. 6 for the[111] cascade where the uranium suffers its
first direct collision with a lanthanum ion. The trajectory of
the uranium and lanthanuf(first atom scattered by uranigym
have been plotted. Conversely, for the two other crystallo-
graphic directions[211], [221] the uranium suffers its first

FIG. 5. Number of displaced atoms during th&"LDC at 6 kev  direct collision with an oxygen ion.
along the[111] direction in LaZr,0,, at 350 K. Solid linegfilled The global response of the material is quite similar in any
symbol3 correspond to the atoms displaced by more than 1 A fromdirection, and we may use the mean instantaneous pressures
their equilibrium positions and dashed linepen symbolsto those ~ and temperatures of all the four DC’s to describe, from a
displaced by more than 1.5 A. Lanthanum, zirconium and oxygerineésoscopic point of view, the general response of the
are represented by squares, triangles, and circles, respectively. Th@Zr,O; pyrochlore to a 3" recoiling ion at 6 keV. In the
number of oxygen ions has been divided by 7. first 0.25 ps of the DC, the very high velocity of the uranium

induces an extremely fast increase of the instantaneous pres-
. - sure, and the potential energy, and an abrupt decrease of the
\évsumgzuarﬁsrgrgh}gea:t};tirgsl.s AE;S:E::'fimggtr?é:?srr;ggﬁ?aml?éjstantaneous temperature due to the nuclear stopping effect

X in the material(see Fig. 7. That stage corresponds to a fast
450 K, over the whole supercell, but a careful analysis of the . coca of the numger of displaged atomg, for which the
velocities of about 12000 atoms around the thermal spikenayimum is attained at around 0.3 ps. Due to an inertial

area can easily show the mean local instantaneous tempeigsjjision process, the instantaneous pressure continues rising
ture to be close to 2000 K such tha{Oug—Vea, T until 0.45 ps when it attains the value of 1.34 GPa. Mean-
=2000 K)~10"* Hz. This jump frequency is high enough while a part of the stored potential energy is transformed to
for permitting oxygen transitions between thef4and & kinetic energy, thus raising the instantaneous temperature.
sites within a time interval of a few picoseconds. This leadsThe T, increases until 1.4 p&ig. 7) reaching the value of

to the conclusion that the oxygen thermal annealing 450 K for the whole simulation volume and then, under the
La,Zr,0; during 3 to 4 ps after the first picosecond of the effect of the borders thermal bath, it decreases constantly
thermal spike(Fig. 5 is not negligible. In fact, the coordi- together with the pressuiR,,;. Of course, all these chrono-
nate analysis within the time interval 1.0 — 4.0 ps shows dogical values depend directly on the size of the simulation
dozen oxygen ions occupying the&acant site that return  box considered and on the pumping rate at the borders. How-
to a 4§ site. Further thermal annealing should be expecte@ver, the latter parameters have been carefully chosen, as
to take place at much longer tinfeundreds of picoseconds described above, so as not to affect the main part of the DC.
at lower temperatures. Such a simulation is presently com€onsequently, these characteristic time events should remain
putationally very expensive to be carried out by MD. How- roughly identical for bigger simulation volumes and for the
ever, no significant recovering or annealing is observed besame uranium kinetic energy. Hence, this analysis reveals

Number of displaced atoms

Time (ps)

TABLE IX. Comparison between the maximum number of displaced atoms by more than 1t Afiate
in ps at which the maximum disorder is observadd the number of definitely displaced atoms at the end of
the cascade$;=7.5 ps. All the crystallographic directions of the 6 ke\#'Udisplacement cascades are
considered. Thel; means displaced atoms at the end of the DC from which are deduced the atoms in
replacement configurationguoted as equivalent site in Table).XR(%) denotes the total recovery and
annealing percentage, that ig € d¢)/t;.

[111] [211] [221] [322]
t,{, t d R t, t d R t t d R t t d R

032 75 0.26 7.5 031 75 029 75
La 1717 16 9 9 132 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

174102-9
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FIG. 7. Evolution of the mean valu@ver all the DC along the
FIG. 6. (Color Displaced atoms by more than 1 A at the end of four crystallographic directionsof the instantaneous pressure
the cascadé7.5 p3 in the (100) plane. The majority of the oxygen (squaresand instantaneous temperat(igangles as a function of
atoms(red occupy equivalent crystallographic sites and then buildtime. The local minimum temperature occurs at 0.25 ps while the
a squared network. The uraniutblue) trajectory as well as one maximum pressure is attained latter at 0.45 ps. The instantaneous
lanthanum (green trajectory responsible for a subcascade aretemperature raises to a maximum value at 1.4 ps.
shown.

that the DC induces first a strong almost isothermal rise Opas been slightly tilted in order to display the periodic char-

the pressure followed by oscillations between potential an@CtTr'St'cs of the(?ulkt!nvol\lnrégm_lt_hls ng;spec:w)ealterna— N
kinetic energy. The oscillations occur as the energy jg /€y Oxygen and cation slabs. Two dilferent arrangements

pumped out of the cascade region by dissipating the shock? X )
wave and the thermal energy at first within the supercell an@nly La or Zr atoms and those presenting alignments of al-
later by absorption at the boundaries as described above, THg/natively La and Zr in the same direction. That makes it
net effect is a steady and smooth decrease of pressure afgSY to dlstmgmsh_ visually thg cation antisite defects. Quite
temperature towards the initial conditions. a few among the displaced cations, roughly 5 tqTable X)
are found at interstitial positions, occupying thee32ystal-
lographic site, and can be easily distinguished in Fig. 8. That
trend follows the static calculation results indicating that the
The final number of displaced cations is very low as in-cation Frenkel pair formation energiésee Table V) are
dicated in Table IX, between 2(n the[221] direction) and  considerably higher than the antisites formation energies
53 (along the[322] one. Most of the displaced cations form Table V). The same correspondence appears between static
antisite configurations or occupy an equivalent crystallo-and DC calculations of the formation energies of Zr and La
graphic site(see Table X Those cation antisite defects can Frenkel pairs, and the number of created pairs. By consider-
be seen on the enlargemesee Fig. 8 of the final picture ing only interstitial and cation antisite as relevant defects
obtained at 7.5 pgFig. 4 within the most highly damaged (thus, a simple replacement configuration is not counted be-
area. Compared to Fig. 4, the projected plane of the Fig. 8ause it does not contribute to the disojdéne cation re-

C. Analysis of the DC end stage

Antisites: Zirconium Lanthanum

FIG. 8. (Color) Close view of the mostly
damaged area after the 6 keV DC in the slightly
tilted (110 plane. Alignments or alternation of
lanthanum and zirconium can easily be distin-
guished in the slabs of cations. Point defects such
as cation antisites are consequently easily visible,
along with interstitials. The U atom ended its
course substituted for a zirconium, the last being
ejected to a close interstitial site.

Oxygen 32e

Uranium

Zirconium 32e Lanthanum 32¢ Zirconium 32e¢

174102-10
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TABLE X. Detailed analysis of the nature of the defects createdproduced lg a 6 keV uranium pka. The uranium atom ended
during the U™ DC at 6 keV along the four crystallographic direc- its course substituted for zirconium, the latter being ejected
tions considered. More La interstitials are created compared with Zfg g close interstitial SitéFig. 8).
ones, in agreement with the Frenkel pair formation energies quoted The final picture obtained at 7.5 fig. 4) is surprisingly
in Table VI. close to the initial state. It correlates the quite small number
of defects produced, all localized at crystallographic sites,
either interstitials or antisites. The analysis of the radial dis-

(111 [211] [221] [322]

La (Equivalent sitg 7 8 3 12 tribution function(RDF) of the four DC reveals no hint of
La (Antisite) 6 5 3 9 amorphisation as shown in Fig. 9 for thi&@11] direction.
La (Interstitial, 32 site) 3 8 5 8 Both short range and long-range order are preserved. These

results are in good agreement with recent experimental
works done by Liaret al?! on LaZr,0,, where an interme-

Zr (Equivalent sit 2 3 4 10 . - .
7r E Agtisite) ? 6 6 5 13 diate stage of disordered fluorite structure has been observed
Zr (Interstitial, 32 site) 5 3 3 5 over a wide range of temperatures, together with a very high
’ resistance to amorphisation at 350 K.
O (Equivalent sitg 468 356 344 416
O (Interstitial, 8 and 32 site) 64 77 64 58 V. CONCLUSION

We have applied an analytic interatomic potential molecu-

covery is close to 90%, independent of the crystallographidar dynamics method to study the damage profile of displace-
direction of the DC(see Table IX. ment cascades produced in,Za,0, at 350 K, by a uranium
Compared to cations, a quite large number of oxygen ion&ecoiling ion with a kinetic energy of 6 keV. The main con-
are displaced in agreement with the calculated (Table clusion is that at 350 K the lanthanum zirconate pyrochlore
VIII ). Most of them, for example 468 out of a total of 532 in Preserves its crystalline state during isolated DC events, ex-
the[111] DC, are simply displaced in replacement sequencefibiting only_ the formation of_ cation antisites, mterstltlals_
that have little effect on the crystalline network, as can beand vacancies at very low yield. For the crystallographic
seen in Fig. 6. Consequently, these oxygen replacements a@gectlpns conS|der¢d, th DC simulations show an equivalent
not considered as important defects, as discussed above feghavior, characterized by a very fast recovery phenomenon,
the cations. Only 64in the case of th¢111] DC, see Table during which about 90% of the displaced atoms return to
X) are thus fixed at interstitial sites, mainly tha 8ite. In ~ Crystallographic sites within less than 1 ps. _
some particular configurations after the thermal spike, all the The results show that in pristine 32r,0; the primary
oxygen sites including theaone are found occupied per- 'adiation-induced damage state is a transition towards the
mitting the formation of an oxygen interstitial in thee3gite. ~ disordered fluorite state, in good agreement with the experi-
Such a situation is presented in Fig. 8. As in the case of theental result$! A significant amount of thermal annealing is
cations, the recovery for the oxygen ions is also found to b@Pserved just after the thermal spike, mainly related to the
around 90%, where the replacement configurations are suiaPid 0xygen mobility towards thezBsite characterized by a
tracted from the total displaced atorisge Table IX In sum-  Very low activation energy. Since cation thermal annealing is
mary, the analysis of all four DC simulations carried out innegligible during the very short simulation time intervals

this work reveals that an average of about 70 interstitials arél0—20 p$ employed in these MD-DC simulations, the re-
sults suggest that equivalent crystalline states with higher or

lower point defect densities may be obtained at lower and
higher temperatures, respectively. Hence, from the simula-
tion point of view, the single DC events in Lar,0,; are
unable to induce direct amorphisation in this pyrochlore, at
least for low recoiling ion kinetic energies. Complementary
calculations using cascade overlap at different temperatures
coupled to the study of defects mobility in the resulting dam-
aged areas are required to determine a detailed understanding
of the behavior of LgZr,O; under irradiation.
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