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Incorporation and lattice migration of cesium in three apatites fluorapatitg(R&)¢F,, lanthanum-
fluorobritholite Calag(SiO,)sF, and lanthanum-oxyapatite gaag(SiO,) 0, have been studied theoretically.
The above apatites have been first optimized by applyingbheitio Hartree-Fock method using electron core
pseudopotentials. Mulliken analysis has shown the calculated anion charges in the apatite tunnels to have
formal values, thus establishing the presence of ionic bonds with cations at sitdn)ll g@rticularly in
CalLag(Si0,)s0,. These results have been used for optimizing the corresponding interactions in the inter-
atomic potential method employed in the following. Free energy calculations have shown the preferential site
for Cs and La incorporation in the three apatites to be sitf)land site Il (61), respectively. The calculated
activation energies for Cs migration offer evidence that cesium diffusion is mainly controlled by intersite
(I<1I) jumps to adjacent vacancies. Lag(SiO,)¢O, proves to have the higher immobilization capacity,
because of the high activation energies characterizing all the possible lattice diffusion mechanisms.
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I. INTRODUCTION II. COMPUTATIONAL DETAILS

Apatites found in the Oklo natural reactor have retained The implementation of theb initio self-consistent field

an important variety of radionuclides, as well as significantSCP Hartree-Fock Linear Combination of Atomic Orbitals

quantities of fission products, in their structures over aLCAO) computational scheme within thervsTALSS codd

geological time period. Hence, in the context of nuclear has been described in other papeee, for example, Dovesi
waste disposal, apatites of the general compositioft allh). Concerning the basis sets, we have used the effec-
(Ca,RE)((SiO,,PQ,)6(F,0), where RE=rare earth ele- tive core pseudopotentidECP calculated by Hay and Wadt
ments, have been proposed for actinide immobilizatidh. with Gaussian-type orbitals having a contraction of 211G
Recent experimentaind theoretical studisave envisaged for the valence part of calciuttiHAYWSC]-211G", see Ref.
cesium incorporation and immobilization in apatites. Sincel2), and the ECP obtained by Durand and Barthelat with a
Cs radionuclides imply na-recoil damage in the host ma- valence part of 216 for silicon ((DURAND]-21G", see

trix, the aim of this study is to investigate the Cs immobili- Ref. 13 and phosphorugf DURAND]-21G", see Ref. 18
zation capacity, from the point of view of diffusion, of three and with 41G for oxygen[DURAND]-41G, see Ref. 14
representative apatites, namely, fluoroapatitg,®,)¢F,,  and fluoring[DURAND]-41G, see Ref. 15These basis sets
lanthanum-fluorobritholite Ghag(SiO,)sF, and lanthanum- are denoted here &a). We also used an ECP for the lantha-
oxyapatite Calag(SiO,)0,. We use two theoretical meth- num core(see Ref. 16 No f orbitals are included in the
ods in order to carry out this study: thab initio periodic  lanthanum basis set sin@®rYSTAL98 is currently unable to
Hartree-Fock method implemented in tbeysTaLgs codd  handle functions of this angular momentum. For each apatite
and interatomic potential modeling as implemented in thestudied, the outesp exponents of the valence part of the
GuLP program® The coupling ofab initio and interatomic  basis set have been optimized at the experimental geometry.
potential methods for the study of various crystal lattices han order to analyze with greater precision the oxygen charges
already been applied with succe&Stefanovichet al® and  in the Calag(SiO,)¢0,, calculations for this apatite have
Tsuneyukiet al%). Here, the principal goal of theb initio  been carried out by using both the above basis and an all-
study is to give insight into the partial electrostatic chargeselectron ongexcept for La, denotedb), with the following
located on the atoms as well as on the nature of the chemicabntractions: 86-5116 for calcium, 65-1116& for silicon
bonds established between them in the apatite structurend 8-51G for oxygeitsee Ref. 1§ We use high numerical
Based on these results, the interatomic potential modeling igccuracy parameters: values of 7, 7, 7, 8, and 15 have been
further optimized in order to obtain an improved descriptionchosen for the parameters controlling the direct space sum-
of the apatite crystallographic properties. The establishethations for the Coulomb and exchange series. A shrinking
force field is used for the investigation of the site preferencdactor of 4 has been used for the sampling of the Brillouin
of cesium and lanthanum in the apatite structures consideredpne, corresponding to a regular mesh ok 1®ints in re-

as well as for the calculation of the activation energiesciprocal space. Optimization of the structures has been done
corresponding to various lattice migration mechanisms foiby using the conjugate gradient method within the restricted
the Cs ion. Hartree-Fock RHF) formalism. Mulliken analysis and bond
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FIG. 1. Supercell composed of four unit cells of G&O,)F, FIG. 2. Cesium migration pattindicated by arrowsfrom site |

viewed towards thab plane. Calcium atoms are marked with | or t0 the vacancy at site II, from Il to | and from | to I. The conven-
I to denote sites | and 11, respectively. One phosphate tetrahedron #onal unit cell is shown projected on to tlad plane; atoms at site

represented at the bottom of the figure. U and L on phosphate tetl marked by black or white spots lie in planes wittfractionnal
rahedra denote upper and lower tetrahedra. coordinates differing by 0.25. Oxygen, fluorine, silicon, and phos-

phorus are not represented in this view.

population calculations are used for the optimization of the
interionic potentials applied for the investigation of Cs pref-0ther Cal) along thec axis, and six nearest neighbors(Ca
erential site incorporation and lattice migration in the aboveCall) lies on a mirror plane and has four nearest neighbors
apatite structures. of Ca(l) and eight Cdl) (see Fig. 3. Among these last ions,

In our previous stud$,we used interatomic potential tech- two are in the basal plane creating the possibilitycgélic
niques as implemented in the programuLp.g This approach lattice migration in the presence of vacanciese Fig. 3,
is capable of determining the location of transition states byvhile four other Cdl) ions will producediagonalmigration,
applying the rational function optimizatio(RFO) method. ~ and finally two nearest neighbors are situated alongcthe
The electrostatic energy is obtained by considering the CouaXIs.
lomb interactions supplemented by short-range potentials.
The latter are two-body ionic potentials_of the Buckingham B. Ab initio calculations
type composed of a Born-Mayer repulsive term and af ] ]
attractive one, as well as three-body harmonic potentials for The pure apatites GgPOy)eF,, Caylag(Si0,)sF2, and
0-Si-O and O-P-O in order to represent the tetrahedral corlCLag(Si0s)60, have been optimized with thervsTAL98
figuration of oxygen around silicon and phosphorus. Cation€ode and the results for the lattice volumes, internal param-
cation interactions are taken to be purely electrostatic. Th&ters, and interatomic distances are presented in Tables I, Il
oxygen ion polarizability is taken into account by using the@nd Ill, respectively. As expectéﬂj,due to the fact that the
classical shell model of Dick and Overhausefpllowing correlation energy is not taken into account, the Hartree-
which the interaction between the core and the shell is chaff0ck calculations overestimate the volumes of the structures

acterized by a harmonic spring constant. (see Table )l compared to the corresponding experimental
ones. Nevertheless, it is worth noticing that the internal

parameters obtained for GAPO,)gF, with CRYSTAL98
(quoted in Table Il are very close to the experimental ones,
leading to quite satisfactory calculated distances for Ca-O,
A. The apatite crystal structure Ca-F, and P-Qquoted in Table Il}, whose relative differ-

Ill. PURE APATITES Ca 1o(PO,)¢F,, CasLag(SiO,)6F,
AND Cay,Lag(SiO,) 0,

Apatites are described in the hexagonal symmetry group
P6;/m. They are composed of a network of phosphate
[PO,]*" and/or silicatd Si0,]*~ tetrahedra along the axis
(see Fig. 1, linking the cations between them. Cations on the
special site 4, usually denoted site I, are ninefold oxygen
coordinated while cations on sitehp denoted site Il, are
sevenfold coordinated with six oxygen ions and a fluorine. In
Cao(POy)6F> and Calag(SiOy)gF,, fluorine ions form an
array along thec axis occupying the center of hexagonal
tunnels whose section is in tla-plane and has an approxi-
mate diameter of 4 A. In the case of fLag(SiO,)0, the
oxygen ions substitute for fluorines in the tunnels and are
denoted @. For the migration analysis, it is worth noticing
that Cdl) lies on a threefold axis; it has three nearest neigh- FIG. 3. Cesium migration path from site Il to site Il. Symbols
bors of type Cd) in the basalab plane(see Fig. 2 two  are the same as in Fig. 2.
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TABLE I. Comparison between experiment&xpt.) and calculated lattice parameters and volumes for
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the three apatites considered within Hartree-F@dK) and interatomic based potentidl®) methods.

HF IP Expt.
Cao(POy)6F> Pseudopotential basis s&ts Oy shell
Vol. (A3) 551.5(+5.2%) 522.2(-0.4%) 524.2(Ref. 41)
a(A) 9.5928 9.3688 9.3671
c(A) 6.9203 6.8995 6.8841
CaLag(SiO,)eF> Pseudopotential basis s&ts Oy shell
Vol. (A3) 612.5(+6.4%) 579.5(+0.6%) 575.9Ref. 41
a(A) 9.8636 9.7702 9.650
c(A) 7.2696 7.0339 7.141
Calag(Si0,) 0, Pseudopotential basis s&ts Oy shell
Vol. (A3) 620.2(+7.5%) 596.3(+3.4%) 576.8(Ref. 42
a(h) 9.8800 9.8692 9.651
c(B) 7.3361 7.0688 7.151
CaLag(Si0,) 60, All-electrons basis sets O; corefformal charge
Vol. (A3) 619.3(+7.4%) 581.2(+0.8%) 576.8(Ref. 42
a(A) 9.8709 9.7181 9.651
c(A) 7.3393 7.1055 7.151

8 a ECP(see Ref. 1§ Ca[HAYWSC]-211G", Si [DURAND]-21G*, and O[DURAND]-41G (see refer-
ences in text
bLa ECP, Ca 86-511§ Si 65-111G, and O 8-51Gsee Ref. 1B

ences compared to the experimental values are roughly of theg,Las(SiO,)sF, and Calag(Si0,)s0O, are very close to
order of 10°%. The binding energyBE), defined as the dif- 162 A as expectetsee Ref. 21, we may consider the opti-
ference between the total energy of the solid and the sums fization of the Calag(SiO,)sF, and Calag(SiO,)eO;

the isolated atomic energies, has been calculated fagiyctures to be satisfactory on the whole. Furthermore, the
Cayo(POy)6F>, both at the Hartree-FodkiF) level and with  ¢qicyjation of the BE for the last two apatites cannot be
a posteriori correction for correlation using the Perdew- ¢ iieq out since the HF energy for lanthanum as an isolated
Wang functional PW9X(see Refs. 7, 18 and 19ielding  pe vl atom needs to consider frarbitals, which cannot be
ECalo(P04)er(HF):5'45 hartree anCEca:LO(PO4)6F2(PW91// included in the present work.

HF)=7.68 hartree, respectively. These values represent The Mulliken analysis of the charges for all the sublattices
575(? and 81%, respectively, of the experimental valuehas been performed at the optimized geometries obtained
Eca (poy,)4F,(€XP)=9.54 Hartree(Ref. 20 in accordance ithin the ab initio Hartree-Fock method for all the three
with the typical underestimations obtained when using theapatites considered. The results are reported in Table IV. The
present approact.To our knowledge, no experimental data total charges of calcium and lanthanum ions located either at
are available for the Gaag(SiO,)sF, and Calag(SiO,)¢O,  sites | or Il are very close to the formal ones2 and +3,
internal parameters, interatomic distances, and BE's. Howrespectively, while those of silicon, phosphorus, and oxygen
ever, based on the results obtained for,{RO,)gF, and in the tetrahedra are far from their ideal value<l, +5, and
also on the fact that the calculated Si-O distances in-2, respectively. It is important to notice that the total

TABLE II. Comparisons between experimental internal param@tarsl calculated values obtained using
the Hartree-Fock method for GAPO,)sF, and basis sets outlined in footenotésae Table)l

CafPO)sF,  Cal) call) P oY 0, 0 F
site 4f 6h 6h 6h 6h 12i 2a
Xeale. 1/3 0.2443 0.3994 0.3358 0.5857 0.3407 0.0
Xexpt. 1/3 0.2416 0.3981 0.3262 0.5880 0.3416 0.0
Yeale. 2/3 —0.0063 0.3709 0.4899 0.4624 0.2607 0.0
Yexpt. 2/3 0.0071 0.3688 0.4843 0.4668 0.2468 0.0
Zcalc. 0.0045 1/4 1/4 1/4 1/4 0.0714 1/4
Zoxpt. 0.0011 1/4 1/4 1/4 1/4 0.0704 1/4
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TABLE lII. Calculated cation-anion distancéis A) for the three apatites considered, obtained using the
Hartree-Fock methofvith basis sets outlined in footnotgBable )]. Values in parenthesis correspond to the
experimental data for GgPOy)¢F,, the numbers in brackets indicate the number of distances, whkile O
implies oxygen in the tunnel.

Cayo(POy)6F2 CayLag(SiOy)6F, CayLag(Si0,) 60,
Ca-0 2.409[3] (2.39% 2.490[3] (2.453 2.495(3] 2.525(3] 2.532[3] 2.598(3]
2.891[3] (2.80) 3.067[3] 2.922(3]
La-O 2.516[3] 2.576[3]
2.921[3]
Ca-O 2.363[2] (2.384  2.442[1] (2.389
2.564[2] (3.398  2.829[1] (2.814
Ca-F 2.374(2.23)
La,-O 2.429[2] 2.499[1] 2.532[2] 2.498[1]
2.611[2] 3.365[1] 2.661[2] 2.820[1]
La,-F,Or 2.516 2.399
P-0,Si-O  1.5392] (1.534  1.540[1] (1.54) 1.619[2] 1.606[1] 1.632[2] 1.604[1]
1.548[1] (1.539 1.618[1] 1.647[1]
charge of fluorines as well as those of oxygepi@ns along C. Interatomic potential (IP) modeling

the c axis, in the tunnel(see Table 1Y are very close to the Due to the hexagonal symmetry along theaxis, and
formal values,— 1 and -2, respectively. In fact, both basis specifically the presence of inversion symmetry, the interac-
sets give quite close results for the;Ccharges in  tions between anions'F or O3 in the tunnels and cations
CalLag(SiO,)¢0, (see Table 1V. Hence, the charge on{O C&* or La®" at sites Il may be described in an appropriate
contrasts with the values obtained for the oxygens located ivay by using rigid cores with formal charges and Bucking-
other sites in the bulk belonging to silicate and phosphatdvam potentials. Consequently, for the modeling of
tetrahedra, for which the calculated charges are betweerCa(PO,)gF, and Calag(SiO,)sF, we use the force field
—1.3 and—1.6le|. The calculated bond populations along given in Table V(see Ref. §with the constraints that fluo-
Ca-O bonds are very close to zero, witnessing a strong ionirines, calcium, and lanthanum ions are considered as rigid
nature in agreement with Ref. 22. A small part of covalencecores with formal charges. For the La-O interaction we use
(in agreement with Ref. 23s noted for the Ca-F and La-F the ionic potential established by Lewis and Catfovizor
bonds though overall the interaction can be characterized ghe phosphate and silicate tetrahedra we assessed that there
ionic. Conversely, the bond populations are considerablyvas no value in introducing covalent potentials since the
higher for the Si-O and P-O bonds in the tetrahedra, varyingreviously parametrized shell model representation gives
between 0.2 and 0.4e|. Consequently, the Si-O and P-O quite good results for their descripti8nthe corresponding
bonds appear to have mostly a covalent character, asptimized structures are in good agreement with the experi-
expected?* mental values as shown in Table I. Optimization of the

TABLE IV. Mulliken charges for the atoms in the three apatites calculated within the HF method at the
optimized geometries. Both basis se@®, and (b), give equivalent results for calcium ions as well as for
oxygen ion G in the tunnel.

Chargege| Ca(POy)6F2 CayLag(SiOy)6F, Ca Lag(Si0,)60;
Site | Ca:+1.9¢ Ca: +1.99 Ca:+1.98%La: +3.00
Ca: +1.94"La: +3.00
Site 1l Ca:+1.98 La: +3.00° La: +3.00"
La: +3.00
Tetrahedra P+1.35 Si: +1.9¢% Si: +1.75
Si: +2.00
Oxygen -1.06%-1.12 —1.42%-15P —1.29%-1.5%
—1.36%-1.5¢°
Tunnel F:—0.99" F: —0.99 O;: —1.97
Or: —1.99

3 a ECP(see Ref. 1§ Ca[HAYWSC]-211G", Si [DURAND]-21G*, and O[DURAND]-41G (see refer-
ences in text
bLa ECP, Ca 86-5118 Si 65-111G, and O 8-51G(see Ref. 15
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TABLE V. Potentials parameters for the three apatites considered. Charges .gte #31.86,
Oshe= — 2.86 With Ko core-0 sher 98.67 €V A2, Or o= —2.0, Cage= +2.0, Lage= +3.0, Sioe= +4.0,
Peore= +5.0, Foe=—1.0, Csg,e=+1.0. The three-body harmonic potentials ak® shelp core-0 shel
=2.840 eV rad? with 6,=109.5 deg. and Kenelsi core-0 shar 16.675 eV rad? with #,=109.5°.

0-0 La-O La-G Ca-O P-O Si-O Cs-0
A (eV) 22764.3 1439.7 1439.7 1288.2 836.5 1076.7 15085.5
p A) 0.1490 0.3661 0.3363 0.3316 0.3513 0.3147 0.2549
C (eV A9 32.58 0.00 0.00 0.00 0.00 0.00 0.00
F-F F-O La-F Ca-F P-F Si-F Cs-F
A (eV) 1128.0 198.3 8179.3 2030.6 697.4 242.8 3124.9
p A 0.2753 0.1110 0.2583 0.2711 0.2389 0.3450 0.3000
C (eVA® 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CayLag(Si0,)¢0, structure employing a shell model for the ~ The first step consists of determining the most probable
oxygens in the tunnels identical to that used in the phosphatgite for each cation substitution in the three apatites of inter-
or silicate tetrahedra overestimates the lattice volume bgst in this paper. Applying a method equivalent to Ref. 6 we
roughly 3%. The introduction of a rigid core for oxygen in have calculated the Helmholtz free energi@$=U yyice

the tunnel Q@ and a slight adjustment of the Buckingham —TS;ip, atT=300 K, for various configurations of the three
parameter to 0.3363 A significantly improves the calculatecipatites and compared to that of a reference configuration in
volume (Table ) whose relative difference from the experi- Which Cs occupies site | while all the site Il are occupied by
mental value becomes less than 1%. This model is in qualiCa ions in  Ca(PQ)¢F, and La ions in
tative agreement with thab initio calculations for F and @  CaLag(SiO,)sF,/Calag(SiO,)0;. Ujatice COrresponds to
anions, as well as Ca and La cations, while it preserves thée internal energy anf, is the vibrational entropy for the
already satisfactory shell model representation for phosphatpercells of the corresponding configurations, calculated at

and silicate group$. theI" point of the Brillouin zone by using the phonon spec-
tra. The results are quoted in Table VI. The first two lines

IV. CESIUM INCORPORATION AND LATTICE (Table V) indicate that Cs prefers to lie at site | rather than
MIGRATION IN Ca 1o(PO,)¢F», CayLag(SiO,)eFs, site !I, whatever the compou_nd considered. Convgrsely, the

; relative Helmholtz free energies for Ca and La at sites | and

AND Ca,Lag(Si0,)¢0, _ .

Il and vice versa show a preference for La to occupy site Il.
A. Cesium incorporation These results show a good correlation with the experimental

In order to keep the systems charge neutral, the combin&videncé*"~**and previous theoretical consideratidns.
tion of a cesium and a lanthanum ion (Cka®*) can be
substituted for two calcium ion@ Ca"?) in Cao(PO,)eF>,
CaLag(SiO,)6F», and Calag(SiO;)¢0,. The main diffi-
culty comes from the fact that multiple configurations are For the Cs lattice migration study in GaPOy)eF,,
possible for this substitution. Experimental evide¢é$3C  CayLag(SiOs)F,, and Calag(SiO,)¢0,, three pairs of
have shown that 75% of sites Il are preferentially occupied Cs", La®*) have been substituted for three calcium péas
by rare earth element®) rather than calcium. Generally, the Ca"?) in a supercell comprising eight conventional unit
range of the ratignumber ofR ions at site I})/(number ofR  cells, thus vyielding the following Cs-doped composi-
at site ) lies between 1.76 and 3.6 Furthermore, a previ- tions: Cag,Cs;Lag(POy)4gF1s. CaeCsslasy(SiOy)4eF16 and
ous theoretical studyon the apatite GNd(SiO,)(POy)sF,  Cayolas;Cs(Si0y) 44016 These correspond to roughly 3
has also confirmed this tendency by showing the free energyt % of Cs concentration. In order to respect the site prefer-
of the system to be considerably lower when Nd ions areences of cesium and lanthanum in these structures, tWo Cs
substituted at site Il rather than at site . ions have been substituted at site | and 70% of'Laons at

B. Cesium lattice migration

TABLE VI. Helmholtz free energy differences at 300 K between different configurations corresponding to
the incorporation of cesium or lanthanum at calcium site | or site Il. The lowest-energy configuration, with Cs
at site | and La at site Il, is considered as the energy reference and set to zero.

Relative Helmholtz free energies (kJ md) Ca(PO))gF> Calag(SiOy)gF, Calag(SiO,)0,

Asoo d Cs()/Ca(ll);La(l)] — Aggo « Cs(I1)/Ca(l)] +28.0 +58.6 +16.4
Asoo d Cs()/Ca(ll);La(l)] — Aggo o Cs(I)/La(1)] +71.4 +197.8 +26.1
Asoo d Ca(l)/La(ll)]— Aggo  Ca(ll)/La(l)] +40.5 +72.4 +75.3
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TABLE VII. Activation energies(in eV) for cesium migration initially situated at site | Csor at site Il
Cq(l) to adjacent vacancies (1) and V(1) calculated within the Mott-Littleton approadRef. 33 for the
three apatites considered. The migration paths are represented in Figs. 2 and 3, except for the migration along

the c axis.

Vel Ca,CssLag(POy) 4gFa6 CapeCs3La51(SIOs) 4gF16 Cayglag/Cs3(Si0s) 4016
Cs(l) —ab 0.81 1.73 2.86

Cs(l) —c 0.99 1.92 2.85

Cs(ll) — site | 0.54 0.60 1.30

V(D) CapeCs3La51(SiOs) agF16 Cayolag/Cs3(Si0s) 45016
Cs(l) —ab 1.50 2.82

Cs(l) —c 1.89 2.83

Cs(Il) — site | 1.23 1.85

site Il. The resulting ratiognumber ofR ions at site I}/  tions, the first sphere has a radiufs9oA and contains about
(number ofRions at site ) is close to two, in agreement with 240 atoms, while the second sphere has a radius of 20 A
Ref. 31. containing about 2400 ions.

Cesium migration towards adjacent vacancies is investi- We have formally distinguished two principal migration
gated by using interatomic potentials. The saddle poinpossibilities for Cs: towards catioiCa or La vacancies lo-
search is carried out by the rational function optimizationcated at sites | and at site 1. For both situations, results are
method (RFO).*? According to this method, the Cs ion is quoted in Tables VIl and VIII with the corresponding paths
displaced from its equilibrium position towards the adjacentllustrated in Figs. 2 and 3, respectively. Evidently, Ca or La
vacancy through calculation at each position the eigenvaluegacancies do not have an equal importance for the Cs migra-
of the Hessian, the energy second derivative matrix. A firsttion in all the above compositions. Since in
order transition state corresponds to a single imaginary eiCa/Cs;Lag(PQOy)4gF16 more than 92% of cations are cal-
genvalue of the Hessian. Calculations are done within thgium (lying either at site | or IJ, cesium migration towards
Mott-Littleton approximatior: following which the region lanthanum vacancies in this compound has not been consid-
surrounding the defects, considered to be the displaced cered. Conversely, for Ggls;Las(SiO,)48F1s and
sium ion between the two vacancies, is divided into threeCayglag/Cs(SiO,) 48016, both calcium and lanthanum va-
concentric spherical regions. In the first one all the interac€ancies play an important role in cesium lattice migration as
tions are considered explicitly and ions are allowed to relaxshown in Tables VII and VIII.
fully. In the second one, only harmonic relaxations are con- Cesium located at site |, denoted(Qsmay migrate to Ca
sidered, and in the third one, ions respond to the defect netr La vacancies at site V¢ (1) or V[’(1), either in theab
charge as a series of polarizable sublattices. For our calculglane or along the axis (see Fig. 2. In both directions, and

TABLE VIII. Activation energies(in eV) for migration of cesium(situated at site 1l or site) lupon
adjacent vacanciegl (1) and V{’,(11), calculated within the Mott-Littleton approadiRef. 33 for the three
apatites considered. The migration paths are represented in Figs. 2 and 3, except for migration atong the
axis. LabelgLa) and(Ca) for cyclic diffusion to site Il for Cao(POy)¢F, indicate cesium migration near La

and Ca, respectively.

() CarCssLag(POy)agFie  CaeCsslasi(SiOs)agFis  CauolagCsi(SiOs) 46016
Cs(l) — site Il 0.94 1.10 2.25

Cs(ll) — inter-tunnel 0.51,0.85 0.67 2.57

Cs(ll) —diagonal 1.00 0.35 2.00

Cs(ll) —c 0.57 1.34 -

Cs(ll) —cyclic 4.15(La),1.15(Ca) 1.83 -

V(I CaeCs3Lasi(SiOs)asF1s  CauolagCs3(SiOs) 46016
Cs(l) — site Il 0.78 1.08

Cs(ll) — inter-tunnel 1.18 2.73

Cs(ll) —diagonal 1.67 1.60

Cs(ll) —c 1.00 3.29

Cs(ll) —cyclic 0.56 0.63,1.22
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whatever the cation vacancy considered, the intrasitel|

activation energies are close for the same apatite: around

0.8-1.0 eV in Ca(PQy)4F, (see Table VI), 1.5-1.9 eV for

CayLag(SiO,)6F,, and 2.8 eV for Cglag(SiO,)¢0,. For

Cdl) migration towards vacancies at sites W¢(ll) or

V{,(1), the corresponding activation energies are of the

same order for Gg(POy)gF,, that is, 0.94 eV, but slightly . .

lower when compared to intrasite <{ll) diffusion, for Site Il 0.51 >Site I1

CalLag(SiO)6F,, 0.78-1.1 eV, and Ghaag(SiOy)s0s, |

1.08-2.25 eVsee Table VIIJ. For the intrasite transition in

theab plane, it is worth noticing the constant increase of the 1.73

activation energies, from GgPO,)¢F,> to CalLag(SiOy)sF, Site | «————> Site [

and then to Cd ag(Si0O,)0,, mainly due to the influence of

La and silicate groups when substituted for Ca and phos-

phates. 0.60 Ca4La6(SiO4)6F 0.78
There are at least four paths for(@$ migration from site 2

Il to vacancies lying at site I{intrasite diffusion: Il<1l),

intertunnel displacement as quoted in Table VIII and pictured

in Fig. 3, along thec axis (intratunnel by shifting thez

fractional coordinate by 0.&denotedc in Table VIII), diag-

onal displacement(denoted diagona) corresponding to

jumping from site Il to site Il by shifting the fractional 282

coordinate by 0.25 and rotating by 60°, and finallyclic Site ]| «———=>Site [

displacement, following which cesium may migrate from site

Il to site Il vacancies with equal fractional coordinatésee

Fig. 3). The calculated activation energies corresponding to 123 | Ca,Lay(8i0,),0, [1.08

each path are presented in Table VIII. Once more the highest

activation energies are obtained in,Cag(SiO,)¢O5.
Comparison of the intertunnel activation energies for ce-

sium diffusion (Table VIII), shows that they are almost

equivalent in Ca(PQO,)¢F, and Calag(SiO,)gF,, but con-

siderably higher in the case of ag(SiO,)¢0,, demon- FIG. 4. Simplified scheme for the lowest computed activation

strating the strong influence of the oxygen ions in the tunnelenergies for C§ lattice migration towards adjacent vacanci®.{

with respect to the fluorines ones. However, it appears diffior V|,) located at sites | and Il for the three apatites considered.

cult to distinguish the influence of various sublattices in theActivation energies are quoted in eV.

case ofdiagonaland c axis diffusion since the contribution

of the first and second neighbor interactions on the migration \within the Arrhenius approximation, the temperature de-
path is due to the cations at sites Il, around the turise®  pendence of the diffusion is characterized not only by the
Fig. 1, to the nature of the anion along tleaxis in the |attice migration activation energie€£) but also by a pref-
tunnel and finally to the type of tetrahedra, phosphate Opctor coefficientD, following the well known relatioff' D
silicate, distributed around the tunnel. =D, e Fa/tkeT) (kg being Boltzmann’s constantHere, D,
The magnitude of the activation energies for intersitemgainly depends on the cesium-vacancy distandes.__ ),

(I 1) diffusion is roughly Iower_ than that fo_r Intrasite o cesium vibration frequenciesd), and the activation
ones, for the three apatites considered. Intersite migration L 35 .
. —entropy for migration AS,, according to Dg
appears then as the most probable mechanism for the cesium AS,I(sT)  Cesium ions vibrational frequen-
lattice diffusion in these apatites. In order to simplify the =~ ~CsVcala Vcse_ T . _ _ q
behavior of cesium migraton in  GAPO,)sF, cies v, at their equilibrium positions, involved in the pref-
CayLag(Si0,)6F,, and Calag(Si0,)0,, a scheme has been aptorpo, have been estimated by con;ide_ring the zero-point
given in Fig. 4, quoting the lowest activation energies forVvibration energies along the three directions for Cs when
each migration path. We also observe an increase of thiocated at site |, as well as at site Il. Results, quoted Table 1X
activation energies by 0.8 eV for intrasite diffusion site | for the three apatites, show that no clear tendency can be
and by 0.5 eV for intrasite diffusion site I, with the fol- extracted from the values obtained since they are all very

lowing order CayPO,)sF,, Calag(SiO)sF, and close to each othe.r. Furthermore, for the apatites considered
CayLag(Si0,)50,. Moreover, we can add thayclic cesium ~ C€sium-vacancy dlstapces are very close: for example the
diffusion in Cao(PO,)sF, near La has a higher activation dcsve,,,,along thec axis are roughly 3.4, 3.5, and 3.6 A, for
energy than that near Ca as shown by the last line in Tabl€ao(POy)sF,, Calag(SiO,)gF,, and Calag(SiO,)g0,,

VIIl, demonstrating the clear influence of the La ions in thisrespectively. Last, the activation entropies for migratios,

kind of migration path. are usually<5kg ,*~3"which at 300 K roughly corresponds

Site I<—>-0'81 Site I

0.54| Ca,(PO,)F, |094

i 5 Site II
Site 11 100

Site [ «—— Site II
1.60
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TABLE IX. Zero-point energies corresponding to the vibrational frequencies of cesium =lgngndz
coordinates, in the two sites for the three apatites considered.

Ecs (cm™) Cay,Cs3Lag(POy) agFis CayCs3La:(SiOy) sgF16 Cayolag/Cs;(Si04) 46016

Site | 116.8,118.7,146.4 100.2,111.5,147.5 106.4,108.7,146.5
Site Il 104.2,134.6,140.3 108.7,111.1,151.0 106.9,107.9,148.2
Site Il 100.5,108.8,128.3 92.4,109.3,122.6 85.8,113.0,127.7

to 0.1 eV, having thus not significant influence to the migra-and on a shell model for the silicate and phosphate tetrahe-
tion probability when compared to the calculated activationdra. Using the resulting interatomic potentials, we have cal-
energies. In fact, in the transition state theory this quantity isulated the Helmholtz free energies at 300 K of various re-
generally set to zer$3 Consequently, we may consider laxed structures, with configurations of Cs and La at sites |
that the activation energies for the various lattice migratiorand 1l and vice versa. Comparison of the results obtained
mechanisms are quite sufficient for discriminating the mosprovides evidence that cesium ions substitute with a slight
efficient apatite for cesium immobilization. preference for site | over site Il, whatever the apatite consid-
Finally, the general picture obtained is that ered. Conversely, lanthanum ions have a net preference for
CaylLag(Si0,)¢0, has a higher capacity for confining ce- Site Il. These results are in agreement with previous experi-
sium, from a diffusional point of view, compared to Mental works and theoretical considerations.
Cayo(POy)6F, and to Calag(SiO,)sF,. Indeed, in most of A detailed study has been carried out on a num-
the migration mechanisms investigated above, the corrd2€r of possible mechanisms for the cesium lattice mi-
sponding activation energies characterizing cesium migratiogration —in - doped = Cg(POQy)sF>,  Calag(SiOy)sF,
in CayLag(Si0,)s0, are considerably higher than those in @nd Calag(Si0,)¢0,. For that purpose, we have
the two other apatiteésee Fig. 4 Moreover, experimental considered the  compositions  fJ@s;Las(POy) g6,
data on oxyapatites synthe®ishow that, for increasing con- CaeCs3Lasi(SiOs)agF1s,  and  CaglagCsy(SiOy) 45016,
centration of La ions, the oxygen vacancy concentration ifWith periodic boundary conditions, corresponding to 3 wt %
the tunnel decreases. This result can be qualitatively trangf Cs concentration. In these structures, we have respected
posed to Calag(SiO,)s0,, Where a very low oxygen va- the site preferences for Cs a_nd La by conS|der|ng 75% of
cancy concentration would be expected in the tunnels antnthanum ions occupying sites Il and two cesium ions
consequently a quite efficient Cs immobilization in this @mong the three located at sites I. The calculation of the
structure. activation energies characterizing the corresponding migra-
tion paths considered towards adjacent cation vacancies in-
V. CONCLUSION dicates that cesium lattice diffusion is mostly controlled by
intersite mechanisms {Il). The calculated vibrational
Three apatites GgPOy)sF2, Calag(SiO,)gF,, and  zero-point energies at equilibrium in all the three apatites are
CaLag(Si0O,) 60, have been studied theoretically in order to of the same magnitude as well as the cesium-vacancy dis-
give insight as to their ability to incorporate and immobilize tances and consequently they have no influence on any pref-
cesium in their structure. Based on periodid initio  erential crystallographic direction for migration. Finally,
Hartree-Fock calculations for the characterization of the aneomparison of the activation energies obtained for all the
ion charges in the apatite tunnels, as well as for the nature gfossible migration mechanisms clearly demonstrates that the
the bonds with the cations situated at site Il, we have estaanthanum oxyapatite Ghag(SiO,)O, exhibits the
lished a force field that satisfactorily describes the three apaiigher immobilization capacity for cesium, compared to
tites. The interionic potentials used are based on a rigid ioffluoroapatite Cg(PO,)sF, and lanthanum-fluorobritholite
model for fluorine and oxygen in the tunnels along trexis  Ca;Lag(SiO,)gFs.
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