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Insight into Doping Effects in Apatite Silicate Ionic Conductors**

By Julian R. Tolchard, Peter R. Slater, and M. Saiful Islam*

Novel apatite-type silicates are attracting considerable interest as a new family of oxide-ion conductors with potential use in
fuel cells and ceramic membranes. Combined computer modeling and X-ray absorption (EXAFS) techniques have been used
to gain fresh insight, at the atomic level, into the site selectivity and local structures of a wide range of dopants in these apatite
materials. The results indicate that an unusually broad range of dopant ions (in terms of size and charge state) can substitute
for La in the Lag33SisO,4 apatite, in accord with current experimental data. The range is much wider than that observed for
doping on a single cation site in most other oxide-ion conductors, such as the perovskite LaGaOs;. In addition, our local struc-
tural investigation demonstrates that this dopant behavior is related to the flexibility of the silicate substructure, which allows
relatively large local distortion and alteration of the site volumes. This could be a key factor in the high oxide-ion conductivity
exhibited by these apatite silicates. Indeed, the breadth of possible doping regimes in these novel materials provides new oppor-
tunities to design and optimize the conduction properties for fuel cell electrolytes.

1. Introduction

The development of new oxide-ion conducting materials is a
pressing scientific and technological need as they form the
basis of a range of important environmentally friendly applica-
tions such as sensors, gas separation membranes, and solid ox-
ide fuel cells (SOFCs). This latter example in particular is
being intensively studied, as the high efficiency of SOFCs and
their ability to act as a bridging technology between hydrocar-
bon- and hydrogen-fuel technologies makes them prime candi-
dates for next generation power production.!!

To date, oxide materials exhibiting the fluorite or perovskite
structures, such as doped ZrO, and doped LaGaOs, have domi-
nated research in this area.>’! Recently, however, a range of
rare-earth apatite materials have been proposed as alternative
solid electrolyte materials following the exciting discovery of
fast oxide-ion conductivity in these silicate systems.*'8! Iso-
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structural with the well-known apatite minerals and hydroxy-
apatite biomaterials,“g] these materials have the general formu-
la M;(XO4)O54,, Wwhere M is a metal such as a rare-earth or
an alkaline-earth metal, and X is a p-block element such as P,
Si, or Ge. The crystal structure (Fig. 1) comprises isolated XO,
tetrahedra arranged so as to form two distinct channels running
parallel to the c axis. Occupying the smaller of these channels
are M cations, whilst the larger channel contains oxide ions.

A

e

Figure 1. Structure of the apatite-type oxide Lajo_,SisOz, showing SiO,
tetrahedra, La (gray), and O (white) ions. La(1) and O(5) channels both
run parallel to the ¢ axis.

A number of rare-earth oxyapatite systems have been
synthesized, and it is the lanthanum silicate and germanate an-
alogues that have been found to demonstrate the highest con-
ductivities.**! The carrier species is purely anionic for most
compositions, with high oxygen transference numbers (¢5 >0.9)
across a wide range of oxygen partial pressures,m which is suffi-
cient for electrolyte applications. It is found that these materi-
als are tolerant to an unusually broad range of dopants, partic-
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ularly on the rare-earth sites, with the observed conductivity
being very sensitive to the doping regime and cation/anion
nonstoichiometry.[4'l3] In particular, it is found that fully stoi-
chiometric systems, such as LagSr,SigOy6, generally exhibit
poor conductivity, whilst the doping of subvalent cations (such
as Ga’* or AI’*) on the Si site,’®!” or La substoichiometry to
create vacancies in the La(1) channels,”) markedly improves
conductivity. The highest conductivities are found for the sam-
ples containing excess oxygen, and it has thus been suggested
that interstitial oxide-ion conduction occurs along the O(5)
channels (Fig. 1). This hypothesis has been strengthened by
neutron diffraction studies!'” of the Lag33(Si,Ge)0,6 and
La0SigO,; systems, which confirm a link between fast ionic
conductivity and a high degree of oxygen disorder along the
oxygen channels.

In recent computer simulation studies,®! we investigated the
atomic-scale mechanisms of oxide-ion conduction in two apa-
tite compounds, LagSr,SigO, and Lag33SisO46. Our calcula-
tions predicted a complex, nonlinear interstitial mechanism
along the O(5) channels with an activation energy consistent
with experimental values. Crucial to this mechanism was the lo-
cal cooperative distortion of the [SiO4]* substructure. In addi-
tion, a previously unsuspected low-energy anion interstitial po-
sition was predicted to lie at the O(5) channel periphery, close
to the [SiO4]* tetrahedra. The existence of this interstitial posi-
tion has since been confirmed by experiment, with the neutron
diffraction studies of Le6n-Reina et al.l'?! revealing that a simi-
lar site is partially occupied in Lag 5551500632, LagSigOa6.4,
and Lag GegOs6.4 systems. Mossbauer studies!" also indicate
Fe* to be fivefold coordinated in La;oSisFeOys s, and recent
2Si NMR studies!'® have highlighted the importance of the sil-
icate substructure to ionic conductivity. These results provide
additional evidence for the validity of our potential model and
the simulation approach used here.

Despite this success, our understanding of the atomic-level
behavior of these apatite oxide-ion conductors is still incom-
plete. There is limited information on cation doping and defect
processes at the local structural level, particularly the role of
dopants on the Si site and the effect of vacancies in the La-oc-
cupied channels. There are also important questions relating to
the dopant site selectivity and compensation mechanisms in
these complex materials, the understanding of which is key to
their optimization for use in solid oxide fuel cells or ceramic
membranes.

Extended X-ray absorption fine structure (EXAFS) spec-
troscopy is ideally suited to the experimental investigation of
such defect processes, because, unlike techniques such as X-ray
or neutron diffraction, it does not measure long-range order
but only the local environment of a particular atomic spe-
cies.”!l Used in conjunction with atomistic modeling tech-
niques it can provide a powerful tool for investigating local
structure and disorder. In this work, well-established atomistic
modeling techniques” ! are used for the first time to investi-
gate the site selectivity and incorporation mechanisms of a
range of M*, M?*, M**, and M* dopants in an apatite of com-
position Lag33SiO,6, constituting a wider survey of dopants
than previous reports. We have also probed, using EXAFS and

0]
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simulation, the local structural distortion caused by key dop-
ants and lattice defects.

2. Results and Discussion

2.1. Defect Mechanisms of Dopant Incorporation

Experimental studies have shown that a broad range of dop-
ants can be incorporated in lanthanum silicate apatite systems.
The aliovalent doping of Ga>* and AI** on the Si site is known
to significantly enhance ionic conductivity,[&lo] and the replace-
ment of La®>" by larger alkaline-earth cations (e.g., Sr** and
Ba”") is also known to occur readily.'"”! Charge compensation
in these systems is often achieved through the filling of vacant
lanthanum sites, e.g., Lag 33 2,,3M,SigOs6 (M =divalent cation)
and Lag 33,,/3516.xM,Os6 (M =trivalent cation), although sam-
ples containing excess (interstitial) oxygen have also been
synthesized.[4‘5’8’1z] When transition metals are introduced, the
picture is even more complex as the oxidation state of the dop-
ant is often not known.

Our simulation methods can address key doping issues and
provide quantitative estimates of the relative energies of differ-
ent mechanisms of defect formation and dopant incorporation
(referred to hereafter as “solution energies”), as has been done
in related studies of ion-conducting oxides.?*?”! We stress that
although calculations are performed at infinite dilution, they
can provide a useful guide to the likely site selectivity and com-
pensation mechanisms of different dopants and to trends in
dopant solubility.

We have examined the solution energies of a wide range of
M*, M*, M*, and M*" dopants on Si and La positions in
Lag 33SiO56. TWwo mechanisms of charge compensation for alio-
valent dopants were investigated, which reflect experimentally
employed doping strategies; i) the maintenance of constant
oxygen content through the use of cation incorporation and de-
ficiency, and ii) the use of oxygen vacancies and interstitials so
as to maintain constant cation stoichiometry. For example, the
substitution of monovalent (M") dopants at constant oxygen
stoichiometry and constant cation stoichiometry can be repre-
sented by the following defect equations (in Kroger—Vink nota-
tion) normalized to a single dopant substitutional, M

%Mzo + %La203 +Sig& —Mg + La** + SiO, )
M0 + Lag, »M, +2M; +3La;0; @)
IM,0 1205 + Sig Mg, +2 v +8i0, 3)
%Mzo +0g +Laj—>M;, + V& + %L3203 4)

where Mg; indicates the dopant substitutional, V5* indicates
an oxygen vacancy, and the interstitial defects (M,* and La,;***)
occupy the vacant La(1) sites. The same types of defect equa-
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tions apply for divalent and trivalent dopants (which are given
as Supporting Information S1). Of course, isovalent substitu-
tions for La (by M*") and for Si** (by M*") do not require
charge compensation. For M*" doping on the La site, charge
compensation can be accomplished by either using cation
vacancies (for constant oxygen content) or by the inclusion of
interstitial oxygen (for constant cation content), given by the
following two equations

MO, +3Laf,>Mi, +:V{, +2Lay05 (5)

- 1~ 1
M02 + Laﬁ(a—>MLa + EOZ —+ §L3.203 (6)

It is noted that although we have focused on these mecha-
nisms, further work on oxygen excess mechanisms are being ex-
plored. As in previous studies,”**”) the energies of the dopant
incorporation (or solution) reactions have been derived by
combining the appropriate defect and lattice energy terms.

2.1.1. M* Dopants

First, our calculated energies of solution for monovalent
dopants as a function of ion size are presented in Figure 2. We
note that the radii for ions in sixfold coordination compiled by
Shannon®® are used throughout, as values for four-, seven-,
and nine-coordination are not available for all the ions consid-
ered here. In any case, our primary concern is to examine the
difference in energies between substitution on the La and Si
sites, which will not be affected by relative shifts in the ionic ra-
dii. Examination of our results reveals a clear preference for
monovalent dopants (e.g., Na* and K) to substitute into the
La(1) site, with compensation from incorporation of additional
cations (Eq. 2). Substitution into the Si site (Egs. 1 and 3) is
predicted to be strongly unfavorable, irrespective of the com-
pensation mechanism.

Only a few experimental studies have examined monovalent
doping in the silicate-based apatite systems, largely because of
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Figure 2. Calculated solution energies as a function of ionic radius for
doping of M™ into Lag 33SisO56 in La(1) and Si sites.
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problems with dopant oxide volatilization at the high synthesis
temperatures used. Doping of Li and Na has been reported for
the yttrium silicate systems LiYSigOss and NaYoSigOoe,*
while for the wider apatite families, Li, Na, and K are known to
substitute into the phosphate and sulfate analogues.”"! In all
cases, the doping occurs in cation channel positions (analogous
to the La(1) positions in our system), which accords well with
our results.

2.1.2. M** Dopants

Second, divalent dopants are common additives to apatite
systems, particularly the alkaline earths, which can substitute
for La in relatively large concentrations. We have again consid-
ered both mechanisms in our study, that is, doping at constant
oxygen and cation stoichiometry. Our calculated solution ener-
gies for a series of divalent substitutions are presented in Fig-
ure 3 and again indicate a strong preference for dopants to
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Figure 3. Calculated solution energies as a function of ionic radius for
doping of M*" into Lag 33SisO56 in La(1) and Si sites.

substitute onto the La(1) site, in accord with observation. Com-
pensation by means of interstitial cations is calculated to be the
preferred mechanism for all dopants. We note, however, that
the calculated solution energies for oxygen vacancy compensa-
tion on the La(1) site are also relatively low, especially for the
larger alkaline earth dopants. This suggests that the generation
of oxygen vacancies may be possible under appropriate experi-
mental conditions.

The most notable feature of these results is the wide range of
ion sizes (from 0.8 to 1.5 A) over which divalent doping for
La®" is predicted to be favorable (relative to Si substitution).
This can be taken as an indication of the flexibility of the struc-
ture, a point we return to below. These predictions also agree
well with synthesis work, in which ions as different in size as
Mg?* (ionic radius, IR =0.86 A) and Ba®* (IR =1.49 A) are ob-
served to successfully substitute for La.l®l This is a considerably
broader range than that observed for doping into a single site

Adv. Funct. Mater. 2007, 17, 2564-2571



FUNCTIONAL

J- R. Tolchard et al./Doping Effects in Apatite Silicate lonic Conductors

in most oxide-ion conductors, such as the LaGaO; perovskite,
and highlights the breadth of doping regimes available for the
apatite systems.

The lowest energy for incorporation of alkaline-earth dop-
ants on the Si site is found for Mg?*. This suggests possible
“ambi-site” dopant behavior, with Mg?* able to substitute si-
multaneously for both La and Si, recently confirmed by experi-
ment."”] However, the solubility is predicted to be much great-
er on the La(1) site, so equal partitioning of the dopant
between both La and Si sublattices is not expected. Our simu-
lations also suggest that divalent transition metal ions (e.g.,
Ni**) are favorable dopant species and therefore warrant
further investigation in the preparation of potential mixed ion-
ic—electronic conductors (e.g., for use as separation membranes
or SOFC electrodes). Following on from these modelling re-
sults, we have recently shown Ni substitution for La to be suc-
cessful.'7)

2.1.3. M** Dopants

Third, the replacement of La®" with trivalent ions does not
require charge compensation. For trivalent doping onto the Si
site, both constant oxygen content and oxygen vacancy mecha-
nisms were again considered. Our calculated solution energies
for M** doping (Fig. 4) reveal more variation than those for
M* and M?* ions, with crossovers in minimum energy as the
dopant size changes. With increasing dopant size, substitution
onto the Si site becomes steadily less favorable, whilst the ener-
gy for solution onto the La(1) site decreases for larger dopants.
The effect is such that for ions smaller than 0.7 A (e.g., AI**)
the Si site is preferred, although the results for Ga are less clear
cut. For dopants larger than 0.9 A (e.g., Y** and Nd**) the
La(1) site is clearly favored.

In the range 0.70-0.85 A, there exists a crossover region in
which prediction of site preference is more difficult. Such a
crossover region has been found from both EXAFS and mod-
eling of other ion-conducting oxides, such as the CaZrO; and
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Figure 4. Calculated solution energies as a function of ionic radius for
doping of M** into Lag 33SisO2 in La(1) and Si sites.
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BaCeO; perovskites,”” with possible “ambi-site” behavior in

which ions can substitute for both host cations.

In addition, the oxidation state of the transition metal dop-
ant ions in this region must be considered. In Table 1 we com-
pare the results for M*>* and M** incorporation in both Si and
La(1) sites for Co, Fe, and Mn. The most favorable dopants are
M?** species (Co**, Mn**, and Fe’*) on the La(1) site, which sug-

Table 1. Solution energies for divalent and trivalent transition metal dop-
ants in La(1) and Si sites.

Atom type Solution energy (eV/dopant)
M?" on Sisite  M? on La(1) site M** on Sisite M* on La(1) site
Mn 4.82 0.29 3.35 2.43
Fe 4.54 0.79 3.00 2.30
Co 4.72 1.00 2.83 3.00

gests higher solubility for these divalent dopants. For the M**
species, there is a slight preference for Co>* on Si, and for Mn**
and Fe** on La(1), although there are uncertainties on account
of the large lattice energies that are subtracted from each other
to obtain the solution energies. These results are consistent
with our experimental work on Co doping as well as results for
the Mn-substituted phase;“s] Co?" and Mn?* are seen to prefer
the La(1) site, whilst Co™ and Mn®" substitute for Si. It is also
observed that the solubility limit for Mn replacing Si is consid-
erably lower than for La. Recent experimental results!"™! also
suggest that these M>* dopants are unstable on La sites with re-
spect to M2*, so that any M>* species convert to M>",

2.1.4. M*" Dopants

Finally, synthesis work on M* doping has so far concen-
trated on Ge**, which is found to form a continuous solid solu-
tion, Lag 33Sis_ Ge, Oy, Wwhere 0 <x < 1.7 Our calculated solu-
tion energies (Fig. 5) predict that M*" doping is strongly
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Figure 5. Calculated solution energies as a function of ionic radius for
doping of M** into Lag 33SisO,6 in La(1) and Si sites.
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unfavorable on the La(1) site and that Ge*" is a favorable dop-
ant for Si*". A strong correlation with dopant size is found for
dopant substitution onto the Si site, such that Ce** is predicted
to be unfavorable on both Si and La sites. Our results do, how-
ever, predict that doping of Ti*" on the Si site is possible as
found in zeolite materials. Indeed, recent experimental studies
have confirmed this, with successful doping of up to 33 at % Ti
on the Si site.’

2.2. Local Structure around Dopants and Vacancy Defects

It has been found that fully stoichiometric systems, such as
LagSr,SigOy6, generally exhibit poor conductivity, whilst the
doping of subvalent cations (such as Ga®* or AI’*) on the Si
site,1% or La substoichiometry to create cation vacancies (on
the La(1) positions),”] markedly improves conductivity. How-
ever, the effect of dopants on the local structure at the atomic
level is still unclear. We have therefore investigated, using
EXAFS and computer modeling, the local structural effects of
the Ga®* dopant on Si, and the Ba®* dopant on La(1), as well as
the La(1) vacancy in Lag 33SigOo.

First, the structural parameters obtained from our analysis of
the local structure around a Si ion, and a Ga dopant on a Si
site, in Lag ¢SisGaO,¢ and Laj(SisGayOs, are presented in
Table 2, with the corresponding fitted data shown in Figures 6
and 7. For both the Si- and Ga-edge data, only the first shell
M-O bond lengths were fitted, because of the complexity of
the structure beyond the first shell.

Table 2. Final EXAFS models for Lag ¢SisGaO,¢ and La;0SisGa,Oy¢ indi-
cating Si/Ga-O first shell separations

Composition Edge Coordination 1st shell R fit
number separation
A [%]
Lag 66SisGaOss Si-K 4 1.59 41.28
Ga-K 4 1.82 39.10
La10Si4Ga;056 Si-K 4 1.58 38.46
Ga-K 4 1.82 38.35

Initial data analysis, including coordination number refine-
ment, indicates a four-coordinate environment for both edges;
the coordination number was thus fixed to this value for final
refinements. First shell Si-O bond distances of ca. 1.58 A were
obtained for all samples; for the Ga edge, a value of 1.82 A was
obtained for Ga-O distances (Table 2). There is thus a marked
difference in the local structure surrounding the Si and dopant
species. This is in accord with the increase in site volume that
would be expected from the relative ionic radii (IR=0.40 A
for Si*", and 0.61 A for Ga®"). To complement this work, atom-
istic simulations of the local environments around an undoped
Si site and a Ga-doped Si site were carried out; the interatomic
separations are presented in Table 3. The local structure
around an undoped Si site is illustrated in Figure 8.

In common with the EXAFS results, our atomistic simula-
tions show a significant expansion of the tetrahedral unit upon

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Fitted Si K-edge spectra for Lag 66SisGaO,; a) EXAFS, b) Fourier
transform.

Table 3. Calculated changes in local interatomic separations around a
Ga** dopant in the Si site of Lag 335igO26

lon pairs Initial mean Change in separation after
(M =Sior Ga) separation Ga doping (M = Ga)
(M =si) [A] A

M-0(1,2,3,4) 1.63 +0.22
M-0(5) 3.83 0.00
M-La(1,2) 3.65 -0.05
La(1)-0(1,2) 2.53 -0.10
La(2)-0(1,2) 2.73 -0.18
O(1)-0(5) 4.28 -0.06
0O(3)-0(5) 3.47 +0.05
O(4)-0(5) 3.56 -0.03

replacement of Si with Ga’, with the distances to oxygen in-
creasing by 0.22 A (Table 3). From our calculated distances it
can be seen that there are other structural changes and, in par-
ticular, the accommodation of this expansion by the rest of the
crystal is significant. Relatively small changes are predicted for
the O(1)-0(5), O(3)-0O(5), and O(4)-O(5) distances, with the
calculated M-O(5) separation remaining unchanged upon Ga
incorporation. In contrast, a significant contraction in the
La(1)-O(1,2) and La(2)-O(1,2) distances is found. In general
these results suggest that the local distortions accompanying
Ga dopant incorporation on the Si site are accommodated by

Adv. Funct. Mater. 2007, 17, 2564-2571
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Figure 7. Fitted Ga K-edge spectra for Lag 6¢SisGaO,e; a) EXAFS, b) Fouri-
er transform.

Figure 8. Local structure in Lag 33SigO,6 with atom labels and an SiO,4 unit
highlighted.

the La(1) channels rather than the O(5) conduction channels.
Thus, the oxygen channels are kept open for ion conduction, in
agreement with the high conductivities observed for such Ga-
doped samples.

Adv. Funct. Mater. 2007, 17, 2564-2571
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Second, our calculated interatomic separations from simula-
tions of the local structural effects of a La vacancy, or a Ba*"
dopant on a La(1) site in Lag 33SigO5¢ are presented in Table 4.

Strong distortion of the lattice is predicted to occur around
both the La vacancy and the Ba dopant. Interestingly, the in-
troduction of Ba on the La(1) site has a very similar, although
less pronounced, effect to a La vacancy. Most prominent is the

Table 4. Calculated changes in local interatomic separations around an in-
trinsic La vacancy and a Ba®* dopant in the La(1) site of Lag 33SigO2s.

lon pair [a] Initial mean Change in Change in
separation with separation after separation with
M=Lla removing La M =Ba
A A A
M-O(1) 2.41 +0.40 +0.25
M-0(2) 2.54 +0.15 +0.14
M-0O(3) 2.82 +0.43 +0.21
M-O(4) 4.94 +0.34 +0.28
M-Si 3.31 +0.08 +0.11
M-Si 3.64 +0.14 +0.12
M-La(1) 3.63 -0.32 -0.09
O(1)-0(5) 4.24 —0.15 -0.11
0O(3)-0(5) 3.34 -0.13 -0.14
0O(4)-0(5) 3.07 +0.39 +0.39

[a] M = Ba, La, or vacancy.

displacement of the nearest-neighbor oxygen positions and the
effect on the [SiO4]* substructure. Distances to O(1) and O(3)
sites are calculated to lengthen by up to 15% when La is re-
placed by Ba or when the site is vacant. The local changes give
rise to a tilting of the [SiO4]* units immediately adjacent to the
Ba dopant or La vacancy. The effect of this change on the O(5)
oxide channel is shown by the shortening of the O(1)-O(5) and
O(3)-0(5) distances, and the significant lengthening of the
0O(4)-0O(5) separation. The overall effect is thus to cause an
outward displacement of nearby [SiO4]*" units, so that more of
the O(1)-O(3)-O(4) face is shown to the O(5) channel, which
could be important for ion conduction. This is in marked con-
trast to our earlier EXAFS results for the smaller Co** dopant
in this site, which revealed a general contraction of the sur-
rounding structure.[”)

Some discussion of the coordination environment surround-
ing this site is also relevant at this point. Normally, the La(1)
position is regarded as having a distorted environment, with six
close anion neighbors and three slightly more distant. From
structural work on Lag 33SigO,, these two “shells” have been
found to lie at ca. 2.5 A and 2.9 A, representing a difference in
separation of ca. 14 %. In our simulations, this separation re-
mains constant when La is partially replaced with Ba, and in-
creases slightly around a La vacancy. However, our previous
results from EXAFS of the smaller Co** dopant in this site
show a much larger separation (>20 %) for the six- and three-
coordinate shells.!”> This suggests that the unusually broad
range of dopants that can be incorporated onto this La position
results from the flexibility of the surrounding silicate substruc-
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ture, which allows large local changes in site volume and coor-
dination.

3. Conclusions and Outlook

Apatite-type silicates have been attracting considerable in-
terest as a new family of oxide-ion conductors with potential
use in solid oxide fuel cells and oxygen-permeable membranes.
Our combined computer simulation and EXAFS studies have
provided new insights into the dopant behavior of these func-
tional materials, based on quantitative results at the atomic-
level as opposed to qualitative arguments.

The results first indicate that an unusually broad range of
dopant ions (in size and charge state) can substitute for La in
the Lag 33SicO56 apatite, in accord with the available synthesis
studies. The range of dopants is much wider than that observed
for doping on a single cation site in most other ionic conductors
for fuel cell applications, such as perovskite-type oxides. In ad-
dition, our local structural investigation demonstrates that this
dopant behavior is related to the flexibility of the silicate sub-
structure, which allows relatively large local distortion and al-
teration of the site volumes. In our view, this is a key factor in
the high oxide-ion conductivity exhibited by these apatite sili-
cates, warranting further investigation. Indeed, the breadth of
possible doping regimes in these novel materials provides new
opportunities to design and optimize the conduction properties
for fuel cell electrolytes.

4. Experimental

Materials Synthesis and Characterization: Ga-doped samples were
prepared by way of solid-state reaction of La,Oj3, SiO,, and Ga,0s;.
The dried starting materials were ground together in the appropriate
ratios and heated twice at high temperature. Compositions Lag ¢¢Sis.
GaOys and La;(SiyGa,0,¢ were initially calcined for 12 h at 1300 °C,
then again at 1350 °C. Between firings the samples were reground to
ensure homogeneous reaction. Phase purity was confirmed using a Sei-
fert 3003TT laboratory powder X-ray diffractometer, and full structure
characterization achieved using neutron powder diffraction, the results
of which have been reported elsewhere [8]. EXAFS measurements
were performed using the 2 GeV Synchrotron Radiation Source (SRS)
at Daresbury Laboratory, UK. Data were collected using two instru-
ments, one for the Si-K edge (at 1.84 keV), and the other for the Ga-K
edge (at 10.37 keV). Twin single crystal monochromators (InSb(111)
for the former, and Si(111) for the latter) were used for wavelength se-
lection. Because of absorption effects, all data were collected in fluo-
rescence mode, with several scans performed for each sample, and the
data thus obtained summed to reduce statistical noise. Data analysis
was performed using the Daresbury suite of EXAFS software EXCA-
LIB, EXSPLINE, and EXCURV9Y8. The fitting was performed in
k-space and the data was k>-weighted for refinement. For both the Si
and Ga edge data, only the first shell M—O bond lengths were fitted be-
cause of the complexity of the structure beyond the first shell. Indeed,
because of the poor resolution of the second shell in all data, no struc-
turally sensible information could be obtained for shells other than the
first, and so it was chosen to leave further shells unfitted. For doping of
the Si site, EXAFS data for both dopant and Si edges are presented, al-
though the quality of the Si-edge data was found to be inferior to that
of the Ga-edge because of difficulties with sample alignment. This re-
sulted in difficulties in fitting and slightly anomalous Debye—Waller
values were obtained for the Si-edge data. It should be noted that this

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

affected the Debye-Waller factors much more than the radial dis-
tances.

Computer Modeling: The computational study used well-established
atomistic modeling techniques, as embodied in the GULP code [22].
These methodologies are extensively documented elsewhere [23], so
only a brief summary is given here. Interactions between ions are eval-
uated as the sum of long-range Coulombic terms and short-range inter-
actions modeled by the Buckingham interatomic potential (which takes
account of Pauli repulsion and van der Waals effects). The shell model
was used to provide a simple yet effective description of polarizability
effects. A well established three-body term for the angle-dependent
SiO, tetrahedral unit was also used, which has proved successful in the
modeling of a wide range of silicates, zeolites and hydroxyapatites
[24,25]. For this investigation we have chosen to study the Lag 33SisO26
composition, as it provides a good reference stoichiometry for a wide
variety of doping regimes. Interatomic potentials were transferred di-
rectly from our previous study [20], which accurately reproduce the ob-
served complex structure of space group P3 (Table 5). For this work,
calculations were based upon a 1x 1 x 3 supercell (124 atoms, P1 sym-
metry) of the Lag33SisO,6 crystallographic unit cell [7], with periodic
boundary conditions applied to simulate a bulk crystal. In accordance

Table 5. Calculated and experimental structural parameters for Lag 33SigO2.

Parameter Experimental [7] Calculated
A A
a/b 9.7248 9.7607
c 7.1895 7.1198
Si-O 1.6231 1.6271
La(1)-O 2.6437 2.6493
La(2)-O 2.4931 2.4965

with previous experimental and simulation work, which shows dopants
and defects to favor the La(1) channel positions, the two La vacancies
in the supercell of Lag33Sis0,6 were placed in La(1) sites. The lowest
energy configuration was found to have, as expected, the largest intera-
tomic separation between vacancies, which was used as the structural
model for all the calculations. The interatomic potentials and lattice en-
ergies used for our dopant calculations are available as Supporting In-
formation (S2).

An important feature of our simulations is the treatment of lattice
relaxation around the point defect or dopant ion. In this work, the
Mott-Littleton approach [22,23] was employed, in which the crystal
lattice is partitioned into two regions; the immediate environment sur-
rounding the defect is relaxed explicitly (ca. 750 ions), whilst the re-
mainder of the crystal (>8000 ions), where the defect forces are rela-
tively weak, is treated by more approximate quasi-continuum methods.
In this way, the full relaxation around the defect can be modeled effec-
tively, since the crystal is not considered simply as a rigid lattice.
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