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Densities of coherent-scattering lengths in oxide-ion conductor Lag eo(Sis70Mg030)O2624 With an
apatite-type structure (space group P6s/m) have been determined by a whole-pattern fitting approach
based on the maximum-entropy method (MEM) using neutron powder diffraction data measured at
25 and 1558 °C. The Rietveld refinement suggested an interstitial oxygen (O5) atom site (12i; x, y,
z;x~ 0,y ~ 0.22, z = 0.65) at the periphery of the hexagonal axis. The oxide ions located at 2a
(04) and 12i (O3) sites are largely distributed parallel and perpendicular to the ¢ axis, respectively.
The densities of coherent-scattering lengths derived from the MEM analysis revealed that the O4
oxide ions located at the 2a site (0, 0, 1/4) diffuse to nearest-neighbor 2a sites along the [001]
direction. This [001] diffusion path is linearly linked with that of neighboring unit cell, which forms
a long-range, one-dimensional oxide-ion diffusion pathway extending along the ¢ axis of the hexagonal
P63/m framework. The probability density of the O3 ion is connected with that of the equivalent O3
of the same tetrahedron through the interstitial OS5 ion, indicating migration of the ions along a
curved line connecting O3—05—03 atoms. This migration path is nonlinear (U-shaped) and
perpendicular to the ¢ axis. The densities of the two kinds of oxide ions (O4 and O3) migrating
parallel and perpendicular to the c axis, respectively, connected with each other through the densities
of interstitial oxide ion (OS5). The results suggest that the O4 ion migrates via vacancy mechanism
with a direct linear path along the ¢ axis, while the O3 ion migration perpendicular to the ¢ axis

5203

involves an interstitial mechanism.

Introduction

Solid oxides exhibiting high ionic conductivity have been
the subject of considerable research interest. In particular,
the oxide-ion conductors are useful materials for fuel cells,
catalysts, gas sensors and batteries.'® Improving our un-
derstanding of ionic transport behavior in materials with high
oxide-ion diffusivity and relating the crystal structure of these
materials to ionic conductivity have become fundamentally
important to the design and development of new oxide-ion
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conductors. This has motivated the extensive study of many
oxide-ion conductors over the last few decades.* Recently,
there has been significant interest in Si-based materials
having an apatite-type structure because of higher oxide-
ion conductivities at middle temperature range below 700
OC.5’7

A large number of experimental and atomistic simulation
studies have been conducted to investigate the crystal
structure and ion-migration pathway in apatite-type rare earth
silicates Lnjo-,SigOz+s (Ln = lanthanides) and doped
variants where x and 0 are the deviations of Ln and O
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concentrations from nominal compositions.'*2° The space
group of the oxyapatites is typically P63/m."”'®*° Two kinds
of diffusion pathways—a direct linear path along the hex-
agonal ¢ axis and a nonlinear, sinusoidal-like path through
interstitial oxide ions—have been proposed in the literature. 171
However, these diffusion paths have not been determined
directly from experiments.

Among many rare earth oxyapatites, Lajo—.SigO26+5 are
some of the promising compounds exhibiting significant
oxide-ion conductivity. Their conductivity is reported to
increase largely by the incorporation of excess oxygen (i.e.,
6 > 0)."7 The conductivity of the oxyapatites increases by
substituting Mg for Si atoms.''™"® Therefore, this study
focuses on apatite-type Mg-doped lanthanum silicate with
excess oxygen Lag eo(Sis70Mg030)O26.24.

Experimental data at lower temperature do not provide
enough information to identify atomistic mechanisms of ionic
diffusion pathways, because the mobile ions are localized.
Information on the diffusion path and structural disorder of
mobile oxide ions at high temperatures, where the materials
work most efficiently, is indispensable for developing better
oxide-ion conductors. A combined technique of Rietveld
analysis, maximum-entropy method (MEM),?' and MEM-based
pattern fitting (MPF)**** is expected to be effective for
determining the spatial distribution of mobile oxide ions.>*2°
In this research, the crystal structure and pathway of oxide-ion
diffusion of Lag 69(Sis70Mg030)O2624 are investigated at 25 and
1558 °C by employing this technique for neutron powder
diffraction data. Neutron diffractometry is utilized for the
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following reasons: (1) the relatively high contributions of
oxygen atoms to diffraction intensities in Lag eo(Sis70Mgo.30)-
Oy624 containing heavy-metal atoms and (2) the ease of
collecting quality diffraction data at 1558 °C.

Experimental Section

A Lag 69(Sis 70Mg030)O26.24 sample was prepared by solid-state
reactions from high-purity powders of La,0Os3, SiO,, and MgO
previously heated at 1000 °C for 4 h. The powders were mixed in
appropriate ratios, ground with ethanol, and calcined at 1300 °C
for 16 h. The calcined powders were further ground, pressed into
disks, and sintered at 1600 °C for 4 h. The first sintering produced
porous disks because of high reactivity of the calcined powders
with atmospheric H,O and CO,. Therefore, they were reground,
pressed into disks, and sintered again at 1750 °C for 8 h on MgO-
stabilized-ZrO, setters placed inside a MoSi, furnace, resulting in
dense ceramic disks with a diameter of ~13 mm and a thickness
of ~1 mm. One of the sintered disks was crushed and ground into
a powder for use in laboratory-based X-ray powder diffraction
measurements. Chemical analysis identified the composition as
Lag>692(4)(si5_7oo(1)Mg0_303(1))025_242(g). The homogeneity Of the sample
was confirmed by synchrotron powder diffraction measurements
at 25 °C at the beam line BL-4B, of Photon Factory, KEK, Japan.?’
A second harmonic generation (SHG) measurement for Lag7;-
(Sis §Mgp2)Ox6.37 Was carried out to examine whether the material
has a center of symmetry or not. The SHG measurement was done
by powder method with a Nd:YAG laser operated at a wavelength
of 1064 nm, which was used as the radiation source with an
irradiation time of 8 s. The laser power was 300 uJ. The sample
was ground to the grain size of about 1 to 2 um in order to avoid
the possible influence of domain structure and phase-matching
conditions.

Neutron powder diffraction experiments of Lag eo(Sis70Mgo30)-
Oy624 were performed in air at 25 and 1558 °C using a powder
diffractometer, HERMES, installed at the JRR-3 M research reactor
of the Japan Atomic Energy Agency.?® Incident neutrons with a
fixed wavelength of 1.8265(1) A were obtained using a vertically
focusing (331) Ge monochromator. Diffraction data were collected
in the 260 range from 3° to 153° using 150 *He counters. A furnace
with molybdenum silicide heaters was used to heat the
Lag ¢o(Sis 70Mgo30)O26.24 sample during data collection.>® The tem-
perature of the sample was maintained within £1.5 °C during the
measurement.

The neutron diffraction data were analyzed by the Rietveld
method followed by application of MEM and MPF using the
computer programs RIETAN-FP*° and PRIMA .?! Diffraction data
in the 26 range of 6.0—130°, corresponding to d > 1.0 A (where
d is the spacing of lattice planes), were used in the Rietveld and
MPF analyses. A split-type pseudo-Voigt profile function formu-
lated by Toraya®' was used in the Rietveld refinements. The cutoff
value was 7.00 x (full-width at half-maximum). Background
intensities were fit using a Legendre polynomial function with 12
parameters. Anisotropic atomic displacement parameters (Uyj) with
an anisotropic Debye—Waller factor (=exp[—2n(h*a**U;; +
Kb¥2 Uy + Pc**Uss + 2hka*b* Uy, + 2hla*c*Uys + 2klb*c*Usz)])
were assigned to all cation and anion sites, except the interstitial
site. The coherent scattering lengths (b.) adopted for Rietveld
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Table 1. Refined Crystal Parameters, Anisotropic Atomic Displacement Parameters, and Reliability Indices of the Lag ¢9(Sis70Mgo.30)O26.24

temp.  atom site g x y z Ui A Un ) U ) Un @) U A U (B Ug B
25 °C Lal 4f 0923 1/3 2/3 —0.0007(4) 0.005(1) Uy 0.016(2) 0.5* Uy, 0.0 0.0 0.008
1558 °C  Lal 4f  0.923 1/3 2/3 —0.0007(7) 0.037(2) U 0.040(3) 0.5* Uy 0.0 0.0 0.038
25 °C La2 6h 1.0 0.0115(3) 0.2397(3) 1/4 0.006(2) 0.006(1) 0.009(1) 0.004(1) 0.0 0.0 0.007
1558 °C  La2 6h 1.0 0.0128(5) 0.2394(4) 1/4 0.037(3) 0.035(3) 0.042(2) 0.016(2) 0.0 0.0 0.039
25 °C SiMg 64 1.0 0.4023(4) 0.3721(5) 1/4 0.006(1)
1558 °C SiMg 6k 1.0 0.4018(7) 0.3749(7) 1/4 0.026(4) 0.020(4) 0.048(4) 0.014(3) 0.0 0.0 0.030
25 °C o1 6h 1.0 0.3238(4) 0.4864(4) 1/4 0.025(2) 0.027(3) 0.015(2) 0.023(2) 0.0 0.0 0.018
1558 °C Ol 6h 1.0 0.3273(7) 0.4881(8) 1/4 0.096(5) 0.077(6) 0.079(5) 0.068(5) 0.0 0.0 0.073
25 °C 02 6h 1.0 0.5980(4) 0.4733(4) 1/4 0.009(2) 0.016(2) 0.016(2) 0.007(2) 0.0 0.0 0.013
1558 °C 02 6h 1.0 0.5894(5) 0.4677(7) 1/4 0.043(4) 0.069(4) 0.076(6) 0.030(4) 0.0 0.0 0.061
25 °C 03 12i 1.0 0.3469(3) 0.2561(3) 0.0685(3) 0.039(2) 0.019(2) 0.011(1) 0.018(1) —0.014(1) —0.004(9) 0.022
1558 °C O3 12i 1.0 0.3446(5) 0.2613(5) 0.0708(5) 0.132(5) 0.061(3) 0.052(3) 0.042(3) —0.041(3) —0.023(2) 0.084
25 °C 04 2a  0.96(2) 0.0 0.0 1/4 0.006(3) Ui 0.20(1) 0.5*% Uy 0.0 0.0 0.070
1558 °C 04 2a 0.98(12) 0.0 0.0 1/4 0.058(7) Ui 0.42(2) 0.5*% Uy 0.0 0.0 0.178
25 °C 05 12i  0.026 —0.004(9) 0.24(1) 0.60(1) 0.013
1558 °C  0O5 12i  0.023 0.03(2) 0.20(1) 0.70(2) 0.051

25 °C cell parameters a=9.7303(3) A, c = 7.2082(2) A

1558 °C a = 9.8773(7) A, ¢ = 7.2982(4) A

25 °C reliability factors” Ryp = 4.17%, Ry = 2.96%, S = 5.41, Ry = 0.73%, Rr = 0.34%

1558 °C Rywp =2.97%, R, = 2.24%, S = 3.31, Ry = 1.60%, Rr = 1.00%

25 °C reliability factors” R = 0.71%, Rr = 0.31%

1558 °C R; = 0.98%, Rr = 0.60%

“ Reliability factors in the Rietveld analysis. © Reliability factors in the MEM-based pattern fittings.

s Table 2. Selected Interatomic Distances (A) for
refinement were 8.24 fm for La, 4.149 fm for Si, 5.375 fm for Mg, Lao.go(Sis 70Mg0.30) 02624 at 25 °C and 1558 °C
and 5.805 fm for O.

MEM analysis was conducted using the 219 structure factors 25°C 1558 °C
obtained from Rietveld analysis, with the unit cell divided into 100 Lal—O1 x 3 2.487(3) 2.521(6)
x 100 x 80 pixels. The 100 reflection appearing at the lowest 20 tai_gg x g gggig; ggg%g

.. ° . . . al—03 x . .

pos1t.10n (ca. 12 ).was 1ncludf?d in the MEM analysis, as that peak Mal—O0] 2626 2680
provides information on the disordered arrangements of oxide ions. La2—O1 2.775(5) 2.838(9)
The iterative procedure, REMEDY cycle,z"22 was employed after La2—02 2.518(4) 2.621(7)
the MEM analyses to reduce the nuclear-density bias imposed by La2—03 x 2 2.480(2) 2.515(4)
the structural models adopted in the Rietveld analyses. Use of the izg:gi x 2 gg;ég; gggig

REMEDY cycle resulted in significant improvement in the reli- MLa2—O00 2:532 2:594
ability indices based on the Bragg intensities (R;) and structure Si,Mg—O01 1.634(6) 1.617(9)
factors (Rp; Table 1). The nuclear density obtained after the Si,.Mg—02 1.650(4) 1.605(7)
REMEDY cycle was drawn with VESTA program.*? Si,Mg—03 x 2 1.634(3) 1.629(5)

<Si,Mg—0> 1.639 1.617

05—Si,Mg 1.78(8) 1.9(1)

Results and Discussion 05—03 1.0(1) L.5(1)
03—03 5.252(4) 5.328(6)
(1) Refinement of Crystal Structure of Lagg(Sis.7o- La2—La2 3.946(3) 3.991(5)

Mg .30)O26.24. All the reflections in the neutron and synchro-
tron powder diffraction profiles of Lag eo(Sis70Mgo30)O26.24
were indexed with a hexagonal cell (@ = b = 9.7303(3) A
and ¢ = 7.2082(2) A at 25 °C; a = b = 9.8773(7) A, ¢ =
7.2982(4) A at 1558 °C, o = = 90°, and y = 120°). In
accordance with earlier reports,"g’lo"s"8 the rare earth
silicates and germanates belong to hexagonal space group
P6s/m, P3 or P6;. The space group P63/m has a center of
symmetry while the P63 does not. The SHG measurement
of Lag 71(Sis §1Mgo.13)O26.37 showed no signal, which indicates
that Lag7(Siss1Mgo.13)O2637 has a center of symmetry.
Therefore, the noncentrosymmetric space group P6; is ruled
out for the present Lag co(Sis70Mgo30)O2624 sample. The P3
symmetry can be excluded for this structure because it has
lower symmetry compared with P6s;/m. Therefore, P6s/m is
the correct space group for Lag ¢o(Sis70Mgo30)O26.24-
Rietveld analysis of the neutron powder diffraction data
of Lag e9(Sis 70Mg030)O26.24 measured at 25 and 1558 °C was

(32) Momma, K.; Izumi, F. J. Appl. Crystallogr. 2008, 41, 653—658.

performed on the basis of hexagonal P6s/m. The Si and Mg
atoms were assumed to occupy the same site, and occupan-
cies of the atoms were fixed at the values derived from the
chemical analysis (Table 1). In a preliminary analysis the
site occupancies of Lal and La2 atoms, namely, g(Lal) and
g(La2), were refined. The La2 site was determined to be fully
occupied, whereas the Lal site was about 93% occupied.
Refinement of oxygen occupancy factors resulted in a small
amount of vacancies (3%) only for the 2a site, whereas all
other oxygen sites were fully occupied. Oxygen O5 atoms
were placed at an interstitial site (127) near the hexagonal ¢
axis as was proposed in the literature,”'®'? and Rietveld
refinement gave the fractional coordinates (—0.004(9),
0.24(1), 0.60(1)) at 25 °C and (0.03(2), 0.20(1), 0.70(2)) at
1558 °C. The values obtained at 25 °C are in good agreement
with those reported in the literatures.”'®'® The distances
between O3 and OS5 atoms were short (Table 2); however,
when O5 atom is present locally, the silicate tetrahedron is
translated/rotated, and these distances are longer as discussed
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Figure 1. Rietveld fitting pattern for Lag 69(Sis70Mg0.30)O26.24 at (a) 25 °C and (b) 1558 °C. Crosses and lines denote observed and calculated profile intensities,
respectively. Short vertical bars represent Bragg reflection positions. The difference (observed — calculated) is plotted below each profile.

in the literature.®>*'® Such positional disorder in the silicate
tetrahedron is shown later in the present MEM nuclear
density maps. The number of O5 atoms per formula unit
was estimated to be 0.30 from the chemical composition and
charge neutrality, leading to the occupancy factors of O5
site to be 0.026 and 0.023 at 25 and 1558 °C, respectively.
We fixed the occupancy factors of oxygen atoms at the O5
site to be 0.026 and 0.023 at 25 and 1558 °C, respectively,
in the final refinements. The final refinements were performed
using anisotropic atomic displacement parameters (Uj;) for
all anions and cations, except interstitial oxygen (OS5) at 1558
°C, and SigosMgpes and (O5) at 25 °C. This model gave a
fairly large anisotropic atomic displacement parameter
Us3(04), which suggests oxide-ion diffusion along the c¢ axis.
Thermal motion of O5 atom was assumed to be isotropic
because of its small occupancy (Table 1). The technique of
partial profile relaxation'*** was applied to 10 reflections
with profiles broadening anisotropically. The resulting
calculated pattern agreed well with the observed one (Figure
1). Final crystallographic parameters and reliability indices
are listed in Table 1.

The positions of all cations and anions were almost
independent of temperature, except the interstitial oxygen
OS5 anion (Table 1). The atomic displacement parameters of
oxide ions were larger than those of the cations, suggesting
a larger diffusion coefficient for oxide ions. The oxygen
atoms O3 and O4 displayed large anisotropy in the atomic
displacement parameters (Table 1 and Figure 2a,c). The
atomic displacement parameters at 1558 °C were larger than
those at 25 °C, which indicates the larger dynamic disorder,

thermal motions, and atomic movements at higher temper-
ature of 1558 °C.

Figure 2a,c shows the crystal structures of Laggo-
(Si570Mgo.30)O2624 drawn with the refined crystallographic
parameters at 25 and 1558 °C, respectively. The structure
consists of six isolated [SiposMgoosO4] tetrahedra in the
hexagonal unit cell, and each tetrahedron contains three kinds
of fully occupied oxygen atoms (O1, O2, and O3). The
remaining oxygen atoms mainly occupy the O4 site on the
hexagonal axis, whereas a few oxygen (O5) atoms lie
midway between the tetrahedron and the O4 atom.

We did not detect any symmetry change between 25 and
1558 °C. The refined crystal structure of Lag 9(Sis 70Mgo30)-
Oy624 at 25 °C is similar with that reported for Al- and Mg-
doped and nondoped lanthanum silicates.''™'*%!° The
lattice parameters (Table 1) obtained at 25 °C are in good
agreement with those (@ = 9.73415(1) and ¢ = 7.21605(2)
A;a=9.725 A and ¢ = 7.208 A) for Lao ¢7(Sis sMgo5)O26'>
and Lag'e(SiimMgogo)O%_1,13 respectively. Compared with
nondoped Lag 33Si6056. '8 the lattice parameters obtained in
the present study are a little higher, which is ascribed to the
partial substitution of Mg (having higher ionic radius) for
the Si site. At a higher temperature of 1558 °C, the y
coordinate of the O5 atom approached the hexagonal ¢ axis,
while the z coordinate became closer to the O4 atom. A
similar trend was observed for the Lag33(SiO4)¢O, com-
pound.'® The interatomic distances obtained from the present
refined crystal structure at 25 °C (Table 2) are in agreement
with those of La9‘67(Si5‘5Mg0,5)02612 and L39A33(Si04)602.18
With increasing temperature the bond distances of Lal—O
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Figure 2. Refined crystal structure of Lag 9(Sis70Mgo.30)O26.24 at (a) 25 °C and (c) 1558 °C. Oxygen atoms (O3) which are members of the (Sig9sMgo.05)O4
tetrahedron migrate to the oxygen atoms (O4) located at the hexagonal axis through the interstitial oxygen (OS5) following a curved path (black arrows). (b
and d) Equicontour surface of the scattering amplitude distribution. Red arrows indicate a direct linear diffusion pathway of the oxide ions.
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Figure 3. Scattering amplitude distribution on (010) plane of the
Lag 69(Sis.70Mg0.30)O26.24 at (a) 25 °C and (b) 1558 °C with contours in the
range from 0.07 to 1.0 fm A= (step 0.2 fm A™3). At 25 °C density of O5
is very close to that of O3 and is not resolved.

and La2—O increase while Si,Mg—O distances decrease
slightly, which is also consistent with the literature.'®

(2) Nuclear Density Distribution and Oxide-Ion
Conduction of Lag g(Sis70Mg0.30)O26.24. Figures 2b,d and
4b show the isosurfaces of nuclear densities in the
Lag 60(Sis70Mg030)O26.24. The nuclear density contour map
from y = 0.0 to y = 0.01 projected onto the (010) plane is
shown in Figure 3. Figures 2b,d, 3, and 4b provide informa-
tion on the positional disorder and diffusion path of the
mobile oxide ions compared to the simple atomistic model
(Figures 2a,c and 4a).

The nuclear density distributions and their isosurfaces
(Figures 2d, 3b, and 4b) show three kinds of diffusion paths:
(1) a linear O4—04 diffusion pathway along the c axis, (2)
an 04—05 path along the a axis, and (3) a curved O5—03
path. An O4 atom is coupled with three 0O4—05—03

Figure 4. (a) Atomic arrangement of Lag eo(Sis70Mg0.30)O26.24 at 1558 °C
around the hexagonal axis. The deep and light red colors represent atoms
lying at upper and lower layers, respectively. Deep and light blue arrows
indicate migration pathway of upper and layers, respectively. (b) Equicontour
surface of the scattering amplitude distribution around the hexagonal axis
at 0.15 fm A~*
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migrating paths (Figure 4). The O4 oxide ions located at
the 2a (0, 0, 1/4) site on the hexagonal ¢ axis have a large
distribution along the [0010direction. The densities of the
04 atoms are connected with those of nearest-neighbor O4
atoms, which shows a diffusion pathway parallel to the ¢
axis. The O4 atoms migrate linearly to the nearest-neighbor
04 and followed a long-range, one-dimensional diffusion
path along the c¢ axis. The nuclear-density distribution
indicates diffusion pathway along the ¢ axis not only when
the refinement is performed with anisotropic thermal dis-
placement parameter but also when the refinement is
performed with isotropic thermal displacement parameter of
04 atom. The probability densities of O3 atoms were largely
distributed perpendicular to the ¢ axis and connected with
those of another O3 atom in the same tetrahedron via those
of the interstitial O5 atom, which indicates a short-range
movement among the O3—05—03 atoms (Figure 2d). This
migration path is nonlinear (U-shaped). The probability
densities of two kinds of oxygen atoms O4 and O3 migrating
parallel and perpendicular to the ¢ axis, respectively, connect
with each other through the densities of interstitial O5 atom.

The saddle point of the diffusion path along the ¢ axis
lies between two O4 atoms. This diffusion path is direct and
linear because there are no ions to affect the direction of the
linear pathway along the ¢ axis (Figure 4). At 1558 °C the
oxide-ion migration paths along the lines connecting O3—05
and O5—04 atoms are clearly visualized in the density
distribution (Figures 2d and 3b). At the midway between
03 and OS5 atoms the density of the coherent scattering length
is 0.30 fm A_3, whereas it is 0.17 fm A~> between O5 and
04. The O3 ions migrate to the 2a site (O4) through the
interstitial site (O5) following a curved path to maintain a
relatively constant distance from cations La2 (solid arrows
in Figure 4a), rather than a direct linear path (straight dotted
arrow between regular positions in Figure 4a). In many other
structural families, the migration pathway running between
equivalent atoms is curved,”*?® whereas in the present
apatite-type structure, migrating atoms follow a curved route
connecting three nonequivalent atoms (O3—05—04). The
03—05—04 diffusion paths can be connected through an
02 atom, leading to oxide-ion migration perpendicular to
the ¢ axis.

In the present work, we have observed two migration
pathways. One linear pathway (—04—04—) is parallel to
the ¢ axis, while the other (O3—05—04—05—03) is
perpendicular to the ¢ axis. The former is connected across
the unit cells, although the latter is not. Thus, the O4 ions
located at the hexagonal ¢ axis are the main migrating oxide
ions, and the pathway lies in the hexagonal channel of the
P63/m framework. These results are consistent with the
conductivity studies’®’ of apatite-type single crystals
Reo33(Si04)0, (Re = Pr, Nd, Sm). Those studies demon-
strated that the conductivity component parallel to the ¢ axis
is higher by about 1 order of magnitude than the perpen-
dicular component. Previous reports in atomistic simulation
and neutron diffraction studies®*'®'? have suggested that
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the interstitial oxide ions migrate with a nonlinear path along
the ¢ axis without involving oxide ions located at the
hexagonal axis (O4 in Figure 2). Here, we have found the
interstitial oxide ions (O5) to be a connecting point between
the O4 (located at hexagonal axis) and O3 (member of
tetrahedron) oxide ions. The O4, O5, and O3 ions form
diffusion paths perpendicular to the ¢ axis. Therefore, the
interstitial oxygen atoms would increase the oxide-ion
diffusion perpendicular to the ¢ axis in an apatite-type
structure. This is consistent with high ionic conductivity in
apatite-type phases with the oxygen excess.'”®

Compared to nondoped Lay33(Si04)0,,'® the present
compound Lag ¢9(Sis70Mg0.30)O2624 (Mg doping on Si site)
shows an expansion of unit cell parameters. The Si,Mg—Ol1,
Si,Mg—02, Si,Mg—O03 bond distances of the present
L39A69(Si5_70Mg0_30)02(,‘24 are hlgher than those of L39A33-
(Si04)s05,"® which indicate an expansion of [SigosMgg.0504]
tetrahedra. The expansion of tetrahedral coordination sphere
by doping Mg on Si site would improve the ionic conductiv-
ity. Similar speculation of enhancing the ionic conduction
by doping Mg on the Si site was also done by Yoshioka''®
and Kendrick et al.'> The O4 atoms migrate along the ¢ axis
through a triangle formed by O3 atoms (O3—03—03). This
is the conduction channel by which the oxide ion (O4) can
go through. Substitution of Mg?* ion (having higher ionic
radius and lower valence) for Si site increases the size of
03—03—03 triangle. At 25 °C the bond distance O3—03
obtained in the present study is 5.252(4) A, which is little
higher than that reported for nondoped lanthanum silicate
La9‘33Si602618 (5212(3) A) and La9‘55Si6026,3219 (52486(12)
A). An increase of the size of 03—03—03 triangle indicates
the expansion of the conduction channel which enhances the
migration of O4 atoms to the nearest-neighbor O4 along the
¢ axis. The migration of O4 ion occurs through a vacancy
mechanism. The nonlinear migration of O3—05—04—05—03
atoms is via an interstitial mechanism. The oxygen excess
introduces oxygen atoms at the interstitial site (O5), which
also enhances the conductivity. Diffusion pathways in simple
perovskite- and fluorite-type structures have been visualized
in the past,>*® whereas here the diffusion pathway for a
complicated apatite-type structure is visualized for the first
time.
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