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In the system Na,O-Fe,0;~FeO—As,0;, Na,Fe,(AsQ,), is one
of the end members of a large domain of nonstoichiometry, includ-
ing the sodium ion conductor II-Na;Fe,(AsQ,);. It is rhombohe-
dral, space group R3¢, with cell constants ¢ = 13.807(1) and ¢ =
18.354(3) A, and Z = 6. The structure is closely related to that
of II-Na;Fe,(AsQ,); and differs from it by a partial reduction of
Fe'll into Fe!, associated with an increase in sodium content for
charge compensation; the reduction is localized on the Fe(1) site,
and the Na(2) site is totally occupied, so that the structural formula
can be written as Na(1)Na(2)¢Fe''(1)Fe™(2);(AsQ,)s. Na,
Al;(AsO,); undergoes at 44°C a reversible phase transition a =
B. The B form is rhombohedral and isotypic with I[I-Na,
Fe,(AsQ,);. The room-temperature form, e, differs from # by a
slight moenoclinic distortion: ¢ = 14.551(2}, & = 13.3031), ¢ =
9.782(1) A, B = 96.88(1)°, space group C2, and Z = 8. The sodium
jons exhibit a long-range ordering: among the six available sodium
sites derived from the Na(2) site of the B form, five are totally
occupied and one is vacant. A comparison with the structure of
II-Na;Fe;(AsO,); reveals some important displacements of Na
positions toward the vacancy J(26), which probably result in a
minimization of electrostatic repulsions. A close examination of
the framework distortions indicates that the loss of symmetry (8,
rhombohedral — e, monoclinic) could be associated with a loss
of the three-dimensional character of the conduction. © 1995 Aca-

demic Press, Inc.

INTRODUCTION

The arsenates Na,M,(AsO,); (M = Al, Ga, Cr, Fe) (1,
2) do not have the Nasicon structure which is adopted by
the corresponding phosphates Na;M,(PO,), (M = Cr, Fe}
(3-5). They exhibit two structural modifications and, for
Na,Fe,(As0,},, the ionic conductivity of the high-tem-
perature form (II, rhombohedral) was found to be three
orders of magnitude higher than that of the low-tempera-
ture form (I, garnet-type).

The crystal structure of 11-Na;Fe,(AsO,), (6) consists
of a three-dimensional framework [Fe,(AsO,)¢]. into

! To whom cotrespondence should be addressed.

which the sodium ions are inserted. The Na* ijons are
distributed over two sites: Na(1) and Na(2). Na(2} is par-
tially occupied (occupancy factor + = 5/6) and the struc-
tural formula is: Na(1)Na(2)OFe(1)Fe(2),{As0 ).

Depending on the conditions of preparation, *‘nonstoi-
chiometric’* crystals can be obtained, which result from
partial substitution of Na* and/or Fe?* for Fe’'. The
compound Na,Fe,(AsQ,), (i.e., Na;Fe'Fel'(AsO,),) is
one of the end-members of the nonstoichiometric domain.

At 44°C Na,AlL(AsO,); undergoes a reversible phase
transition & = §, which was evidenced by DTA, conduc-
tivity measurements (Fig. 1), and X-ray powder diffrac-
tion. The high-temperature form # is rhombohedral, iso-
typic with II-Na,; Fe,(AsQ,);. The room-temperature form
« differs from B by a slight monoclinic distortion, which
was assumed to be associated with a long-range ordering
of the sodium ions (2).

In the present paper we report the crystal structures
of Na;Fe (AsO,) and a-Na,Al,(AsO,),. This work was
undertaken in order to confirm and specify

(i) the mechanism of the nonstoichiometry observed
in II-Na;Fe,(AsO);;

(ii) the long-range ordering of the Na™ ions in o-Na,
Al;(AsQ,);. The positions of the sodium sites are exam-
ined as well as the atomic displacements associated with
the distortion of the framework; then, models of conduc-
tion paths are discussed.

EXPERIMENTAL

Synthesis and Characterization

Crystals of 1I-Na,Fe,(AsO,), were grown in a flux of
sodium arsenate from the starting mixture 13 Fe,0, + 21
Na,As,0; + 24 NaH,AsO, - H,0. After a progressive
heating to 840°C, the mixture was melted at 1025°C,
cooled to 500°C at a rate of 5°C - min™! and then to room
temperature (15°C - min~!), with the melting and cooling
operations being carried out in a flow of N,. The crystals
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FIG. 1. Temperature dependence of the conductivity {¢) of [I-Na,
Fey{AsO,); and Naz Al {AsO), (2).

obtained after washing in water are darkish. Microscopic
observations reveal them to be uniaxial negative and pleo-
chroic: brown vellowish along ¢, dark gray perpendicular
to ¢. Chemical analyses led to Fel! and (Fe! + Felll)
contents of 4,34 and 14.04%, respectively, corresponding
to the formula NaggFellosFelt(AsQ,),. The selected
crystal had an irregular shape and was elongated approxi-
mately along [721].

Crystals of Na;Al,(AsQ,); were also obtained by flux
techniques. The starting mixture 2AHOH), + Na,As,
0O, + 4NaH,AsO, - H,0O was progressively heated and
melted up to 765°C, cooled to 670°C at a rate of 2°C -
min~!, and then quenched. The resulting solid was mainly
vitreous, but some crystals could be isolated after a pro-
longed immersion in water. Preliminary X-ray ditfraction
investigations by means of the Weissenberg and preces-
sion methods indicated that the selected crystal was
slightly twinned with one or two secondary domains in
which the twofold axis was oriented from that of the main
domain by a 120° rotation about the threefold pseudorota-
tion axis. The crystal was elongated on [010] and delimited
by {111} and {100}.

X-ray powder diffractograms of Na,Fe,(AsO,);, 5-
Na,Al,(AsO,);, and a-Na;Al,(AsO,); are presented in
Table 1; d values have been corrected using Al,(P,O,);
as an internal standard (7). The cell parameters refined
from the diffractograms are reported in the Abstract. They
differ slightly from the values calculated from single crys-
tal measurements (Table 2), especially in the case of a-
Na3A]2(ASO4)3 .

Structure Determination

Intensities were collected on an automatic four-circle
diffractometer, using MoKa radiation. Crystal data and
experimental conditions for intensity measurements and
refinements are reported in Table 2. Atomic scattering
factors and anomalous dispersion corrections were taken
from (11). The programs used have been developed locally
from classical ones.

(a) Na,Fe (AsQ,)s. The structure of the isotypic com-
pound II-Na,Fe,(AsQ,), was used as a starting model.
Atomic coordinates and anisotropic thermal motion coef-
ficients were refined in the space group R3c¢. Anharmonic
corrections were applied to As and Na by using doubly
contracted (instead of third- and fourth-rank) tensors. The
occupancy factors, 7, of the Na(2) and Fe(2) sites were
refined and found to be very close to 1 {then fixed at 1
for Fe(2)). The final R values are R = 4.87% and R, =
5.75%. Final atomic parameters are listed in Table 3.
Selected interatomic distances and angles are given in
Tabie 4.2

(b) o-Na,Al,(AsO,),. Weissenberg and precession
photographs indicate the presence of weak reflections 40/
with{ = 2n + 1. (Particularly worth noting is the fact that
reflections 210/ with / = 2n + 1 are clearly observed: they
are equivalent to reflections 0{.3/ in the pseudohexagonal
cell and their presence on the photographs cannot be
interpreted as a consequence of the twinning.) Then the
unique reflection condition is hkl: h + k = 2n. Of the
three possible space groups C2, Cm, and C2/m, only C2
is a subgroup of R3c, the space group of the 8 form.

The atomic coordinates (x;, yy, z,) of [I-Na;Fe,(AsO,),
(rhombohedral, hexagonal umii-cell) were transformed
into (xn, ¥m» Zu) (monoclinic description) according to
the relationships indicated in Fig. 2.

In the first stage, refinements were performed in the
space group C2/c as an intermediate fictitious solution.
Thus, any site A(n) in general position in the space group
R3c was split into three independent sites, A(nl), A(n2),
and A(n3), in the space group C2/¢ {Table 5). The occu-
pancy factors, 7, of the Na(21), Na(22), and Na(23) sites
were refined and found to be equal to 1, 1, and 0.5, respec-
tively. -

Then the structure was solved in the space group €2,
which differs from C2/c by the loss of the inversion center.
Any site A(np) (p = 1, 2, or 3) in general position in

C2fc generates two sites: A(np} and A{n(p + 3)). The

Na(23) site was found to be totally occupied in C2 while
the Na(26) site was vacant. At this step, refinements led
to an R value of 9.8%. A significant improvement occurred

? Lists of structure factors and anisotropic thermal motion parameters
are available upon request from the authors.
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TABLE 1
X-Ray Powder Diffraction Data®

N37Fe4(AS 04)6

I, dop!A  deg/A

55 7.282 7.280
2 6910 6.903
28 4.576 4.579
15 4.388 4.388
1 4.283 4.284
9 4055 4.054
3 3984 3.986
I Ja4al 3.640
26 3.451 3.452
5 3.263 3.263
22 3220 3.220
5 3118 3.119
4 3.059 3.059
23 3.006 3.006
100 2.8493  2.3493
5 2.8430  2.8423
15 27130 2.7130
10 2.6885  2.687%
45 2.6093  2.6093
1 2.5040  2.5047
17 24610 2.4608
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8-NazAl(AsOg)y (50°C)

I, dopdA  degfA hkd
40 7205 7.200 012
3 6643 6640 110
20 4514 4514 113
8 4284 4284 1 0.4
45 4233 4132 21}
16 3933 3.933 122
6 383 384 300
2 3600 3.600 024
30 3321 3320 229
25 3165 3165 214
15 3144 3.043 131
15 3078  3.078 0056
4 3015 3015 312
200 29220 2923 223
100 2.8153  2.8147 (25
8 2.6243 26244 134
12 26118 26121 32
20 25101 25099 419
4 24405 24407 404
0 24143 24182 315
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m-Na3Alz(ASO4)3

dops/A  deafA hki
7224 7223 200
7.190 7.191 111

6651 020
6636 [ge0 111

4528 310
4525 [450 221
4498 4497 112
4293 4203 311

4274 202

4239 130
4236 (493 221
4216 4216 112

3937 311
393 L3gs 131
1922 3922 022
3.836  3.8% 131
3.826 383 202

3612 400
3597 3596 222
33256 33257 040
33154 33148 222

34739 420
39731 [370708 331

31506 -113
31492 (3 06s 041

31398 312
3103 [3739 133
3.0801  3.0799 -402

3.0200 240
30205 [ 30191 331
30016 30016 113

292712 421
29264 (39565 241
29108 29108 023
28237 28234 510
28160 2.8155 -332
2.8070  2.8066 223
26293 26299 511
26244 26247 242

26176 -133
26172 {36166 150
26113 26114 332
2.6044 26043 223
25125 2.5128 151
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25034  2.5034 313
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* Guinier camera, CoXa; radiation. The intensities listed are either estimated visually
(f.) or calculated from single crystal data (/.). For a-Na;Al,(AsOQy)., A, k, land &' k', I
are the indices expressed with respect to the monoclinic and the pseudohexagonal cell,
respectively. For 8-Na;Aly(AsO,);, @, = 13.281(2) A and ¢, = 18.467(3) A Q).

when taking into account the slight twinning mentioned
above, The relative proportions of the three twin compo-
nents were refined and found to be equal to 88, 7, and
5%. Anisotropic thermal motion factors were refined for
the Na and As sites only. For the oxygen sites, the temper-
ature factors B(A(np)) and B{Aln(p + 3))) were con-
strained to be equal. The final R values are R = 4.13%
and R, = 4.71%. Final atomic parameters are listed in

35

Table 6. Selected interatomic distances and angles are
given in Tables 7 and 8.2

ence for the following descriptions.

STRUCTURE OF 1I-Na,Fe,(AsO,},

The main features of the crystal structure of II-Na,
Fe,(AsQ,), (6) are reported here and will serve as a refer-



36

MASQUELIER, D'YVOIRE, AND COLLIN

TABLE 2
Crystal Data and Experimental Conditions for Crystallographic Analysis of
Na,Fe, (AsO,); and a-Na;Al;(AsO,);

NagFe,(AsOa)ﬁ a-Na;Alz(ASOdﬁ

Crystal data

Crystal system Rhombohedral Monoclinic

Space group R3c c?

a(A) 13.794(4) 14.576(6)

b(A) 13.794(4) 13.409(6)

e (&) 18.360(6) 9 728(5)

B 90 96.95(4)

¥ () 120 90

vV (AY 3025(2) 1887(2)

V4 6 8

Formula mass (amu) 1217.8 539.7

Crystal size (mm) 0.3 x 0.15 x 0.10 G.19 x 0.16 x 0.04

Dx (g-cm™) 401 3.80

p{MoKa) (mm~') 12.84 10.92
Intensity measurements

Monochromator Graphite

A(MoKa) (A) 0.7107

T (K} 294

Scan mode 8 — 26

H Range %) 2-325
Refinements

Number of reflections collected 1450 31696

Number of unigue reflections
Absorption corrections
Refinement method
Weighting scheme
Agreement factors

881 (7 = 1o (D)

R =0.04%
Ry

2688 (I = 3g(I))
Integration from crystal shape
Full-matrix least-squares on F
unitary

R = 0.041

= 0.057 R, = 0.047

The space group is R3c. A three-dimensional frame-
work [Fe,(AsO4)¢]... made up of Fe 05 clusters linked
to AsO, tetrahedra (Fig. 3), delimits an interstitial space
within which the Na™ ions are distributed.

Each Fe, 0,5 cluster is built up of a central octahedron
Fe(1)O, sharing three edges with Fe(2)O¢ octahedra. This
arrangement probably results in some constraints around
the Fe(l) site, since the Fe(1)-0O(3) distance (1.987(5) A)
is significantly lower than the mean Fe(2)-O distance
(2.016 A).

Each tetrahedron shares two oxygens, O(1) and O(3),
with one cluster and one oxygen, O(2), with another clus-
ter. The fourth oxygen, O{4), belongs to the tetrahedron
only and lies in the environment of the sedium ions, The
As—0(4) distance is the shortest one {1.634(6) A) and O(4)
displays a high equivalent isotropic temperature factor
(1.8(2) A?),

The sodium ions are distributed over two sites and are
partially disordered: Na(l) is fully occupied and octahe-
drally surrounded (3 symmetry) by the oxygen O(4) with
a Na-O distance of 2.375(6) A. Na(2) is partially occupied
(7 = 5/6) and has an irregular environment of nine oxygen

atoms, with Na—Q distances ranging from 2.29 to 3.12
A. The Na(1) site is surrounded by a sextuplet of Na(2)
equivalent positions. Each Na(2) position has two neigh-
boring Na(2) positions belonging to the same sextuplet
and one neighboring Na(2) position belonging to another

TABLE 3
Occupancy Factors, Atomic Coordinates, and Isotropic
Temperature Factors of I1-Na,Fe,(AsQ,),

Atom Occupancy x y z B (A%°
Na(l) 1 0 0 0 1.31(22)
Na(2)  0982) 0.79154)  0.0166(4) 0.0537¢)  L.74(15)
Fe(1) 1 0 0 1/4 0.5%7)
Fe(?) 1 0.7804(1) 0 1/4 0.47(6)
As i 0.18456(6) —0.01130(6) 0.14550(5) 0.56(2)
o) 1 0.5279(3) 0.0620(5) 0.1472(3) 0.97(18)
0O(2) 1 0.7130(5) 0.0545(5)  0.1781(3)  1.00(19)
o3 1 0.5924(5) 0.1874(5)  0.0210(3) 0.88(17)
0@ { 0.0251(6)  0.1644(6) 0.06083)  1.14(19)

!By, = 8/ ZE Ugatala;-a,

Y
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TABLE 4

Selected Interatomic Distances (&)

and Angles (c) in Na7Fed(ASO4)5

AsQ, tetrahedron®

As ol O(2) 03) ()
o) 1.704(5) 2.668(9) 2.851(9) 2.761(9)
0(2) 103.3(3) 1.698(7) 2.751(%) 2.833(9)
o 113.5(3) 107.9(3) 1.704(6) 2.681(%)
O 110.7(3) 115.5(3) 106.0(3) 1.651(7)
Fe(1)O, octahedron
Fe(1)-0(3) x& 2.086(6) O-Fe(1}-0(3") x3 86.52(35)
03)-0(3")y =1 2.86(1) 0(3)-Fe(1)-0(3") x3 87.96(37)
O3)»-033"  x1 2.50(1) O(3)-Fe(1)-0(3""y x6 92.76(25)
03)-03' x1 3.0 O(3)-Fe(1)-0(3""}y %3 179.01(35)
O(1-0(3") x1 4.17(1)
Fe(2)Qg octahedron?
Fe(2) 02) . 002) o(1) o 0(3) 03)
02) 1.967(7) 2.94(1) 3.057(9) 2.69%9) 2.829(9) 4.03(1)
0(2) 96.8(4) 1.967(7) 1.980(6) 3.94() 2.758(8) 2.769(9)
(1) 101.5(3) 86.3(3) 1.980(6) 3.94(1) 2.758(8) 2.769(9)
o 86.3(3) 101.5(3) 168.4(4) 1.980(6) 2.769(9) 2.758(8)
03) 88.7(3) 170.93) 85.6(3) 86.0(3) 2.079(6) 2.86(1)
03 170.9(3) 88.7(3) 86.0(3) 85.6(3) 86.9%(4) 2.079(6)
NaO, polyhedra
Na(1)-0(4) =6 2.392(7) Na(2)-0(2) x1 2,688(8)
Na(2)}-O4) %1 2.827(9)
Na(2)-0{4) x1 2.288(8) Na(2)-0¢1) x1 3.019(8)
Na(2)-0d) x1 2.5149) Na(2}-0(1) x1 30718
Na(2)-0O(1) x1 2.529(8) Na(2)-0(3) x1 2.940(8)
Na(2)-0(2) x1 2.597(8)

¢ As-Q and Fe-O distances are underlined. The O-0O distances are given above the diagonal, the O-As-0 and O-Fe-O

angles are given below.

sextuplet. After a close examination of the radius of the
oxygen windows (i.e., the distance from the center of the
window to the oxygen atoms lying at the corners) which
separate neighboring sodium sites, d’Yvoire et al. (6) sug-
gested two models of conduction paths (Fig. 3):

(a)
(b)

---Na(2)]-[Na(2)---Na(1)-:-Na(2)]-[Na(2)---Na(l)---
--Na(2)]-[Na(2)---Na(2)]-[Na(2)---

{The square brackets enclose Na positions belonging to,
or centered instde, the same sextuplet.) These models
have in common the ---Na(2)]-[Na(2)::- sequence, in
which the Na(2) positions belong to different sextuplets
and are separated by a wide quasirectangular window with
R = 2.38 A. In contrast, two neighboring Na positions
Na(2)---Na(2) belonging to the same sextuplet as well as
Na(2)---Na(l), are separated by narrow windows with
R =189 and R = 1.91 A, respectively.

The high value of the temperature factor on the Na(2)
site (B,, = 3.98(26) A?} is in favor of the b-model but
ion-exchange experiments, which lead to a quasi-total
substitution of Ag® of Li* for Na™, suggest that Na(1)

might also be involved in the conduction process (a-
model}).

STRUCTURE OF Na,Fe,(AsO,),

The structure, described in the space group R3c, is very
similar to that of II-Na,Fe,(AsQ,), (called stoichiometric)
but differs from it by three main specific features:

—The occupancy factor of the Na(2) site is very close to
1 (7 = 0.98(2)) while it is equal to 5/6 in the stoichiometric
crystal. The quasitotal occupancy of the Na(2) site is
accompanied by a significant decrease in the average
Na(2)-0 distance; 2.719 A against 2.745 A.

—The average Fe(2)—O distance (2.009 A) is virtually
the same as in the stoichiometric compound (2.016 A)and
can be considered as characteristic of iron in the oxidation
state +3. The Fe(l} site is fuily occupied in both com-
pounds but the Fe(1}~O(3) distance is much longer in
Na;Fe,(AsO,)s (2.086(6) A) than in II-Na,Fe,(AsO,),
{1.987(5) A). This difference of 0.10 A suggests that, in
Na,Fe(AsQ,)g, the Fe(l) site is occupied by iron in the
oxidation state +2. Similar observations were reported
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FIG. 2. Geometrical relationships between the hexagonal unit cell (ay, b, ¢,) (space group R3c) and the monoclinic unit cell (8, by, ¢y) Of
Na3Alz(AsO4)3:

an = ﬂhlq - bh/3 + 2ch/3,

—ap — bh' Cy = ﬁhlg - th'B - ch/3

Left, projection along {001],. Lattice points at z, = 0, 1/3, and 2/3 are represented by full circles, full triangles, and open triangles, respectively.
Right, projection along [010],,. The space group considered here is C2/c, which corresponds to an intermediate fictitious solution. The atomic
coordinates xy, yp, z, of II-Na;Fe,(AsO,)}; (rhombohedral) were transformed into x, yp,. 2, (monoclinic) according to the following relationships:
Xp =00, — )2+ 2z, — MW, ¥y = —(0y + y W2 — 14, and 2,y = x,, — yp — 2, In order to be consistent with the description of the *‘International
Tables of Crystallography,” the origin was shifted by (a,, + by)/4. For the description in the C2 space group, it must be translated again by ¢,,/4.

TABLE 5

Differentiation of the Na and Al Sites in the Space Groups R3¢, C2/c, and (2

B-Na; Al (AsO.), Na, Al (AsO.); a-Na;Al{AsO,),
Rhombghedral Monoclinic Monoclinic
R3¢ C2le 2
Z=1 Z=8 Z=8
Site Position Symmetry T Site Position Symmetry T Site Position T
Na(l) 6b 3 1 Na(l) 4c 1 1 Na(l) 4c 1
Na1) 4c 1
Na(21) & ! ! Na(24) 4 1
Na(22) 4c 1
Na(2) 61 1 5i6 Na(22) 8f i 1 Na(29) a |
Na(23) 4c 1
Na(23) 8f 1 0.5 Na(26) P 0
Al(11) 26 1
Al 6a 12 1 Al(D de 2 1 Al(1d) byl )
Al21) 4o 5 . Al21) 26 1
Al(24) 2a 1
Al(2) 18¢ 2 1 12 ] |
Al(22) 8f i i Al22) ¢
: AlZ5) 4c 1
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TABLE 6
Atomic Coordinates and Isotropic Temperature Factors of
a—Na3A12(ASO4)3
Alom x ¥ z B(AY®
Na(l) 0.2512(5) 0.751(1) 0.2378(8) 1.44(22)
Na(21) 0.1844(5) (1.544(1) 0.2673(7) 1.26(24)
Na(24) 0.7984(5) 0.499(1) 0.173(1) 2.39(26)
Na(22) 0.0998(6) 0.862(1) 0.075(1) 1.92(40)
Na(25) 0.9002(6) 0.132(1) 0.4092(9) 1.19(31)
Na(23) 0.8132(5) 0.359(1) 0.5166(8) 1.96(30)
Al(in 0 G.750(1) 1/2 0.56(4)
Al(14) 0 0.250(1) 0 0.56(4)
Al21) 0 0.529(1) 172 0.82(14)
Al(24) - 0 0.469(1) 0 0.53(12)
Al(22} 0.3877(4) 0.357(1) 0.2805(6) 0.60(8)
Al(25) 0.6095(4) 0.638(1) 0.2229(6) 0.58(9)
As(11) 0.1938(1) 0.644(1) 0.5741(2) 0.60(6)
As(14) 0.8082(1) 0.348(1) —0.0827(2) 0.57(6)
As(12) 0.4594(1) 0.162(1) 0.19%0(2) 0.53(N
As(15) 0.4933(1) 0.832(1) 0.2974(2) 0.58(7)
As(13) 0.1065(1) 0.934(1) 0.4053(2) 0.65(7)
As{16) 0.8923(1) 0.058(1) 0.090%(2) 0.53(6)
o(11) 0.1282(9) 0.542(2) 0.570(1) 0.76(9)
0(14) 0.8782(9) 0.451(2) -0.087(1) 0.76(9)
O(12) 0.4156(9) 0.251(2) 0.169(1) 0.84(8)
0O(15) 0.576X9) 0.746(2) 0.336(1) 0.84(8)
0(13) 0.1302(9) 0.949(2) 0.577(1) 0.68(8)
O(16) 0.8728(9) 0.042(2) —0.084(1) 0.68(8)
021 0.0384(9) 0.435(2) 0.374(1) 0.71(%)
0(24) 0.9599(%) 0.551(2) 0.130(1) 0.71(9)
(81¢24] 0.9277(5} 0.946(2) 0.153(1) 0.7%49)
0(25) 0.0675(9) 0.050(2) 0.354(1) 0.72(9)
0{(23) 0.7406(9) 0.360(2) 0.765(1) 0.84(9)
026} 0.2666(9) 0.640(2) —0.280(1) 0.84(9)
o3 0.0221(9) 0.643(2) 0.378(1) 0.73(7)
0(34) 0.9760(9 0.351(2) 0.119(1) 0.73(1
032} 0.0187(% 0.848(2) 0.36%1) 0.67(8)
0(35) 0.9814(9) 0.145(2) 0.126(1) 0.67(8)
0(33) 0.625(1) (.249(2) 0.576(1) 0.60(8)
0(36) 0.376(1) 0.740(2) —0.083(1) 0.60(8)
0(41) (.2488(8) 0.655(2) 0.438(1) 0.91(10)
O(44) 0.7535(8) 0.356(2) 0.055(1) 0911
0(42) 0.601(1) 0.195(2) 0.152(1) 1.02(9)
0(45) 0.397(1) 0.796(2) 0.352(1) 1.02(9)
043 0.196(1) 0.895(2} 0.326(1) 0.99(9)
0(46) 0.807(1) 0.101(2) 0.165(1) (.99(9)

*Na and As atoms anisotropically refined: B,, = (8/3)z? 2.5,
UjaFafaca;.

for mixed-valence Fe"-Fe!! compounds (8, 9). The struc-
tural formula of the studied crystal can be written Na(1)
Na(2)¢Fe!'(1)Fe!"(2),(As0Q,); and the mechanism pre-
viously proposed (6) to account for the nonstoichiometry
phenomenon is confirmed: a substitution of Fe?* and/or
Na' for Fe’t occurs in the Fe(l) site and is compensated
for by a higher occupancy of the Na(2) site for charge
balance.

—The thermal motion factors are significantly lower in
the nonstoichiometric crystal, especially on the Na(2) site.

This suggests a decrease in ionic transport properties as-
sociated with the decrease of the vacancy/Na ratio within
the interstitial space.

A confirmation of this point would require good conduc-
tivity measurements on single crystals or dense ceramic
samples of appropriate size. As yet such samples have
not been elaborated. Moreover, besides the ionic conduc-
tion, an electronic one could be induced by the presence
of mixed valence Fe!'-Fe!! in the material.

STRUCTURE OF a-Na,Al,(AsG,);

The structure of a-Na,;Al,(AsQ,),, described in the
space group C2, is characterized by a long-range ordering
of the Na™ ions. The phase transition between the high-
temperature form g (isotypic with II-Na;Fe,(AsO,),) and
the o form adopted below 44°C is accompanied by a small
monaoclinic distortion, without any breaking or creating
of interatomic bonds in the framework.

Sodium ion distribution. The arrangement of the so-
dium sites in a-Na,Al,(AsQ,), is shown in Fig. 4, which
clearly illustrates the loss of rhombohedral symmetry.
The Na(1) site, fully occupied, is surrounded by six inde-
pendent Na(2p) sites (p = 1 to 6) among which five are
totally occupied (Na(2l) — Na{25)) and one is vacant
(0O(26)).

The Na—Na distances in a-NajAl,(AsQ,); were calcu-
lated. In Table 9, they are compared with the correspond-
ing values obtained from the Na coordinates of II-Na,
Fe,(As0,), applied to the a-Na;Al,{AsQ,), lattice. Im-
portant shifts of the three sodium sites Na(24), Na(21)
and Na(22) toward the vacancy C(26) are observed: 0.35,
0.25, and 0.12 A, respectively. This suggests that the
ordering is associated with a minimization of electrostatic
repulsions between neighboring Na* ions. A similar ob-
servation was recently reported for the ordered form « of
Na,Fe,(P,05),(10). The other Na(2p)-Na(2p') distances
are slightly increased and the Na(1)-Na(2p) distances re-
main quite unchanged, except the Na(l)-Na(24} one, for
which the increase (+0.40 A) seems to be a direct conse-
quence of the displacement of the Na(24) site toward the
Ci(26) vacancy.

AsQy tetrahedra. There are six independent tetrahe-
dra (Tabie 7) and the mean As-Q distance (1.690 A)o is
very close to that observed in [I-Na;Fe,(AsO,); (1.688 A).

AlO, octahedra. (Table 8). The central octahedra
Al(11)0O, and Al(14)Q4, which belong to the two crystallo-
graphically independent clusters Al Oz, are slightly dis-
torted. In the other octahedra, the Al-O distances range
from 1.83(1) to 2.03(2) A. The shortest ones correspond
to the oxygen atoms O(24), O(12), and O(26) which sur-
round the sodium vacancy [(26}. In both Al,O,, clusters,
the Al-O distances are significantly shorter in the central
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TABLE 7
Interatomic Distances (A} and Angles (°) in AsO, Tetrahedra of a-Na;Al,(AsQ,),

As(11) 041 0(26) o 0(33) As(14) O(44) 023 0314 0(36)

0O(41) 1.63(1) 2.73(2) 2.76(2) 2.6%(2) Otad) 1.64(1) 2.30(2) 2.73(2) 2.832(2)
0(26) 11T.6(6) 1.66(1) 2.68(2) 2.772) 0(23) 113.8(6) 1.68(1) 2.62(2) 2.82(2)
o(11) 113.2(6) 107.007) 1.67(1) 2.78(2) 0(14) 108.4(6) 101.0(6) 1.72(1) 2.83(2)
033) 106.0(7) 109.5(7) 109.6(6) 1.73(2) 0(36) 112.4(6) 110.4(7) 109.1(6) 1.76(2)
As(12) 042) 0Q24) 0(12) oG As(15) 0(43) 0en 0(15) 0(34)

O(42) 1.66(1) 2.80(2) 2.83(2) 2.69(2) 0(45) 1.63(1) 2.76(2) 2.72(2) 2.76(2)
024 112.8(6) 1.71(1} 2.7%2) 2.76(2) o 113.9%(7) 1.66(1) 2.61(2) 2.76(2)
0(12) 114.6(8) 109.9(7) 1.71{1) 2.80(2) 0O(15) 110.2(8) 103.7(7) 1.68(2) 2.80(2)
o031 104.2(7) 106.2(7) 108.6(7) 1.75(1) 0(34) 110.0(7) 109.2(8) 109.6(7) 1.74(1)
As(13) 0(43) 0(25) 0(13) 032 As(16) 0(46) 0(22) 016} 0O(35)

O(43) 1.65(1) 2.80(2) 2.81(2) 2.75(2) 0(46) 1.62(2) 2.74(2) 2.82(2) 2.69(2)
O(25) 112.3(7) 1.71(1) 2.63(2) 2.81(2) oz 112.2(7) 1.68(2) 2.67(2) 2.81(2)
%)) 15.0(7) 101701 1.68(2) 2.66(2) O(16) 116.4(7) 104.300 1.70(1) 2.792)
0(32) 108.4(7) 109.4(7) 109.9(7) 1.73(2) 0(35) 106.0(7) 109.9(7) 108.0(7) 1.75(2)

Norte. The As—O distances are underlined. The O-0 distances are given above the diagonal, the O-As-0O angles below.

octahedron than in the three others, as previously ob-
served for the Fe(1)-C and Fe(2)-0 distances in 1I-Na,
Fe,(As0,);.

Oxygen windows. The radii R of the oxygen windows
which separate neighboring Na sites were systematically
examined (Table 9). Three kinds of windows must be
taken into account:

(i) The windows which separate two neighboring
Na(2p) positions belonging to different sextuplets. They
are the widest ones: R = 2.38 A for II-Na,Fe,(AsOQ,),;
the substitution of Al for Fe does not lead to significant
variations in R, except for the O(16)0(14)O(26)0(24) win-
dow which separates Na(24) from the vacancy [J(26):
R=248A.

(il Those that separate two Na(2p) neighboring posi-
tions belonging to the same sextuplet (R = 1.89 A for II-
Na;Fe,(As0,);). Three of them become very narrow

0,
N @
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FIG. 3.

[eed]
I_. f210]

Partial representations of the structure of I1-Na,Fe,{As0,); showing the arrangement of FeO; octahedra (shaded) and AsO, tetrahedra.

(R < 1.85 A) and the two widest ones are located in the
vicinity of the vacancy [J(26).

(iii) Those which separate the Na(l) site from the six
neighboring Na(2p) sites: similarly, the widest one (R =
1.97 A) separates Na(l) from the vacancy.

DISCUSSION

The present crystal structure determination of the ordered
form « of Na;Al,(AsO,), enabled us to have a better
understanding of the interactions between the mobile ions
along the two possible conduction pathways which were
proposed for the disordered form B of II-Na,
Fe,(AsO,); (6).

The Na(24)-(26) sequence in Na;Al,(AsO,}; is com-
mon to both models of conduction paths (z and b) and,
because of its large size, the oxygen window which sepa-

The numbers refer to oxygen atoms. Filled circles: Na(l). Open circles: Na(2). Left, projection along [001]. Right, projection along [010], The a
and # models of conduction paths (a in black, b with lozenges) and two triangular oxygen windows are represented.
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TABLE §
Interatomic Distances (A) and Angles (°) in AlO; Octahedra of «-Na;Al(AsO,);

Al(11) 0(32) 032 0(33) 0(33) O 031
032) 1.87(2) 2.68(3) 2.73) 2.59(2) 2.75(3) 3.79(2)
0(32) 91(D) 1.87(2) 2.59(2) 2.73(2) 3.79(2) 2.75(3)
0(33) 93.4(6} 87.3(6) 1.88(1) 3.75(3) 2.69(2) 2.65(2)
033 87.3(6) 93.4(6) 179(1) 1.88(1) 2.65(2) 2.69(2)
0(31) 92.9(6) 175.4(8) 90.5(7) 88.7(7) 1.92(2) 2.54(3)
o3 175.4(8) 92.9(6) 88.7(7 90.5(7) 83(1) 1.92(2)
Al(14) O(34) O(34) 036} Q(36) G(35) (35}
0(34) 1.84(2) 2.51(3) 2.74(2) 2.68(2) 2.76(3) 3.75(2)
O34) 86(1) 1.84(2) 2.68(2) 2.74(2) 3.75(2) 2.716(3)
0Q36) 94 _4(6) 9.7 1.89(1) 3.77(3) 2.52(2) 2.71(2)
0O(36) 9L.7(7) 94.46) 172(1) 1.89(1) 2.71(2) 2.52(2)
035 95.0(6) 177.2(8) 90.9(7) 83.0(6) 1.91(2) 2.57(3)
035 177.2(8) 95.0(6) 83.0(6) 90.9(7) 84(1) 1.91(2)
Al2D 021 oy (1) on O3 [8]€1 ]
Ozij 1.89¢2) 2.812) 2.61(2} 2.92(2) 2.80¢23 3.86(2)
o2l 96(1) 1.89(2) 2.92(2) 2.61(2) 3.86(2) 2.80(2)
(01400 86.6(6) 100.4(6) 1.92(1) 3.82(3) 2.66(2) 2.68(2)
O(11) 100.4¢6) 86.6(6) 170(1) 1.92(1) 2.68(2) 2.66(2)
0(31) 92.5(6) 169.4(7) 85.5(6) 86.4(6) 1.99(2) 2.54(3)
o3n 169.4(7) 92.5(6) 86.4(6) 85.5(6) 79(1) 1.99(2)
Al24) O24) 0(24) O(14) 0O(i4) 0(34) O(34)
O{(24) 1.83(1) 2.91(2) 2.65(2) 2.79(2) 2.70(2) 3.81(2)
O24) 105(1) 1.83(1) 2.7%(2) 2.65(2) 3.81(2}) 2.70(2;
0(14) 91.3(6) 97.4(6) 1.89(1) 3.74(3) 2.68(2) 2.572)
0(14) 97.4(6) 91.3(6) 166(1) 1.89(1) 2.57(2) 2.68(2)
O34 89.1(6) 164.7(7) 86.6(6) 82.2(6) 2.02(2) 2.513)
0O(34) 164.7(7) 89.1(6) 82.2(p) 86.6(6) 77.8(9) 2.02(2)
Al(22) 0312) O{(22) 023) 0O(13) 0(32) oGy
12) 1.86(2) 2.62(2) 2.84(2) 3.74(2) 2.65(2) 2.62(2)
0(22) 89.%(N 1.87(2) 2.90(2) 2.86(2) 2.69(2) 3.87(2)
(23] 99.4(7) 12.0(7) 1.87¢1) 2.58(2) 3852 2.78(2)
0(13) 169.0(8) 98.7(8) 86.3(6) 1.90(2) 2.66(2) 2.68(2)
0(32) 86.6(7) 87.9(7) 168.4(6) 86.207) 2.00(1) 2.73(1)
0(33) 84.6(7) 166.6(7) 90.3(6) 86.0(6) 79.8(6) 2.03(2)
Al(25) 0O26) 0(25) O(16) O(15) 0O036) 0O(335)
Q(26) 1.83(1) 2.87(2) 2.66(2) 2.80(2) 2.71(2) 3.80:{2)
00235 101.0(7) 1.89(2) 2.87(2) 2.63(2) 3.83(2) 2.73(2)
O(16) 90.7(6) 98.2(8) 1.91(2) 3.81(2) 2.66(2) 2.61(2)
Qc15) 97.%7} 87.4(7) 169.4(7) L.9N2; 2.64(2} 2.6%2)
0(36) 91.0(6) 166.%7) 86.8(6) 85.9(7) 1.96(2) 2.52(2)
0(35) 168.9(6) 89.4(6) 83.9(7) 87.1(7) 79.1{61) 1.99(1)

Note. Al-0O distances are underlined. O-O distances are given above the diagonal, O-Al-O angles below.

rates the Na(24) site from the [J(26) vacancy is an easy
passageway. The Na(24) ion is displaced of 0.55 A toward
the vacancy and displays the highest temperature factor
(B.q = 2.39(26) A?).

Along the b-pathway, both sodium sites Na(21) and
Na(22) are displaced toward the vacancy [(1(26) while,
along the g-pathway, the Na(1)-[J(26) distance is slightly
increased. This tends to indicate that the mobile ions are
more likely to diffuse along the b model rather than the
a model. The comparison of the temperature factors of
the Na(l) and Na(2) sites in II-Na,;Fe,(AsQ,); (2.04 and
3.98 A2, respectively) favors this conclusion.

The phase transition from the disordered form g to the
room-temperature form « of Na,Al,(AsO,), was pre-
viously shown (2) to be accompanied by an important
decrease in the ionic conductivity (Fig. 1). In order to
interpret this, we have examined how the b network of
diffusion pathways is modified by the 8 — « transition.
One can reasonably suppose that the more narrow an
oxygen window, the more difficult for a sodium ion to
pass through it. If we consider the diffusion of a sodium
ion to be improbable through the windows with R =< 1.84
A and eliminate these windows from the path-network,
it appears that the diffusion through the remaining win-
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TABLE 9
Na-Na Distances and Radii R of the Oxygen Windows (A) in a-Na; Al,(AsQ,);
Distances
Na sites (a) (b} Oxygen windows R (A
Na(2p)-Na(2p) pairs belonging to different sextuplets
Na(22)-Na(22) 3.092) 304 12)-0(12)-0(22)-0(22) 2.40
Na{25)-Na(25) 3.22(2) 3.4 O(15)-0(15)-0(25)-0(25) 2.35
Na(21)-Na(23) 3.25(1) 3.05 O(11)-0(13)-0021)-0(23) 2.37
Na(24)-[1(26) 2.50(1) 3.05 0(16)-0(14)-0(26)-0(24) 2.48
Na(2p}-Na(2p) pairs belonging to the same sextuplet
Na(21)~-Na(25) 3.49(1) 3.43 O(13)-0{46)-0(41) 1.838
Na(25)-Na(23) 3.51(1) 3.45 O(15)-0(41)-0(45) 1.841
Na(23)-Na(24} 3.83(2) 3.40 O(11)-0(45)-0(43) 1.902
Na(24)-Na(22) 3.47(1) 3.43 0(16)-0(43)-0(44) 1.772
Na(22)-0(26) 3.33 3.45 0(12)-0(44)~0(42) 1.913
C(26)-Na(21) 315 3.40 0O(14)-0(42)-0(46) 1.916
Na(1)-Na(2p) pairs

Na(1)-Na(25) 3.03(1) 3.05 O(46)-0(41)-0(45) 1.820
Na(1)-Na(23) 3.11(1) 3.03 041)-0(45)-0(43) 1.893
Na(1)-Na(24) 3.47(2) 3.07 O(45)-0(43)-0(44) 1.862
Na(1)-Na(22) 2.96(1) 3.05 0(43)-0(44)-0(42) 1.880
Na(1)-[I(26) 3.15 3.03 0(44)-0(42)-0{46) 1.975
Na(1)-Na(21) 2.97(2) 3.07 0O(42)-0(46)-0(41) 1.848

Note. (a) calculated from the coordinates refined in the space group €2; (b) calculated from the

coordinates of the Na sites in II-Na;Fe;(AsQ,);.

21

>0

[010)m

[102]m

FIG. 4. Arrangement of the sodium sites in the structure of a-Na,
Al;{As0,); (space-group C2). Projection along [001], = [10T),. The
sites are represented by graphical symbeols and the corresponding num-
bers are given at the top left of the figure. Distances between the sodium
sites are given in A. The lines drawn between the sites represent the
conduction paths according to the b model proposed for the 8 form.
The average z, coordinates of the sodium sextuplets are about 0,
—1/6, and +1/6, for the central sextuplet, the three ones with dotted
lines and the three others, respectively.

dows (R = 1.90 A, sce Table 9), is restricted along path-
ways with [001],, as the general direction (12). The loss
of symmetry associated with the 8 — « transition would
therefore be accompanied by a loss of the three-dimen-
sional character of the conduction.
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