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The structure of y-Li;AsO, has been refined by Rietveld analysis
of high resolution powder neutron diffraction data collected at 770
and 850°C. The structure is related to that of y-Li,PO,, being a
distorted hexagonal close-packed arrangement of oxide ions with
half the tetrahedral sites filled by cations. Arsenic occupies the
same sites as phosphorus in y-Li;PO,. Li* iops show pasitional
disorder; Li(1) ions are split inte central and off-center positions
within their tetrahedral sites; Li(2) ions are distributed over pairs
of face sharing tetrahedral sites at 850°C while occupying only
one site at 770°C. The powder neutron data show anisotropic
broadening of hk! peaks with h = 2n + 1. The broadening has
been accounted for using a medified Rietveld code. The broadened
peaks correspond to those reflections that are not corumon to the
related low temperature #-phase and are associated with a doubling
of the a-axis during the 3~ transition. The origin of the broaden-
ing is the small size of the y-phase domains in the a-direction;
adjacent domains are probably connected by antiphase
boundaries. © 194 Academic Press, Inc.

INTRODUCTION

The y-phases (1) are a group of materiais which are
basically isostructural with y-Li,PO, (2). A wide range of
solid solutions containing interstitial Li* ions are obtain-
able based on aliovalent substitutions of stoichiometric
y-phases such as y-Li,ZnSi0,, y-Li;VO,, and y-Li,As0,
(3). Many of the interstitial solid solutions show Li"* ion
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conductivities as high as 0.1 ! em ™' at 300°C, the best
known example of which is LISICON, Li,,,Zn _,
GeO, (4).

v-Li,As0, is thermodynamically stable at temperatures
above 750°C, below which the related 3-Li;AsO, is the
stable form. In many other y-phases the kinetics of y-3
phase transition on cooling are slow and y-phases may be
isolated at room temperature by rapid quenching, despite
being metastable with respect to the B-phases at these
temperatures, In Li;AsO, however, the y-g transition is
50 rapid that pure y-phase samples are difficult to prepare
free from B-phase using quenching techniques. A mecha-
nism for the B-y phase transition has been proposed
earlier {5~7). The transition essentjally involves a redistri-
bution of cations and a slight buckling of the hcp oxide
layers. An alternative mechanism for the phase transition
in NaFe(, has been proposed (8) which involves rotation
of FeQ, tetrahedra by relocation of oxide ions,

Evidence from neutron diffraction studies on y-phase
interstitial solid solutions has shown that the presence of
fons in interstitial octahedral sites causes displacement of
ions from neighboring tetrahedral sites in order to mini-
mize interion repulsions. Ionic conduction in these sys-
tems is believed to involve the interstitial octahedral and
tetrahedral ions moving together in defect ciusters 9,
10). A detailed knowledge of the Li* ion distribution is
therefore important in any discussion of ionic conduction
in these systems. The extra sensitivity of neutron diffrac-
tion to Li* ions when compared to the related X-ray
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methods allows for accurate refinement of lithjum posi-
tional and occupancy parameters, within the well-charac-
terized y-phase framework. The structure refinement of
v-Li;As0, from powder neutron data is presented here.

EXPERIMENTAL

Preparation

B-Li;AsO, was prepared by standard solid state tech-
niques. Appropriate molar quantities of 'L,CO, and
As,O5 were first ground together as a slurry in ethanol.
After drying, the mixture was heated in a gold crucible
successively for 4 hr at 650°C to drive off CO,, 6 hr at
750°C, and 1 hr at 900°C to complete the reaction. After
it was reground, the sample was further heated for 3 hr
at 700°C to ensure complete conversion to the 8-phase.
Phase purity was determined by X-ray powder diffraction
using a Stde Guinier camera.

Data Collection

Time-of-flight powder neutron diffraction data were col-
lected on the HRPD diffractometer at 1S1S, Rutherford
Appleton Laboratory. Approximately 10 g of powdered
B-Li,AsQ, was loaded into a 12-mm-diameter vanadium
can and the sample placed in a furnace assembly 1 m in
front of the backscatiering detectors, Data were collected
in the t.0.f. range 20-120 msec at 770 and 850°C. Profile
plots were generated using GENIE (11) and structural

ABRAHAMS ET AL.

projections were generated using STRUPLO (12) and
PLUTO (13).

Structure Refinement

A starting model based on the structure of y-Li;PO,
was used as a basis for refinement. Refinements for both
data sets were catried out in a simitar way. For the 850°C
data, refinement proceeded in the orthorhombic space
group Puma (no. 62} (14) with cell parameters derived
from refinement of the d-spacings of 15 assigned reflec-
tions measured on the diffraction profile. Initially, a stan-
dard Rietveld refinement was carried out using the pro-
gram REFINE (15) with peak shapes modeled by a
convolution of pseudo-Voigt and two exponential func-
tions. The scattering lengths used were As = 0.658,
O = 0.5805, and 'Li = -0.220 x 107! cm (16). The
scale and five polynomial background parameters were
refined first, foliowed in subsequent iterations by unit
cell, zero point, and peak shape parameters. Atomic and
thermal parameters were also refined at this stage, but
the fit remained poor with x* = 2.84. Close ¢xamination
of the difference profile revealed large differences in hk!
peaks with & = 2n + 1, which appeared broadened with
respect to the other peaks. Compartson with the pattern
for the B-phase showed the unbroadened peaks to be
common to both 8- and y-phases while those which appear
only in the y-phase are broadened (Fig. 1).

A version of the refinement code was therefore con-
structed with additional Gaussian and Lorenizian peak
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FIG. 1. Part of HRPD diffraction profile for y-L1,AsOy, with the positions of reflections common to 3-Li;AsO, indicated by markers.
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FIG. 2.

parameters for the broadened reflections. This resulted
in a significantly better approximation to the profile, espe-
cially in the Ak! broadened peaks (Fig. 2}, and refinement
was continued using this code.

Refinement of atomic and isotropic thermal parameters
revealed high values for the lithium ions, which indicated
positional as well as thermal disorder. Refinement of ani-
sotropic thermal parameters suggested that this disorder
occurs mainly in the ¢c-direction. The Li™ ions were there-
fore allowed to refine over more than one position. A
second position close to Li(2) but shifted away from it in
the c-direction was allowed to refine with lithium occu-
pancy varying between the two positions Li(2) and Li(2a)
and the total occupancy fixed at unity. Isotropic thermal
parameters were tied for these two positions. Similarly,
a position Li(la) was refined close to Li(1). At 770°C only
one Li(2) site refined satisfactorily. Anisotropic thermal
parameters were refined for As and O atoms in both re-
finements and additionally for Li(2) at 770°C. The final
refinements terminated with R, = 3.79%, R,, = 2.92%
and R,, = 4.77%, R,, = 4.78% for the 850 and 770°C
refinements, respectively. The final refined atomic param-
eters are given in Tables la and Ib, and the final fitted
profiles are shown in Figs. 32 and 3b.

DISCUSSION

The structure of y-Li;AsO, is related to that of v-Li;PO,
and consists of a distorted hexagonal close-packed array

Fit to y-Li;AsO, at 850°C using (a) standard peak shape and (b) peak shape incorporating anisotropic broadening term.

of oxide ions with cations in half the tetrahedral sites. A
detailed description of the structure of y-Li,AsQ, is aided
by first considering an idealized model based on the room
temperature structure of y-Li;PO, (2). In the idealized
structure, one set of tetrahedral sites is fully occupied,
with neighboring face-sharing tetrahedral remaining va-
cant. AsQ, tetrahedra are isolated from each other and
only corner share with groups of three edge-sharing LiQ,
tetrahedra (Fig. 4).

The true Li™ ion distribution in y-Li;AsQ, at elevated
temperatures is somewhat different from the idealized
mode! (see Fig. 5). At 850°C, Lit ions are located in four
positions within the structure; two have regolar tetrahe-
dral geometry and correspond to the sites occupied in
the idealized structure; the other two lithium positions
represent displacements from these ‘‘ideal”” locations.
Li(la) is a displacement of Li(1) in a direction parallel to
the c-axis toward an empty face sharing site. Li{la) in
fact lies virtually within the shared O(1)—-0(2)-0(3) face
between the two tetrahedral sites, with three short bonds
10 oxygen ranging from 1.96 to 2.01 A and two longer
contacts at 2.40 and 2.80 A to the apical oxygens, The
Li{1)-Li(la) contact distance of 0.50 A is much too short
to permit simultaneous occupation of both these posi-
tions. Li(2a) similarly represents a displacement of Li(2)
away from its ““parent’” tetrahedral site. In this case, the
displacement continues through the shared face into the
neighboring tetrahedral site, so that the two ions are lo-
cated within different tetrahedral sites. The interion con-



246

ABRAHAMS ET AL.

6 A L - 1 . L " L PR | IR |
4 a
54 B
4 -
g -
= ] -
g
=] 21 -
g r
1 n
04
-1 =
W -
-2 T T =T T T T " T ™
30 40 50 60 70 80 90 100 110
Time of flight (ms}
6 —_ R i 1 1 L n e ] -
1 b I
5 -
] i
4] B
31 L
vl —1 -
& 7 |
g
£ 2 -
z !
Z
14 |
0
1 -
-1 N
1
-2 v L. T T T v T e T
30 40 50 60 70 80 90 100 i10

Time of flight (ms)

FIG. 3.

tact distance of 0.76 A again excludes simultaneous occu-
pancy of any pair of such sites.

The type of displacement seen in the structure of y-
Li;AsO, is not unique. The structures of y-LiZn, sGeO,
(17) and y-Li, sGey sV 50, (18) also show similar displace-
ments of Li* ions. However, in these systems the dis-
placements are correlated with the presence of interstitial

Final fitted profiles for y-Li;AsQ, at {a) B50°C and (b) 770°C. Observed (points) calculated {line) and difference (lower) profiles are shown.

Li% ions in neighboring octahedral sites. No such relation-
ship is evident in the structure of y-Li,AsO,, The displace-
ment of Li* ions seen in y-Li;AsO, reflects the physical
changes that must occur during the 8-y phase transition.
In the B-phase a low energy corner sharing configuration
is adopted within the hcp oxide framework (19) (Fig. 6a).
Above 750°C, Li(1) is forced into an edge sharing configu-
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TABLE 1la
Refined Atomic Parameters for y-Li;AsO,
at 850°C with esd’s in Parentheses

Ry, = 3.79% R, = 292% x* 1.69
a = 10.9267(1) A, b = 6.38247(7), ¢ = 5.16243(6)
Atom  Site xla yib zle By Occ
As 4c  0.4125(1)  0.25(-)  0.3147(3) — 1.0(—}
Q1) 84 0.3392(1) 0.0331(2) 0.2125(3) — 1.0(—)
0(2) 4c 0.0562(2) 0.25(—)  0.2928(5) — 1.{—)
(0]} 4c 0.0889(2) 0.75(—)  0.1424(4) — 1.0(—)
Lig1) 4c 0.429(1) 0.75%(—)  0.162(6) 2.3 0535
Lifla) 4c  0.417(2) 0.75(=)  0.254(7) 2.3(1) 0475
Li(2) Bd  0.164%(5) 0.5094(7) 0.303(1) 2.8(1} 0.818(9)
Li(2a) 84  0.172(2) 0.457(3) 0.172(5) 2.8(1)  0.182(9)
Anisotsopic Thermal Parameters
By By By, By, By By
As 1.48(6) 1.67(7) 1.B(1} 0.0(—) 0.26(7) 0.0(—)
Oy 2.46(5)  2.63(7) 4.53(8) —0.66(6) —0.43(7) —0.37(5)
O 1.548) 3.16(8) 3.6(1) 0= —-1.77® 0.0(—)
o) 2979 3739 2000 0.0(—) 0.14(8) 0.0(—)

Naote. Definition of R factors:

R, = 100 (wa.-iﬂgzi (;bis’;gcalcﬂz)uz
ko= o (SR
¢ - (72)
TABLE 1b

Refined Atomic Parameters for y-Li;As(Q, at 770°C
with esd's In Parentheses

Rep = 471%_ Ry = A78% X% = 1.00
a = 10.9076(2) A, b = 6.3694(1), c = 5.1488(1)
Atom  Site ila yib zle B Occ
As 4c 0.4124(2) 0.25(—) 0.31344) —_ 1.0(—)
O B 0.3396(2) 0.0326(3) 0.2212(4) — 1.0(—)
0@)  dc 0.05622) 025 029147)  -—  1.06-)
0G)  4c 0.0887(3)  0.75(—=)  0.1438(5)  —-  1.0(—)
Li(1} 4c 0.424(3) 0.75(—) 0.456(14)  2.5(2)  0.40(9)
Li(la) 4c 0.418(2) 0.75(—) 0.245(9) 2.5(2)  0.60(9)
Li2) 84  0.16456) 0.5056(8) 0.297(1) — 0.98(3)
Anisotropic Thermal Parameters

By, By By By B By
As  L44(9)  1.98(10) 1.49(12) 0.0(—) 0.40(9) 0.0(—)
o) 2.38(7)  2.18(8)  4.10(10) —0.77(8) —0.44(%) —0.52(7)
O(2) 190011} 2.93(11) 3.67(16) 0.0(—) —1.66{12) 0.0(—)
O3 2.60(12) 3.15(12) 1.62(14) 0.0(—) 017010 0.0(—)
Li2) L.10300 1.05(30) 2.28(37) 2.23(22y —1.37(25) —0.64020)

FIG. 4. Projection onto a/b of the idealized structure of v-Li;AsO,,.
Shaded and unshaded tetrahedra represent 1i0O, and AsQ, units, respec-
tively. No displaced ions are shown.

ration with neighboring Li(2) sites; this is accompanied
by a buckling of the hep oxide layers (Fig. 6b). Li(la),
therefore, represents a position lying between that occu-
pied in the 8-phase and the idealized y-phase. The Li{2)
position remains virtually unchanged from the g8-phase,
although there is some site distortion; additionally, some
occupancy is lost to the neighboring Li(2a) position which
is unoccupied in the lower temperature form.

The structure of Li;AsO, just above the phase transition
at 770°C closely resembles that at 850°C (see Table 2).
The main differences lie in the occupancy of the displaced

FIG. §. Detail of Li* ion displacements in y-Li;AsQ, at 850°C. Li*
ion positions are represented by open circles within tetrahedral oxide
sites. Hidden detail is shown with dashed lines, with neighboring face-
sharing sites outlined using chained lines,
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FIG. 6. Details of the 8—v phase transition. Open and shaded tetrahe-
dra represent LiO, and AsQ, units, respectively, with dashed circles
indicating Li* ion positions. (a) Part of 8-phase structure showing corner
sharing configuration. (b) Part of y-phase structure showing edge-sharing
configuration {note displaced ions have been omitted for clarity).

TABLE 2
Selected Interatomic Distances (A) in yLi;AsO, at
770 and 850°C, with esd’s in Parentheses

850°C 770°C
As—O(I) 1.684(2) x2 1.686(2) x2
As-0(2) 1.665(3) 1,649(4)
As-0(3) 1.692(3) 1.700(3)
Li(1)-0(1) 2.074(8) x2 2.04(1) X2
Li(1)-0(2) 1.91(3) 1.85(T)
Li(1)-0(3) 2.02(2) 2.07(4)
Li(1a)-0(1) 2.006(8) %2 2.00(1) X2
Li(la)-0(2) 2.40(4) 2.35(4)
Li(1a)-0(3) 1.96(2) 1.95(2)
Li(la) - - - O(2") 2.80(4) 2.83(5)
Li(2)-0(1) 2.119(7) 2.138(6)
Li(2)-0(1") 1.980(5) 1.976(6)
Li2)-0(2) 2.038(5) 2.011(6)
Li(2)-0(3) 1.933(5) 1.932(6)
Li(2a)-0(1) 1.84(3)
Li(2a)~0(1" 2.43(3)
Lia)~0(2) 1.93(2)
Li(2a)~0(3) 2.0902)
Li(2a) - - O(1) 2.83(3)
Li(l) -+ - Li(la) 0.56(5) 0.46(8)
Li2) - - - Li(2a) 0.76(3)
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site Li(2a). At 850°C there 1s a significant Li* ion occu-

pancy of both Li(2) and Li(2a) sites, while at 770°C Li™*

ion scattering is observed within the Li(2) site alone. Some

differences are also observed in the Li(i)/Li(1a) site occu-

pancy ratio between the two temperatures, with a higher

occupancy of the Li(la) site at 770 than at 850°C. These

differences may be related to changes associated with

the B-vy transition. Certainly the difference in Li* ion

distribution supports a transition mechanism involving
cation relocation. However, the large thermal parameters

for oxygen, particularly the B,; parameter for O(1), might
be indicative of an anion redistribution mechanism as
suggested for NaFeQ, (8). From these data alone it is
difficult to conclude the exact nature of the 8-y transition
mechanism in Li;AsQO,. 1t is also possible that the struc-
ture at 770°C is related to that of a transitional phase
which is reported to exist in this system (3).

The B~y transition is characterized by a doubling in
size of the unit cell along a (3-Li;AsO,. a = 5.4567(2),
b = 6.28765(2), ¢ = 5.10125(2) A (19)), which is accompa-
nied by a change in space group symmetry from Pnm2,
to Prma, giving rise to additional peaks in the diffraction
pattern. It is only these additional peaks which show
broadening. This selective broadening is likely to reflect
anisotropy in microdomain size and indicates a small do-
main width in the a-direction. Since all other hkl reflec-
tions do not show broadening, the individual crystallites
are large enough in all three dimensions not to show broad-
ening. In the g-direction, therefore, crystallites contain a
large number of smali domains with the small domain size
responsible for the line broadening. It is suggested that
domain boundaries are antiphase in character. A plausible
displacement vector of 0.5¢ in the cation positions at the
boundary would permit the domains to retain continuity
of the hep oxide layers across domain boundaries.
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