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The crystal structure of H-LiTa,Os has been reexamined by electron and neutron diffraction tech- 
niques. Neutron Weissenberg and electron diffraction photographs show that the space group of the 
compound is Pmmn and not Pmma as determined previously by X-ray diffraction techniques. There 
are eight molecules in the unit cell of lattice parameters a = 16.718(2) A, b = 7.696(l) b, c = 8.931(l) 

, A. These values show that the b axis of the new cell is doubled with respect to the parameter measured 
by X-rays. The structural refinement was based on 1074 independent reflections measured on a single 
crystal with a four-circle neutron diffractometer. The positions of all atoms, including the lithium 
atoms have been determined. The final R and WR factors were 0.036 and 0.035, respectively. The eight 
lithium cations occupy two sets of 4fpositions (x, 1, z) of the Pmmn space group. The ordering of four 
lithium ions over two sets of possible positions (451 of space group Pmma is responsible for the 
doubling of the b axis. The other four Li+ occupy two sets of positions (24 of space group Pmma. All 
lithium ions are surrounded by 12 oxygen atoms arranged as cuboctahedra. The large thermal vibra- 
tions found for the lithium atoms and the ionic conductivity of H-LiTarOs at high temperatures are 
consistent with weak Li-0 bonding. 

Introduction c = 8.888 A. Its structure was determined 
by single-crystal X-ray diffraction methods, 

The synthesis of three crystallographic but due to the small scattering factor of lith- 
modifications of the compound LiTajOs ium, only the anion and the niobium posi- 
was first reported by Roth et al. (I). The tions were determined (3). The oxygen and 
high-temperature form, designated as H-Li fluorine ions form a framework built of oc- 
Ta30s, was found to be orthorhombic with 
a = 16.716 A, b = 3.840 A, and c = 8.941 

tahedra and pentagonal bipyramids and the 

A. Since these cell dimensions are similar 
Nb5+ cations occupy the center of such 
polyhedra. The basic unit of this structure 

to those of LiNbsOi5F, it was assumed that is a planar ring of five octahedra sharing 
the two compounds were isostructural (2). corners. The space inside the ring is occu- 
LiNb60r5F crystallizes in the Pmma space 
group with p = 16.635 A, b = 3.964 A, and 

pied by a pentagonal bipyramid. One such 
unit is shown as shaded in Fig. 1. It can be 
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FIG. 1. Projection of the crystal structure of H-Li 
Ta30s along the b axis, showing the comer-sharing 
linkage of the units comprised of a pentagonal bipyra- 
mid surrounded by a five-octahedron ring. One of 
these units is shown as shaded. The unit-cell outline is 
marked. The numbering scheme for the tantalum cat- 
ions is also given. Oxygen polyhedra encIosing the 
sites which could be occupied by the lithium cations 
are shown on the bottom. 

seen that the octahedra share only corners 
among themselves, whereas each one of 
them shares an edge with the pentagonal 
bipyramid. The units are linked together by 
corner sharing to form layers. These layers 

are stacked along the third dimension by 
comer sharing, and each polyhedron shares 
a vertex with an equivalent one of the next 
layer (see Fig. 2). Thus the structure of 
LiNbsOISF contains a three-dimensional ar- 
ray of comer-sharing octahedra, and there- 
fore it is related to that of Re03. This rela- 
tionship has been described by Hyde et al. 
(4). We would like to point out that in 
the Re03 structure the layers are formed 
by four-octahedron rings, whereas in 
LiNb60t5F, one-fifth, three-fifths, and one- 
tifth of the rings are five-octahedron, four- 
octahedron, and three-octahedron rings, re- 
spectively. The different stoichiometry of 
the Nb60r5Fr- group with respect to Re03 
is due to the filling of the pentagonal-ring 
centers with Nb’+ cations and to the extra 
oxygen atoms needed to form the pentago- 
nal bipyramids. As stated above, the posi- 
tions of the lithium atoms, which are 
needed to balance the electrostatic charge, 
were not determined. It was suggested that 
they probably occupy the large holes cre- 
ated by the comer-sharing octahedral ar- 
ray. Three-quarters of these holes are dis- 
torted cuboctahedra enclosed by 12 anions. 
The rest of the holes, which correspond to 
the three-octahedron rings, are enclosed by 
9 anions forming three triangles: one above, 
one below, and one at the same level as the 
cation placed at the polyhedron center. The 

FIG. 2. Partial representation (only those polyhedra heavily outlined in Fig. 1 are shown) of a unit 
cell content for the H-LiTa30s structure, showing the comer-sharing linkage between layers. Cations 
are represented by the corresponding thermal ellipsoid. 
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difference between 12coordinated and 9- 
coordinated sites is illustrated in Fig. 1. 

The crystal structure of H-LiTa308 has 
been refined independently by two groups. 
Nord and Thomas (5) used X-ray single- 
crystal and neutron powder diffraction 
data, whereas Fallon et al. (6) used only X- 
ray single-crystal data. Both groups refined 
the structural parameters of the [Ta,O,$ 
anion in the Pmma space group and con- 
firmed its similarity to the [Nb601SF]‘- an- 
ion. However, they failed to locate une- 
quivocally the lithium ions. Nord and 
Thomas noticed, during the refinement 
based on X-ray single-crystal data, that one 
of the tantalum atoms, namely Ta(4), ac- 
quired an anomalously large thermal vibra- 
tional along the b axis. This was interpreted 
as an indication that the structure did not 
contain the center of symmetry. Since sta- 
tistical and piezoelectric tests failed to pro- 
duce any definite conclusion, the subse- 
quent refinements were still carried out in 
the Pmma space group; however, the Ta(4) 
atoms were split to lie disordered on either 
side of the mirror plane at y = 0. Although 
the difference in scattering power for tanta- 
lum, oxygen, and lithium is much more fa- 
vorable for neutron than for X-ray diffrac- 
tion, total-profile analysis based on neutron 
powder data gave somewhat unreasonable 
positions for the lithium atoms. Fallon et al. 
(6) suggested that the four lithium atoms 
per unit cell occupied the 1Zcoordinated 
sites corresponding to (4j) positions of 
space group Pmma. Their suggestion was 
based on an analysis of the O-O distances 
of the anion framework. Another attempt to 
position the lithium atoms in the structure 
of H-LiTq08 was made by Werner et al. 
(7), who refined the structures of 
Lir-,TaJ08-,F, (with x = 0, 0.25, and 0.50) 
by total-profile analysis of Guinier-Hagg 
X-ray powder-film data. From sequential 
changes in interatomic distances and disor- 
der within the series, these authors pro- 
posed that the four lithium atoms occupy 

the (433 (x, B, z) positions with x = 0.11, y = 
4, and z = 0.03. These positions, which cor- 
respond to one type proposed by Nord and 
Thomas (5), are inside the 1Zcoordinated 
polyhedra whose center had been sug- 
gested by Fallon et al. (6). 

The conduction properties of H-LiTa308 
have been studied by RCau et al. (8) by the 
complex-impedance method, which re- 
vealed the ionic character of the conductiv- 
ity. The values of 6 x lop4 a-’ cm-’ and 
0.78 eV are given for the conductivity at 
300°C and the activation energy, respec- 
tively. These authors attributed this con- 
ductivity to the movement of the lithium 
ions. Subsequently, Magniez (9) showed 
that the conductivity is isotropic. RCau et al. 
(10) investigated the variation of the ionic 
conductivity for the solid solutions 
Lil-,Tq08-,F, and Li,-,Tq-,W,Os as a 
function of x. The ionic conductivity of the 
F-substituted LiTgO compounds has a 
maximum for x = 0.75, while for both com- 
pounds the curve of the activation energy 
has a minimum for the same value of x. 

To solve the problem of the lithium ar- 
rangement in the structure of H-LiTaJ08, 
necessary to propose a model for the ionic- 
conduction mechanism, large single crys- 
tals suitable for neutron diffraction have 
been synthesized. Since the previous re- 
finements of H-LiTajOs and of isostructural 
compounds carried out in the Pmma space 
group had indicated the existence of disor- 
der, electron diffraction photographs were 
taken. They revealed that, in order to index 
all the spots, a doubling of the b parameter 
was necessary. This superstructure was 
confirmed by single-crystal film neutron 
data taken with a Weissenberg camera (II). 
The present article reports the electron dif- 
fraction and neutron Weissenberg data to- 
gether with the results of two structural re- 
finements with the new unit cell, the first 
based on neutron single-crystal diffraction 
data, and the second based on the profile 
analysis of neutron powder diffraction data. 
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Powder Sample and Single-Crystal 
Preparations 

Powder samples of H-LiTa30s were pre- 
pared by grinding together 1 : 1 mole-ratio 
mixtures of LiTa03 and Taz05. These 
batches were fired in Pt crucibles at 1000°C 
for several days, reground and refired sev- 
eral times at temperatures varying from 
1250°C to about 1500°C and then quenched 
in air or in vacuum. The degree of combina- 
tion and crystallinity of the samples was 
checked by the use of a X-ray powder dif- 
fractometer using CL&~ radiation and a 
graphite monochromator. 

Single crystals of H-LiTa30* were ob- 
tained by the Czochralski technique by 
pulling from a melt, kept above 1650°C of 
the same composition as the powder sam- 
ples. Each boule was pulled from a seed 
obtained from an earlier pull. The seed was 
tied to an iridium rod, and the melt was 
contained in an iridium crucible in an air 
atmosphere with the O2 content depleted by 
flowing argon around the insulators sur- 
rounding the crucible. To investigate the ef- 
fect of the cooling rate upon the ordering of 
the lithium atoms, four types of single crys- 
tals were prepared. For the first and second 
types, a boule was annealed at 1200°C for 3 
hr in an unsealed and a sealed Pt tube, re- 
spectively. The tubes were then cooled in 
air at the rate of 2”Umin. For the third and 
fourth samples, a boule was heated at 
1450°C for 6 hr in an unsealed and a sealed 
Pt tube, respectively. The tubes were then 
quenched in H20. As the fourth sample was 
sealed in a Pt tube, the water did not touch 
the crystal. The quality of the crystals was 
checked by taking X-ray precession photo- 
graphs with MoKor radiation. 

The lattice parameters for each batch 
were determined from powder data taken 
with a Guinier camera and FeKa! radiation. 
A silicon standard was used. The values ob- 
tained were all the same and in good agree- 
ment with those quoted by Werner et al. (7) 

(a = 16.702 A, 2b = 7.697 A, c = 8.934 A). 
The values obtained for the second batch, 
from which the crystal used in the intensity 
data collection was taken, were a = 
16.718(2) A, b = 7.696(l) A., c = 8.931(l) A. 

Electron Diffraction Studies 

The electron diffraction studies were car- 
ried out at CSIC in Madrid on a Siemen’s 
Elmiskop-102 microscope. The microscope 
was operated at 100 kV and equipped with a 
double tilting goniometer stage in order to 
reach different planes in reciprocal space 
with the same sample. Samples for study 
were crushed in an agate mortar and sus- 
pended in n-butanol, then transferred to 
holey carbon-coated copper grids. 

Several planes of the reciprocal lattice 
were explored and photographed for each 
sample. An example is given in Fig. 3 which 
shows the reciprocal net perpendicular to 
the [021] zone axis. The two perpendicular 
rows in the plane of the photograph are 
[lOO]* and [012]*, respectively. Rows of ex- 
tra spots parallel to the [lOO]* row are 
readily visible and indicate a superstruc- 
ture. All spots can be indexed if one dou- 
bles the b axis of the orthorhombic unit cell 
determined by X-ray diffraction. All photo- 
graphs corresponding to different planes of 
the reciprocal lattice showed that the dou- 
bling of the b axis was necessary in order to 
index all the spots appearing on the films. 

X-Ray Diiactiou Precession Studies 

Precession photographs were obtained 
using MoKti radiation. Exposures longer 
than 4 days failed to reveal the superstruc- 
ture reflections. This strongly indicated that 
the superstructure was due to the positions 
of the lithium atoms and that the contribu- 
tion from the Ta30s I- framework was negli- 
gible. In fact, for X-ray diffraction the ratio 
of the atomic scattering factors of lithium 
with respect to that of tantalum is 0.04 at 
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-SUPERSTRUCTURE 

FIG. 3. Electron diffraction photograph showing the reciprocal plane perpendicular to the [02i] zone 
axis. The Miller indices correspond to the unit cell determined by X-ray diffraction. The superstruc- 
ture rows are indicated. 

sin 8th = 0 and decreases for increasing sin 
8/A. Since the corresponding ratio for neu- 
tron diffraction is 0.31 and does not vary 
with sin 8/h, the space symmetry of the su- 
percell was determined from the single- 
crystal neutron diffraction data. 

Neutron Diffraction Weissenberg Data 

The neutron diffraction Weissenberg 
photographs were obtained with the Weis- 
senberg camera at the Laue-Langevin Insti- 
tute in Grenoble. The samples were single 
crystals whose volume varied between 1 
and 4 mm3. A 1.71-A wavelength was used. 
The crystals were oriented with the b or c 
axis along the rotation axis, and the equi- 
inclination geometry was used in all cases. 
Figure 4 shows the photograph of the hk0 
layer. The continuous lines represent the 
reciprocal lattice corresponding to the unit 
cell determined by X-ray diffraction. 

Strong spots are visible between the [MO]” 
and [h, k + 1, 0]* rows, whose indices are 
[h, (2k + 1)/2,0]*. This photograph, as well 
as those of the upper levels, demonstrates 
that the b axis determined by X-ray diffrac- 
tion must be doubled. The new systematic 
absences occurred for the MO reflections 
with h + k = 2n + 1, and therefore, the 
possible space groups are Pmmn and 
Pm2,n. Table I shows the new positions of 
the atoms in the asymmetric unit for space 
group Pmmn. All possible sites for the lith- 
ium atoms are included. The positions cor- 
responding to space group Pmma are given 
for comparison. 

At least one crystal from each of the four 
different preparations was investigated. 
The intensity ratios between the reflections 
of the superstructure and those of the basic 
structure were determined visually and did 
not vary from sample to sample. It was 
therefore assumed that the cooling history 
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STRUCTURE 

SUPERSTRUCTURE 

FIG. 4. Neutron diffraction Weissenberg photograph 
corresponding to the [OOl] zone. The reciprocal lattice 
lines of the X-ray unit cell are outlined. The super- 
structure rows are indicated. The pull symmetry of the 
pattern is not apparent in the figure because some of 
the spots were intercepted by the beam stop. The %O 
reflection, for example, is not visible for this reason. 

does not have any significant effect upon 
the ordering of the lithium atoms. 

Neutron Diffraction Powder Data 

Neutron diffraction powder data were 
collected with a five-detector diffractome- 
ter at the National Bureau of Standards re- 
actor. The conditions used in the experi- 
ment are summarized in Table II. The 
neutron intensities were analyzed with the 
Rietveld method, modified by Prince (12), 
in order to simultaneously process the data 
from the five counters of the diffractome- 
ter. The background was assumed to be a 
straight line of finite slope and was refined 

for each of the five channels of the diffrac- 
tometer together with the profile and struc- 
tural parameters. The initial values of the 
lattice parameters were those determined 
by X-ray powder diffraction (7), with the b 
axis doubled. The profile parameters U, V, 
and W, which define the full width a half 
maximum of the Bragg reflections, were 
calculated with the formulae derived by 
Caglioti ef al. (13). The neutron scattering 
amplitudes used in the refinements were 
b(Ta) = 0.70, b(0) = 0.58, and b(Li) = 
-0.214 x lo-i2 cm (14). In all cases a re- 
finement was considered complete when 
the factor Rw did not change by more than 
one part in a thousand in two successive 
cycles. The centrosymmetric space group 
Pmmn was used. The initial positions of the 
oxygen and tantalum atoms were those 
given by Nord and Thomas (5). They were 
transformed to take into account the dou- 
bling of the b axis. The lithium atoms were 
not included. Values of 0.3 and 0.5 A2 were 
assigned to the temperature factors of the 
tantalum and oxygen atoms, respectively. 
Initially only the scale factor and the lattice 
and profile parameters were refined, while 
all positional and thermal parameters were 
kept fixed. Subsequently, with the Ta(4) 
placed in the position (0.25, 0.05, 0.05), the 
positional parameters of the O(10) and 
O(101) atoms, which correspond to the api- 
ces of the octahedron around Ta(4), were 
refined. The Ta(4) atom lies on the mirror 
plane at y = 0 of the old unit cell; however, 
as mentioned above, Nord and Thomas (5) 
had found a large improvement in the R fac- 
tor by moving Ta(4) out of the mirror plane. 
This shift of about 0.4 A along the b axis 
represents the only a priori distortion im- 
posed on the present refinement. The sub- 
sequent stages of refinement consisted in 
varying, sequentially, all positional param- 
eters of the atoms lying on the plane at 
about y = 0 and all positional parameters of 
the atoms lying on the plane at y = 4. There 
are eight lithium atoms per unit cell which 
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ATOMK POSITIONS IN SPACE GROUPS Pmma AND Pmmn 

Pmma 
a = 16.702 A, b = 3.8485 A, c = 8.9340 hi; 

4 molecules per unit cell 

Pmmn 
a = 16.702 A, b = 7.6970 A, c = 8.9340 A; 

8 molecules per unit cell 

Tat11 
Ta(2) 
Ta(3) 
TaW 

O(1) 
O(2) 
O(3) 

O(4) 

00) 
O(6) 

O(7) 

O(8) 

O(9) 

WO) 

Li(1) 

Li(2) 

Li(3) 

2e mm 
4i m 
4i m 
2e mm 

2e mm 
4i m 
4i m 

2f mm 

4i m 
4i m 

Y m 

2a 2/m 

Y m 

2f mm 

Y m 

2d 2/m 

2f mm 

4 0 
x 0 
x 0 
f 0 

a 0 
x 0 
X 0 

t t 

x 0 
x 0 

X t 

0 0 

x t 

f 4 

X Li 

0 4 

t t 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

0 

Z 

I 

I 

O(1) 
O(2) 
O(3) 
O(4) 
O(41) 
O(5) 
O(6) 
O(7) 
O(71) 
O(8) 
O(9) 
O(91) 

Z I OUO) 
O(101) 

Z i 
Li(1) 
Li(l1) 

t Li(2) 

Z 1 
Li(3) 
Li(3 1) 

Ta(l) 4e 

T42) 8g 
TaW 8g 
WV 4e 

4e m 
@ 1 
8g 1 
2a mm 
26 mm 
8g I 
8g 1 
4f m 
4f m 
4c i 
4f m 
4f m 
2a mm 
26 mm 

m 
1 
1 

m 

4f m 
4f m 
4f m 
2a mm 
26 mm 

f Y 
x Y 
X Y 
t Y 

f Y 
x Y 
X Y 
d f  
f  t 
X Y 
x Y 
X f  
X a 
0 0 
X f  
X f  
f  a 
f  9 

X f  
x f  
x f  
t t 
f  9 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

Z 

i 

Z 

Z 

Z 

Z 

z” 

Z 

Z 

Z 

Z 

0 For simplicity, the sites of Li(l), Li(1 I), Li(2), Li(3), and Li(31) are sometimes called, in the text, sites 1, 11, 
2, 3, and 31, respectively. 

TABLE II 

EXPER~MENTALCONDIT~ONSUSEDTOCOLLECTTHENEUTRONPOWDERINTENSITY 
DATA FOR H-LrTa308 

Monochromatic beam: 
Wavelength: 
Horizontal divergences: 

reflection 220 of a Cu monochromator 
1.5416(3) A 
(a) in-pile collimator: 
(b) monochromatic beam collimator: 
(c) diffracted beam collimator: 

10’ arc 
20’ arc 
10’ arc 

Monochromator mosaic 
spread: 

Sample container: 
Angular ranges scanned 

by each detector: 
Angular step: 

-15’ arc 
vanadium can - 10 mm in diameter 
lo-40,3O-60, 50-80,70-100,90-120 

0.05” 
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may occupy twice as many possible sites. 
These atoms were introduced in the refine- 
ment with starting positional parameters 
corresponding to the centers of the respec- 
tive polyhedra, with a fixed temperature 
factor of 1 A2 and with an initial zero value 
for the occupancy factors, which were al- 
lowed to vary. During the last stage of re- 
finement, the scale factor and the lattice 
and profile parameters were varied together 
with the positional parameters of all atoms, 
with the occupancy factor of the lithium at- 
oms, and with the overall temperature fac- 
tor, while the individual temperature fac- 
tors for the tantalum, oxygen, and lithium 
atoms were kept fixed at 0.3, 0.5, and 1.0 
AZ, respectively. The final R factors’ were 
RN = 7.17, RP = 6.17, Rw = 8.36, and RE = 
4.06. The final parameters are given in Ta- 
ble III. The occupancy factors of the lith- 
ium atoms did not correspond exactly to 
the stoichiometric formula LiTa30s with 
eight lithium atoms per unit cell. A few cy- 
cles of refinement were then tried in which 
the occupancy factors of the lithium atoms 
were kept fixed at the nearest values corre- 
sponding to the stoichiometric formula, 
namely, 1.0, 0.0, 0.5, 0.0, and 1.00 for 
Li(l), Li(ll), Li(2), Li(3), and Li(31), re- 
spectively. No noticeable change in the 
structural parameters and in the R factors 
was obtained. We assumed, therefore, that 
the sites of Li( 1) and Li(31) were fully occu- 
pied, the site of Li(2) was half occupied, 
and the other two sites were empty. 

It should be pointed out that in the neu- 
tron powder pattern there exist three reflec- 
tions with measurable intensity at about 
21.4, 31.8, and 34.2” 28. These reflections 
have either zero or almost zero calculated 
intensity. Refinements carried out by ex- 
cluding the regions around these reflections 
(20.8 5 20 5 22.0 and 31.2 I 20 5 35.0) 

I The R factors used in profile analysis are defined 
in a number of publications; see, for example, Ref. 
(1% 

decreased the RN, Rp, Rw, and RE factors 
from 7.17,6.17, 8.36, and 4.06 to 5.59,5.76, 
7.35, and 4.01, respectively, and the differ- 
ences in the structural parameters were al- 
ways less than one standard deviation. Fur- 
thermore, the extra reflections do not exist 
in the powder pattern of another sample. 
These results indicate that the extra reflec- 
tions may be due to impurities or to inho- 
mogeneities in the samples. Possible impu- 
rities would be L-LiTa30s, M-LiTaJ08, 
LiTa03, and TaZOS. However, the extra 
lines do not belong to any of these com- 
pounds. 

Single-Crystal Neutron-Diffraction Data 

Single-crystal intensity data were col- 
lected on a spherical sample of 0.25 cm in 
diameter mounted on a four-circle neutron 
diffractometer at the National Bureau of 
Standards reactor. The crystal from which 
the sphere was ground came fromJhe sec- 
ond preparation batch. A 1.273-A wave- 
length was used. All reachable reflections 
in the 8 interval of 7-60” were measured by 
the 8128 scan technique in the interval A28 
= (3.5 + 3.5 tan 13) and in steps of 0.1”. The 
background was measured at each end of 
the scan interval by averaging over 10 
points on each side. A total of 4865 reflec- 
tions were measured. Reflections with F < 
6u(F) were considered unobserved. This 
criterion reduced the number of measured 
reflections to 2714, and a total of 1074 and 
1746 independent reflections in the mmm 
and m2m point groups, respectively. The 
average standard deviations calculated for 
the equivalent reflections were 2.8% for 
mmm and 2.6% for m2m, which indicates 
that the difference in intensity between 
Friedel pairs was of the same order of mag- 
nitude in the two point groups. Therefore, 
the structure was first refined in the centric 
space group. Since for the sphere used pR 
= 0.08, no absorption correction was ap- 
plied. 
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TABLE III 

FINALPOSITIONALANDTHERMALPARAMETERS FORTHESTRUCTUREOF H-LiTa30sa 

x Y L 

0.25 0.0012(3) 0X%78(2) O.c054(8) 0.0%1(9) 
0.25 -0X03(2) 0.690(l) 0.0038 
0.13256(7) -0.0011(2) 0.3930(2) O.W57(5) 0.0071(6) 
0.1312(5) 0.010(2) 0.3944(7) 0.0038 
0.06024(7) -0.0004(2) 0.8114(2) 0.0041(5) 0.0038(6) 
0.0609(5) -0.001(l) 0.8076(9) 0.0038 
0.25 0.0025(4) 0.0539(2) O.W55(8) 0.0451(14) 
0.25 0.018(2) 0.056(l) 0.0038 
0.25 -0.0249(3) 0.4530(3) 0.0039(9) 0.0079(1 I) 
0.25 -0.023(2) 0.453(l) 0.0063 
0.13163(8) 0.0013(2) 0.6202(2) 0.0052(6) 0.0098(7) 
0.1315(6) 0.008(2) 0.6203(9) 0.0063 
0.17483(9) 0.0259(2) 0.8779(2) O.MkW6) O.OQ77(8) 
0.1743(5) 0.029(2) 0.8791(8) 0.0063 
0.25 0.25 0.6716(6) 0.0104(16) O.W18(14) 
0.25 0.25 O&8(2) 0.0063 

0.25 0.75 0.7041(6) O.OlOl(16) 0.0011(14) 
0.25 0.75 0.710(2) 0.0063 
0.1623~10) -0.0404(2) 0.1883(Z) 0.0091(8) 0.0156(9) 
0.1639(6) -0.044(l) 0.191(i) 0.0063 
0.02035(9) 0.0393(2) 0.3404(2) 0.0043(7) 0.0087(7) 
0.0200(S) 0.041(l) 0.332(l) 0.0063 
0.1416(2) 0.25 0.3959(4) 0.017q12) 0.0031(10) 
0.1524(8) 0.25 0.387(2) 0.0063 
0.1048(2) 0.75 0.4151(4) 0.0109(11) 0.0014(10) 

0.111(l) 0.75 0.413(l) 0.0063 
0.00 0.00 0.00 0.0169(11) 0.0106(10) 
0.00 0.00 0.00 0.0063 
0.@417(2) 0.25 0.8038(4) 0.0153(13) 0.0015(10) 
0.047(l) 0.25 0.817(2) 0.0063 

0.0731(i) 0175 0.8425(4) 0.009311 I) 0.0010(9) 

0.0792(9) 0.75 0.852(2) O.&xl3 
0.25 0.25 0.0932(6) 0.0167(18) 0.0098(16) 
0.25 0.25 0.082(2) 0.0063 
0.25 0.75 0.0161(7) 0.0266(21) 0.0132(19) 

0.25 0.75 0.024(2) 0.0063 
0.9163(12) 0.25 0.9083(21) 0.117(12) 0.032(6) 
0.910(2) 0.25 0.952(4) 0.0127 

-0.0063(10) 0.25 0.462(3) 0.076(9) 0.038(6) 

O.W6) 0.25 0.539(7) 0.0127 
- 

0.25 

- 

0.25 0.304(6) 0.0127 

‘Ml) 

WV -O.W02(5) 

Ta(3) 

Tti4) 

o(I) 

0.cw4(5) 

0.00 

-0.0001(6) 

O.@Xl3(8) 

0.0048(14) 

0.00 0.cKlo8(l0) 

O(2) O.Wl l(7) 

0.0002(7~ 

-0.0005(8) 

O(3) -0.0007(E) 

O(4) 

-0.0003(10) 0.04 

0.0010(7) O.OOlS(5) 

0.1X28(7) 0.00+5(53 

0.0004(10) 0.00 

0.0007(12) 0.00 

O.Otm3(8~ -O.O+Xl7(6) 

0.0025(9) O.Olnll(5) 

0.0071(24) 0.00 

o.OOsq253 0.00 

0.0051(10) -0.0004(6) 

0.007~10) O.o007(6) 

0.0157(18) 0.00 

O.OO!G2(18) 0.00 

0.0039(13) -0.0021(10) 

0.010417) 0.00 

0.0264(22) 0.00 

0.0123(27) 0.M) 

0.0159(30) 0.M) 

0.065(13) 0.00 

0.114(20) 0.00 

- 

0.00 0.00 

W41) 0.04 0.00 

O(5) 

065) 

O(7) 

O(71) 

0.1X336(7) 

-0.0035(7) 

-0.0083(14) 

-0.0029(12) 

0.0018(S) 

-0.0012(7) 

O(8) 0.0087(10) 

O(9) 

O(91) 

O(10) 

O.o002(12) 

0.0026(12) 

0.00 

O(101) 0.00 

Li(l) (f.0.) 
(f.0.) 

Li(2) (f.0.) 
(h.o.) 

Li(31) 
@Lo.) 

0.040(11) 

0.052(11) 

0.00 

0.00 

-0.0031(13) 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

n For each atom the first line gives the parameters of the single crystal refinement and the second one gives those of the powder refinement. In the 
powder experiment only isotropic thermal parameters were considered. 

Note. f.o.-full occupied; ha-half occupied. 

The starting values for the positional, R and WR factors were 0.13 and 0.16, re- 
thermal, and occupancy parameters for the spectively. A comparison of Fobs and Fcalc 
first stage of refinement were those deter- values showed that the extinction effects 
mined by the powder neutron diffraction were appreciable. A refinement in space 
data. After a few cycles it was noticed that group Pm2,n gave positional parameters 
the occupancy parameters of Li(2) and not significantly different~fiom the centro- 
Li(31) had changed drastically. The former symmetrical positions, and several thermal 
had increased from -0.5 to -1 .O, while the parameters became negative. These results 
latter had decreased from - 1 .O to -0.0. The indicate that the structure of H-LiTaJ08 is 
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TABLE IV 

E VALUES FOR THE POWDER AND SINGLE-CRYSTAL 
REFINEMENTS 

Tatl) 
Tat2) 
T&3) 
Tat4 
O(l) 
O(2) 
O(3) 
O(4) 
O(41) 
O(5) 
005) 
O(7) 
O(71) 
O(8) 
O(9) 
O(91) 
WO) 
O(101) 
Li(1) 
Li(2) 

E* 4 EZ 

- -1.6 2.2 
2.1 2.5 2.0 
1.3 0.6 -4.1 

- 1.6 2.1 
- -0.9 0.0 

-0.2 3.3 0.1 
-1.0 1.5 1.5 
- - -1.7 
- - 2.8 
2.4 -3.5 2.7 

-0.5 1.7 -8.2 
13.1 - -4.4 

6.1 - -2.0 
- - - 

5.2 - 6.5 
6.7 - 4.7 

- - -5.4 
- - 3.1 

-2.7 - 9.7 
-1.0 - 10.1 

centrosymmetric and are consistent with 
the good agreement obtained between in- 
tensities of Friedel pairs. 

The final refinements were carried out by 
using the LINEX program, which includes 
the extinction correction derived by Becker 
and Coppens (16). These refinements were 
based on all 1074 reflections, each weighted 
by l/&(F). The scale and extinction fac- 
tors, the positional and anisotropic thermal 
parameters of all atoms, and the occupancy 
factors of the Li sites were varied. After 
convergence was attained, the occupancy 
factors were less than 3% for Li(1 l), Li(3), 
and Li(31) and -85% for Li(1) and Li(2). 
The values of the extinction coefficients in- 
dicated that the extinction effects were due 
to the mosaic spread rather than to the di- 
mensions of the mosaic domains. Both 
Gaussian and Lorentzian mosaic distribu- 
tions were tried, and the g values in the two 
cases were 5.6 X 10e5 and 8.5 x 10e5, re- 
spectively. The former corresponds to a 

spread of lo”, while the latter to one of 
4”. During the last cycles of refinement, the 
occupancy factors of those oxygen atoms 
which had anomalously larger temperature 
factors were allowed to vary, while the 
Ta(4) atom was allowed to move out of its 
centrosymmetrical position. However, the 
occupancy factor of the oxygen atoms re- 
mained close to unity, and the positional 
parameters of Ta(4) did not shift apprecia- 
bly. The best refinement was obtained with 
full occupany for all oxygen atoms and for 
Li(1) and Li(2), and with a Lorentzian mo- 
saic spread. The R and WR factors were 
0.036 and 0.035, respectively. The final po- 
sitional and thermal parameters are given in 
Table III where they are compared with the 
results of the powder refinement. 

Comparison between the Powder and 
Single-Crystal Refinements 

The powder and single-crystal refine- 
ments yield different ordering for the lith- 
ium atoms. Since the neutron diffraction 
Weissenberg data indicated that this order- 
ing does not depend upon the sample prepa- 
ration, one of the two results should be in- 
correct. The powder and single-crystal 
refinements give different positions for one- 
fourth of the Iithium atoms and, in addition, 
are not in satisfactory agreement for the 
other positional parameters. A comparison 
can be done by calculating for each parame- 
ter the value E = A/d$ + CT:, where A is 
the difference between two corresponding 
parameters and u1 and o2 are the standard 
deviations. A good agreement corresponds 
to (El % 1. As can be seen from Table IV, 
the E values vary between 7.6 and 0.6 for 
the tantalum atoms, between 13.1 and 0.0 
for the oxygen atoms, and between 10.1 
and 1.0 for the lithium atoms. To see 
whether the powder refinement had 
reached a false minimum, which would ex- 
plain the large E values, an additional re- 
finement based on powder data was carried 
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out using as initial values of the structural 
parameters those obtained in the single- 
crystal refinement. The eight lithium atoms 
were placed in sites 1 and 2, while their 
occupancy factors were fixed at 1.0 and 
were not varied. After convergence was at- 
tained, the R factors were 7.67, 6.42, 8.60, 
and 4.09 for RN, Rp, Rw, and RE, respec- 
tively. These values are slightly higher than 
those obtained in the previous powder re- 
finement (7.17, 6.17, 8.36, 4.06). The E val- 
ues calculated for the two powder refine- 
ments are all -1, except the one 
corresponding to the z parameter of 0(91), 
which is 4.3 and, as expected, those corre- 
sponding to the x and z parameters of Li(2), 
which are 3.3 and 10.9, respectively. The 
large E value for 0(91) is probably a conse- 
quence of the full occupancy of the Li(2) 
sites. In fact, 0(91) belongs to the coordina- 
tion polyhedron around Li(2), and therefore 
a large correlation between the occupancy 
factor of Li(2) and the positional parame- 
ters of 0(91) should be expected. The small 
difference between the two sets of R factors 
and the small E values indicate that the 
powder data are not very sensitive to the 
lithium contribution. 

Because of their different definition, the 
R factors of the powder and single-crystal 
refinements cannot be compared. Thus the 
criterion that one can use to determine 
which of the two refinements is the correct 
one must be based on the standard devia- 
tions. As can be seen from Table III, the 
standard deviations of the positional pa- 
rameters yielded by the single-crystal re- 
finement are usually smaller, by a factor 
ranging between 3 and 10, than those ob- 
tained by the powder refinement. This indi- 
cates that the refinement based on single- 
crystal data yields more precise results than 
those based on powder data, and therefore 
the lithium ordering obtained by the former 
refinement should be considered as the cor- 
rect one. The reason why the powder re- 
finement yielded wrong positions for one- 

fourth of the lithium atoms may be due to 
the presence of impurities and/or inhomo- 
geneities in the sample and also to the fact 
that the large and very anisotropic tempera- 
ture factors of the lithium atoms were not 
refined because of the limited number of in- 
tensity data. 

Discussion 

The departure from the Pmma space 
symmetry and the doubling of the b axis are 
due to the ordering of half the lithium cat- 
ions. In the supercell the eight positions 
2(41] of Pmma are split into two sets of four 
positions and only one of these two sets is 
fully occupied by the lithium cations. As 
can be seen from Table III, the lowering of 
the crystal symmetry does not have any ap- 
preciable effect on the distribution of the 
tantalum ions. All displacements of the tan- 
talum cations from the mirror plane at y = 0 
are less than 0.02 A. However, the dis- 
placements of the oxygen ions can be as 
much as 0.34 A. 

As has been stated above, there exists 
a relationship between H-LiTa30s and 
LiNbsOiSF. For instance, the frameworks, 
of Ta30g1- and of Nb60i5Fi-, have almost 
identical arrangements. However, without 
knowing the lithium positions in the latter 
compound, one cannot determine whether 
or not the two compounds belong to the 
same space group. If in the structure of 
LiNbsOISF the sites 2d or 2f are occupied 
by Li(2) or Li(3), then the doubling of the b 
axis is not needed and the structure would 
have the Pmma space symmetry. On the 
contrary, if the Li(1) occupy the sites 4j, 
then the ordering might take place either 
with Li( 1) or with Li(l1) in sites 4fand both 
structures would have the same space sym- 
metry, namely Pmmn. 

Figures 5 and 6 represent two projections 
of the H-LiTa30s structure on the (010) and 
(001) planes, respectively. The oxygen 
polyhedra around the tantalum cations are 
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Y+Y=: 
Yzf site Li3 Y=; site Lil 

site Li2 
Y- -3 site Li31 Y- 3 

-4 site Lill 

FIG. 5. Projection of the crystal structure of H-LiTa along the b axis. Each atom is represented by 
the section of the thermal ellipsoid perpendicular to the b axis. Oxygen polyhedra around the tantalum 
cations are outlined. All possible lithium sites with the heights along the b axis are given. 

outlined. The corresponding interatomic 
distances are given in Table V. They were 
calculated by the use of the X-ray powder 
lattice constants (7) and the positional pa- 
rameters of, the LINEX refinement. The av- 
erage Ta-0 distance of the pentagonal-bi- 
pyramidal site is 2.049 A (coordination 
number 7), while the overall average of the 
Ta-0 distance for the octahedral sites (co- 
ordination number 6) is 1.978 A. The Li( 1) 
and Li(2) cations are surrounded by 12 oxy- 
gen anions arranged as cuboctahedra. The 
individual Li-0 distances vary over such a 
large range that in both sites it is not possi- 
ble to determine the coordination number 
and to distinguish between first and second 
nearest neighbors. Such large polyhedra 
are rather uncommon for the lithium cat- 
ions which usually occupy either tetrahe- 
dral or octahedral sites. The Li(l)-0 dis- 
tances vary between 2.234 and 3.319 A, 

whereas those corresponding to Li(2) vary 
between 1.978 and 3.313 A. The bond 
strengths of the individual Li-0 bonds, cal- 
culated by the Brown and Wu method (27), 
are reported in Table VI. They indicate that 
for Li(l) there are six Li-0 distances 
whose bond strengths are greater than 0.08 
and six whose bond strengths are smaller 
than 0.05. For Li(2), there are three Li-0 
distances whose bond strengths are greater 
than 0.22, one for which it is 0.08, and eight 
whose bond strengths are smaller than 0.05. 
Consequently, the average Li-0 distances 
(2.746 and 2.736 w  for Li(1) and Li(2), re- 
spectively) are much larger than what the 
ionic radius of the Li’+ cation would re- 
quire. This indicates that the lithium cat- 
ions do not contribute much to the stability 
of the structure, but they are mainly needed 
to balance the electrostatic charge. The ex- 
istence of compounds such as Ta307F and 
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TABLE V 

INTERATOMIC DISTANCES@) 

Ta(l&wttagonal bipyramid 
Ta(l)-O(l) 2.107(Z) O(1WU) 

4x2) 2.067(l) x2 0(1)-O(4) 
-O(3) 2.121(2) x2 O(l)-O(41) 

-O(4) 1.921(Z) OCWX3) 
-0(41) 1.939(Z) 0(2)-O(4) 

AWage 2.049 O(2)-O(41) 

Index of distortion 0.085 0(3)-O(3) 
0(3)-O(4) 
O(3)-O(41) 
AkWXge 
Index of distortion 

Ta(Z)--octahedron 
Ta(Z)-O( 1) 2.042(l) O(lW(2) 

-wJ 2.030(Z) 0(1)-O(5) 

-O(5) 1.919(2) OWO(7) 

-06) I .957(2) O(l)-O(71) 

-O(7) 1.939(l) 0(2)-W) 
-0(71) 1.981(l) ‘X3-W) 

Average 1.978 O(2)-O(71) 

Index of distortion 0.049 0(6)-O(5) 
0(6)-W) 
O(6)-O(71) 

0(5)-O(7) 
O(S)-O(71) 
AWage 
Index of distortion 

Ta(3)-octahedron 

Ta(3)-O(2) 2.083(Z) 0(2)-O(3) 
-O(3) 2.014(Z) 0(2)-O(6) 
-06) 1.934(Z) OW’X’) 
-O(8) 1.%3(l) O(2)-O(91) 

-O(9) 1.953(l) 0(3)-O(8) 
-0(91) 1.953(l) 0(3)-O(9) 

Average 1.983 O(3)-O(91) 
Index of distortion 0.056 06-W) 

0(6)-O(9) 
O(6)-O(91) 

OWW’) 
O(8)-O(91) 
AWage 
Index of distortion 

Ta(4)-O(3) 

-O(5) 
-O(lO) 
-O(lOl) 

Average 

Ta(4)--octahedron 
2.020(Z) x2 0(3)-O(3) 
1.922(Z) x2 0(3)-O(5) 
1.937(3) O(3)-O(10) 
1.973(3) O(3)-O(lO1) 

1.966 OWOW 

Ta(l)-Ta(l) 
-Ta(l) 
-Ta(2) 
-Ta(3) 
-Ta(4) 

Ta(Z)-Ta(2) 
-Ta(Z) 
-Ta(2) 
-TM31 
-Ta(3) 
-Ta(4) 

Ta(3)-Ta(3) 
x2 -Ta(3) 
x2 -Ta(3) 
x2 -Ta(4) 

Ta(4)-Ta(4) 

2.511 
2.828 
2.873 
2.759 

2.928 

Cation-cation separations 
3.867 Ta(l)-Li(1) 
3.830 -Li(Z) 
3.284 x2 Ta(ZtLi(l) 
3.356 x2 -Li(2) 
3.271 -Li(2) 
3.923 Ta(3)-Li(l) 
3.831 -Li(l) 
3.866 -LX21 
3.929 -Li(2) 
3.702 Ta(4)-Li(2) 
3.609 
3.842 Li(l)-Li(2) 
3.854 Li(Z)-Li(2) 
3.925 
3.839 Li(l&Li(ll)* 
3.887 Li(l)-Li(1 I)” 

4.192 
3.914 x2 

3.10 
3.87 x2 

Index of distortion 0.046 O(5)-O(l0) 2.804 x2 -Ta(4) 3.810 Li(l)-Li(3Y 3.29 

O(5)-O(101) 2.667 x2 Li(Z)-Li(l I+ 4.w 
Average 2.775 Li(l Ijb-Li(31P 3.52 
index of distortion 0.114 Li(3jb-Li(31jb 3.86 x2 

2.486 x2 
2.880 
2.835 
2.420 x2 
2.790 x2 
2.866 x2 
2.511 
2.819 x2 
2.915 x2 
2.721 
0.193 

2.486 
2.783 
2.831 
3.cal 
3.128 
2.777 
2.702 
2.802 
2.642 
2.718 
2.925 
2.763 
2.796 
0.167 

2.420 
2.582 
2.935 
2.939 
3.124 
2.891 
2.738 
3.075 
2.773 
2.782 
2.695 
2.679 
2.803 
0.202 

Li( I )-O(3) 

-O(5) 
-06) 
-O(8) 
-0(71) 
-O(9) 
-0(91) 
-O(lOl) 

AWage 
Index of distortion 

LiWO(2) 

-cm 
-065) 
-06) 
-O(7) 
-0(71) 

-O(9) 
-0(91) 

AWage 
Index of distortion 

Li(lb -polyhedron 
3.237(11) x2 0(3)-O(5) 
2.253(11) x2 0(3)-O(8) 
3.319(11) x2 O(3)-O(91) 
2.516(9) x2 O(3)-O(101) 
2.910(15) 0(5)-O(6) 
2.293(12) O(5)-O(71) 
2.234(15) O(5)-O(101) 
2.859(12) O(6)-O(7 1) 
2.746 0(6bO@) 
0.451 OW-O(9) 

0(8)-O(9) 
O(E)-O(91) 
Average 
Index of distortion 

Li(2)- 
2.942(11) 
3.313(11) 
2.002(9) 
2.852(11) 
2.541(12) 
1.978(13) 
3.158(15) 
2.939(15) 
2.736 
0.494 

-polyhedron 
x2 0(2)-O(6) 
x2 0(2)-O(6) 

x2 0(2)-O(7) 
x2 O(2)-O(71) 

0~2bO(9) 
O(2)-O(91) 

0(6)-W) 
O(6)-O(71) 
O(6bOW 
O(6)-O(91) 
Average 
Index of distortion 

2.828 x2 
3.124 x2 
2.738 x2 
2.759 x2 
2.802 x2 
2.763 x2 
2.667 x2 
2.718 x2 
3.075 x2 
2.773 x2 
2.695 x2 
2.679 x2 
2.802 
0.147 

2.582 x4 
3.128 X4 
2.777 x2 
2.702 x2 
2.935 x2 
2.939 x2 
2.642 x2 
2.718 x2 
2.773 x2 
2.782 x.2 
2.807 
0.184 

4.947 x2 
4.700 x2 
3.403 
3.130 
3.082 
3.180 
3.201 
3.834 
3.235 
3.407 x2 

” In this table the estimated standard deviations for all O-O, Ta-Ta Li-Ta, and Li-Li distances are, respectively, t0.002, t0.002, kO.010, 
+0.010. 

b Distances calculated from estimated center of empty polyhedra. 

Nb2W08 seems to give further support to surrounding oxygen anions, have anoma- 
this conjecture. The lithium cations, in or- lously large temperature factors. This might 
der to increase their interaction with the not necessarily be the result of true thermal 
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vibrations but could be due to a statistical 
departure of the lithium ions from the 
Pmmn space symmetry. This additional 
distortion would not have a long-range 
order, and the classical diffraction meth- 
ods would yield an average symmetry for 
the lithium ions and large thermal vibra- 
tions. 

Table VI lists the cation-anion bond 
strengths together with the cation and anion 
valences. These values were calculated by 
using the empirical formula, derived by 
Brown and Wu ( 27), relating bond 
strengths to bond lengths: s = (d(l)/@, 
where d(1) and n are two constants for a 
given M-O bond. Their values for Ta-0 
bonds are 1.907 A and 5.0, while those for 
Li-0 bonds are 1.378 A and 4.065. The val- 
ues shown in Table VI in parentheses rep- 
resent the bond strengths and the valences 
calculated by the empirical formula of Za- 
chariasen (28): d = d( I)( 1 - A In * s), where 
d( 1) and A are two constants for each M-O 
bond. Since the d(1) and A values for Li-0 
bonds were not reported by Zachariasen, 
only the strengths of the Ta-0 bonds and 
the tantalum valences have been calculated 
by this method. The d(l) and A values used 
were 1.918 A and 0.166, respectively. As 
can be seen from Table VI the bond 
strength and valence values calculated by 
the two methods are in good qualitative 
agreement with each other. The Ta(l), 
Ta(2), and Ta(3) cations have valences 
close to 5, whereas a slightly higher value 
(5.19) is obtained for Ta(4) by both meth- 
ods. This chemically unfeasible value could 
be explained by the large thermal motion of 
Ta(4) along the b axis. It has been shown 
that large thermal motions tend to decrease 
the apparent bond length as determined by 
diffraction methods and to increase the 
bond strength and consequently the va- 
lence (19). The anion valences, calculated 
by the Brown and Wu method, range be- 

tween 1.80 and 2.13. With the exception of 
O(10) and O(lOl), the anion valences differ 

by no more than 7% from the expected 
value of 2.00. This indicates that there is 
nearly perfect valence balance throughout 
the structure. Although O(l0) and O(101) 
are not severely underbonded (the calcu- 
lated valence is 1.84 and 1.80, respec- 
tively), their underbonding might be used to 
explain the large anisotropy of Ta(4) along 
the b axis. It must be pointed out that 
O(101) is strongly bonded to two Ta(4) and 
weakly bonded to two Li(l), while O(10) is 
strongly bonded to two Ta(4) only. The 
bonds Ta(4)-O(101) and Ta-O(l0) are both 
along the b axis. It is evident that Ta(4) 
cannot be closer to one of the two oxygen 
ions than to the other, otherwise the second 
would become severely underbonded. Thus 
it remains in the middle, and since both ox- 
ygen ions are slightly underbonded, it com- 
pensates this small valence imbalance by 
vibrating along the bond direction. 

It can be seen from Table VI that if Li( 11) 
would exist, it would be bonded to the same 
oxygen atoms to which Li(1) is bonded, ex- 
cept for 0(71) and O(lOl), which are 
bonded to Li(1) only, and for O(7) and 
O(10) which would be only bonded to the 
Li(ll). Because of this similarity, if both 
sites were occupied, then the 10 common 
oxygen atoms would become severely 
overbonded. On the other hand, it should 
be noted that the sites of Li(3) and Li(31) 
would not be enough to completely fill the 
valence deficiency of the underbonded oxy- 
gen atoms. For instance, if one considers as 
deficient those oxygen atoms whose va- 
lence, calculated from the Ta-0 bonds 
only, is less than 1.90, then Li(l), Li(2), and 
Li( 11) (if it would exist) are bonded to eight 
of these deficient oxygen atoms, whereas 
Li(3) and Li(31) are bonded to only three. 
By occupying either sites 1 and 2 or sites 11 
and 2, the lithium atoms cause the smallest 
distortion due to electrostatic imbalance. It 
should be pointed out that the superstruc- 
ture is due to the fact that sites 1 and 11 
cannot be occupied simultaneously. 
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cations are outlined. 

Along the cuboctahedral chains formed 
by sites 1 and 11, every other site is empty; 
namely, sites 1 are full and sites 11 are 
empty. The cuboctahedral sites of the Li(2) 
chains are all full, while the 9-coordinated 
polyhedra of the chains formed by the sites 
3 and 31 are all empty. Because of their 
weak bonding to the oxygen ions of the 
Ta30i- framework and the existence of 
neighboring empty sites, the lithium cations 
are apt to become mobile with increasing 
temperature and therefore to be responsible 
for the ionic conductivity. The three empty 
sites are equivalent in size to the two full 
sites. If one calculates the distances from 
the center of the empty polyhedra to the 
oxygen atoms forming them, the following 
values are obtained for the average dis- 
tances: (site 11)-O = 2.812 A, (site 3)-O = 
2.417 A, and (site 31)-O = 2.483 A. These 
values are to be compared with Li(l)-0 = 
2.746 A and Li(2)-0 = 2.736 A. The Li(1) 
cations can hop to four adjacent sites, 
namely three 11 and one 3, whereas the 
Li(2) cations can only hop to one adjacent 
11 site. The hopping takes place through 
distorted rhombic holes formed by oxygen 
atoms. For instance, the Li(l) cation at 

(0.41, 0.75, 0.09) can hop to the site 31 at 
(0.25, 0.75, 0.25) through the rhombus 
formed by the O(5), 0(71), O(5), and 
O(101). The 0(5)-O(S) and 0(71)-O(101) 
diagonals are already long enough at room 
temperature (3.227 and 4.311 A, respec- 
tively) to allow the lithium hopping from 
site 1 to site 31. A lithium cation which has 
moved to a 3 1 site can continue its hopping 
on going along the empty chains formed by 
sites 31 and 3. This hopping would take 
place through the triangular holes formed 
by the O(5), O(l), and O(5) anions. At room 
temperature the three edges of the triangle 
are 2 x 0(1)-O(5) = 2.783 A and 0(5)-O(5) 
= 2.928 A, which are rather small. It is con- 
ceivable that the size of the triangles and 
the rhombi would increase with increasing 
temperature. Once the lithium cations be- 
gin to move, hopping from a given site to 
one previously occupied might take place. 
All possible hoppings and the room-temper- 
ature size of the corresponding holes are 
given in Table VII, and they can be visual- 
ized from Fig. 2. The distribution of the 
lithium sites throughout the structure and 
the hoppings which might take place, 
clearly demonstrate that the high-tempera- 
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TABLE VII 

LITHIUM HOPPINGS 

Hopping 

From To 
and vice versa 

Occupancy 
at 

room temp. 
Oxygen anions 

forming the holes 
Diagonal distances or 
triangular edges (A) 

Site (1) Site (11) 

(1) (11) 
(1) (3) 
(1) (2) 
(2) (11) 
(11) (31) 
(3) (31) 
(2) (2) 

Full Empty O(5)-(6)-(8)-(3) 
Full Empty W’b@W1b@) 
Full Empty O(5)-(71)~(q-(101) 
Full Full 0(6H9Hf+C’1) 
Full Empty WbWH6H7) 
Empty Empty O(5)-(7)-(5)-(16) 
Empty Empty O(5)-(1)-(5) 
Full Full 0(6H’3-(6b(2) 

0(5)-O(8) = 3.206; 0(6)-O(3) = 4.873 
O(9)-0(91) = 3.697; 0(8)-O(8) = 3.849 
0(5)-O(S) = 3.227; 0(71)-O(101) = 4.312 
0(6)-O(6) = 4.453; O(9)-O(71) = 3.131 
0(6)-O(6) = 3.244; 0(91)-O(7) = 4.171 
0(5)-0(S) = 4.470; O(7)-O(10) = 3.254 
2 X 0(5)-0(l) = 2.783; 0(5)-O(5) = 2.928 
0(6)-O(6) = 2.993; 0(2)-O(2) = 4.893 

ture form of LiTa is a tridimensional 
ionic conductor as found experimentally by 
Magniez (9). However, it is surprising that 
quenching from high temperature does not 
preserve any sign of this hopping, and all 
Li+ ions settle into their respective room- 
temperature sites. Probably high-tempera- 
ture neutron diffraction is needed to clarify 
this point. 

It has been stated in the introduction that 
the ionic conductivity of solid solutions 
such as Lii -XTa308-,F, and Lii -,Ta3-,WXOs 
attains a maximum in both cases for x = 
0.75. A priori one cannot determine 
whether LiTai20Z9F3 and LiTa9W3032 be- 
long to the Pmma space group or to Pmmn. 
In the former space group, any lithium site 
would be partially occupied. If only one 
type of sites is occupied, then sites 2 or 3 
would have a 0.50 occupation factor, while 
sites 1 would have 0.25 occupancy. In the 
case of the Pmmn space group, if the lith- 
ium cations occupy only one type of site, 
then sites 1 or 11 or 2 would have a 0.50 
occupation factor, whereas sites 3 or 31 
would be fully occupied. Since high ionic 
conductivity is usually associated with par- 
tially occupied sites, it is likely that the Li’+ 
ions would be in positions partially occu- 
pied rather than in the fully occupied sites 3 
and 31. 

The anisotropic vibrations of all atoms 
are shown in Figs. 5 and 6. A qualitative 
study of these results reveals several fea- 
tures of physical interest and significance. 
One sees, for instance, that the lithium cat- 
ions have thermal amplitudes larger than 
the oxygen atoms, which in turn show dis- 
placements larger than those of the tanta- 
lum cations, except for that of Ta(4) along 
the b axis. This large thermal vibration has 
been explained above as due to the under- 
bonding of O(10) and O(lOl), whose bonds 
to Ta(4) are along the b axis. The size of the 
oxygen octahedron around Ta(4) is quite 
suitable for the radius of the Ta5+ cations; 
therefore, the large thermal vibrations are 
not due to a size effect. 

The lithium cations also have large ther- 
mal vibrations, but in their case their vibra- 
tions are indeed the result of a size effect. 
The oxygen anions, which belong to the 
plane containing the lithium cations, 
namely the plane at y = a, have larger ther- 
mal vibrations than the oxygen ions belong- 
ing to the plane at y = 0 containing the tan- 
talum cations. Furthermore, the thermal 
vibrations of the oxygen ions of the y = + 
plane are strongly anisotropic, and the di- 
rections of the maximum thermal displace- 
ment are nearly parallel to the directions of 
the corresponding Li-0 bonds. 



292 HODEAU ET AL. 

The values of the anisotropic thermal fac- 
tors and the orientation of tensor ellipsoids 
are consistent with the directions and 
strengths of the chemical bonds. 
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