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The compound Li,Znin,F,; has been synthesized in the form of single crystals. The symmetry of the
unit celf is orthorhombic: a = 4.7465(6) A, b = 17.592025 A, c = 5.0582(6) A, with space group Phen,
Z = 2. The structure has been determined using 525 independent reflections (R = 0.015, R, = 0.018).
This phase exhibits a pew cationic distribution inside an h.c. packing of F~ ions; four cationic sites
are occupied, two of them being statistically filed (zinc and lithium at one and half a lithivm at the
other). The stacking of octahedra is strongly related to the tri-a-PbG, structure. Anisotypic Li,Mn;F;

series with M = Mg, Fe, Co, Ni is evidenced.

Introduction

AMM'F, ternary fluorides (A = Li, Na;
MItand MY = 3d ransition cations or Al,
Ga, 1n) mainly adopt two structural types:
trirutile (/~3) or Na,SiF, (6~9). In some
cases, a dimorphism is observed between
these two types either by increasing the
pressure (LiFe,F, (/0) and LIiMTiF, (/1)) or
by heating and quenching (LiMaVF, (72)).
In each case, the Na,SiF.-type is the most
dense. Dimorphism is also observed within
the Nu,SiF-type for the compound LiMn
FcFy (8); the structural difference between
the two phases is mainly due to an inversion
between alkali and trivalent Fe*' jons,

These structures consist of different cat-
ionic distributions in half of the octahedral
sites of a pscudo-h.c. packing of F~ ions.
It can be noted that with O~ ions in the
same packing, AB,0¢ oxides easily crystal-
lize with columbite (13} or tri-a-Pb0O, (/4)
structures.
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LiM InF, compounds (9} belong to the
Nu,Sili-type with a cationic distribution
close to that of a-LiMnFeF,. but no dimor-
phism is reported, Qur investigation of the
ternary system LiF-ZnF,-InF;, by both
solid state reaction and crystal growth in
chloride fiux, evidenced a new orthorhom-
bic phase, the molar volume of which is very
close to that of LiZnlnF;. This led us to
determine the structure of this new com-
pound, whose formula was found to be
Li,Znin,F,;.

This paper deals with the crystal structure
of this new phase and the characterization
of an isotypic scries.

Experimental
Preparation

Crystals of Li,Znln,F,; were obtained by
using a chloride flux method (13, 16) in a
platinum crucible under argon atmospbere.
A stoichiometric mixture of the clementary
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STRUCTURE OF Li,ZnIn,F;

TABLE 1

CRYSTAL DATA AND CONDITIONS OF DATA
COLLECTION AND REFINEMENT FOR LiyZnln,F),

Symmetry orthorhombic
Space group Pben (No. 68)
Z 2

Parameters

a 4.7496(5) A

b 17.606(2) &

c 5.0617(6) A
Volume 423.3(2) A?
Calculated density 4.32
Crystal size 315104 mm?
Reflections used to refine 32

cell parameters

Scan mode w-26) in N steps of W=sN=4a3
Aw = 0.033
Data collection range 20 = TP
Aperture 3.5 x 3.5 mm
Standard reflections =2, 6.1
—-2. -6, -1
-2,0. -2
Mceasured reflections 2226

Min and max &, k. { —-7.-20, -6;7,28. 8
Independent reflections (f > 3o{f)) 525
R {from averaging) 0.019
Absorption u=3840cm~
Secondary extinction factor e = 2.6(4)1077
Weighting scheme W= 061X F) + 0.0014FY)
Number of refined parameters 43
Max, min heights in Lhe final +1.3, —hbe A-?

difference map
Reliability factors /: R,

0.045; 0.018

fluorides was not necessary to give single
crystals of this phase. In fact, the best
results were obtained from the mixture
2LiF 4+ ZnF, + Inl; + 8ZnClL;, by slow
cooling (5°C/h) from 500°C. Beside Li,Zn
In,F,, crystals in form of platelets, some
hexagonal or trigonal prisms of LiZnlnkF;
were found together with small amounts of
Li;InF,. Thermal study (DTA Netzsch 404
S, heating rate 300°C/hr) of LiyZnln,F, only
showed an endothermic peak at 580(5)°C
corresponding to the melting point; no tran-
sition peak indicating the formation of the
LiZnlnF, phase was observed (M.P. =
625(5)°C for LiZnInF). The solid state syn-
thesis of Li,Znln,F,; was achieved in sealed
gold tubes at 575°C (16 hr) from a stoichio-
metric mixture of the elementary fluorides.
In the same conditions an isotypic series
was synthesized with M! = Mg?*, Co**,
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Ni?t, Fe’*, but failed with Mn®>*. Attempts
to substitute 34 trivalent cations for In**
led to a mixture of LiMM'F, and Li;M'F,
phases (M = Co*", Ni’t, and M’ = Cr’*,
Fe’*).

X-Ray Data Collection
and Characterization

The crystal selected for X-ray data collec-
tion on a SIEMENS AED?2 four-circle dif-
fractometer {(MoKe) was limited by faces
+{010, 203, 101}. The conditions of the dif-
fraction experiment are given in Table I.
The lattice parameters —a = 4.7496(5) A,
b = 17.606(2) A, ¢ = 5.0617(6) A—were
refined from 32 reflections (26 = 30°), cen-
tered by the double scan technique. The ob-
served limiting conditions for the reflec-
tions—0ki, 1 = 2n; RO, | = 2n; and AL0,
h + k = 2Zn—were consistent with the Pben
space group. The X-ray powder diffraction
patterns of the isotypic series were indexed
with an orthorhombic lattice, whose refined
cell parameters are given in Table 11. This
table also allows a comparison of the unit
cell volumes of the Li,MIn,F,, phases with
the hexagonal cell of LiZnlnF,. In spite of
the differences in lattice symmetry, the simi-
larities in observed volumes indicate that
the structures of these species probably are
based on the same anionic packing.

Structure Determination

All the calculations were performed using
the SHELX-76 (I7) and SHELS-86 (/8) pro-

TABLE II
CELL PARAMETERS? (A) OF LiMIn,F s

a b ¢ Ve (AP
Li,Mgln,F»  4.7286(6)  17.544(3)  5.0380(6) 104.4(2)
LiFeln,F,,  4.41(1)  17.573(6)  5.070(1)  105.6(3)
Li,Coln.F s 4.7472(6) 17.621(3)  5.0653(6) 105.9(2)
Li,Niln,F,  4.7350(6)  17.5912) 5.03646)  104.9(2)
Li,ZnIn,F . 4.7465(6) 17.592(2)  5.05B2(6) 105.6(2)
LiZnInF, 8.74, 8.74, 4.69; 103.4

¢ From powder data.
& Cell volume/Z for AMM 'F, formulation.



468

MAGUER AND COURBION

TABLE 111

ATOMIC PARAMETERS, ANISOTROPIC TEMPERATURE FACTORS? Uy, x

10° AND B, {A?) For Li,ZnIn,F,

Atom  Site x ¥ Uy L Us; Us; U Up B,
In dc 0 0.1176(1) i 118(1)  85(1) B&(1) i\ 6(4) 0 0.77(1)
Zon-Li;, d4e 0 0.4516(1) 3 943} 148(3)  99(3) 9 1214 \ 0.90(2)
Li, 4c 0 0.2953(6) i 27818y — — — — —  2.19(14)
List 4c 0 0.7751(9) i 177127y — — — — — 1.40(21)
F, 8d  0.2361(4) 0.4616(1) 0.5794(4) 134(7) 142(7) 1247 26y —19(8) 44(7)  1.05(5)
F, 8d  0.2438(4) 0.6260(1) 0.5805(5) 163(9) 134(7) 143(D) 06y 52(9) 10(7)  1.16(6)
F; 8d  0.2825(3) 0.292%(1) 0.5733(5) 161(8) 1137} 209(9) —52(8) B 177 1.276)

Note. Standard deviations are given in parentheses.
@ The vibrational coefficient relates to the expression

T = expl—27 Wa** Uy, + K00y + Po*iUy

b This position is half occupied.

grams. Atomic scattering factors and anom-
alous dispersion corrections were taken
from the International Tables for X-ray
Crystallography (/9). The intensities were
corrected for Lorentz and polarization ef-
fects as well as for absorption. The use of
the heavy atom method first made it possible
to locate the indium atom in a 4¢ site. The
corresponding refinement led to a reliability
factor of R = 0.31. After successive differ-
ence Fourier maps and refinements we lo-
cated the following atoms: one zinc (4c site),
three fluorines (84 site), and two lithiums,
Li2 and Li3 (4¢ site). The corresponding R
value was 0.09. At this stage the current
formulation was not balanced: *‘LigZn,
In,F,,”" had an excess of cationic charges.
After associating this result to the large iso-
tropic thermal motions (#) of Zn** and Lij
cations {4z, = 0.036, 1 ;; = 2.0), we decided
to check their two occupation rates (7). In
the next refinement, the reliability factor im-
mediately dropped to R 0.03, with the
following values: 7, = 0.26 (instead 0f 0.5),
g, = 0.0, 71, = 0.36, up;; = 0.45. This
was a proof of a half occupation rate for the
zinc site, and of a partial occupation of the
Li3 site. When anisotropic thermal motions
were applied to all atoms except Li2 and

+ 2hka*b*U, + 2hia*c* Uy + 2kib*c*Ux].

Li3 with 75, = 0.25, the reliability factor
fellto R = 0.018 and 7 ;; became 0.38 (with
tp iz = 0.049). As the Fourier difference map
clearly showed a lack of electron density at
the zinc position, we decided to fill this site
with lithium (Lil}. This implied the setting
of the occupation rate of the Li3 position
to 7 = 0.25 and led to a balanced formula-
tion: (Li2),(Li3),(ZnLil)(In),F,;, (Li,Znln,
Fi;, Z = 2). In these conditions, the last
refinement using a weighting scheme and
antsotropic thermal motions {except for Li2
and Li3) led to R = 0.015 and R, = 0.018
(with u;; = 0.0177).

Further tests on occupation rates con-
cerning Lil and Li3 sites did not improve
this final result. Table III lists the atomic
coordinates and thermal parameters, and
Table IV the main interatomic distances and
angies. A table giving the calculated and
observed structure factors may be obtained
on request to the authors.

Structure Description and Discussion

The structure of Li,ZnIn,F, exhibits a
new cationic distribution in an h.c. packing
of F~ ions. Figure 1 shows a perspective
view of the structure; it is built up by almost



MAIN INTERATOMIC DISTANCES {A) AND ANGLES (°) IN LiyZnln,F|,

STRUCTURE OF Li,ZnIn,F,,

TABLE IV

In’* Octahedron

{Li;-F) = 2.09 A

In F, F, F, F Fy F;
F, 2.064(2) 3.044(3) 3.023(2) 2.969(3) 2.978(2) 4.140(1)
F, 95.0(0.1) 2.064(2) 2.969(3) 3.023(2) 4.140¢1) 2.978(2)
F, 93.8(0.1) 91.7(0. D 2.074(2) 4.137(4) 2.776(2) 2.943(3)
F, 91.7(0.1) 93.8(0.1) 171.8(0.1) 2.074(2) 2.943(3) 2.776(2)
F; 91.7(0.1) 172.10.1) 83.7(0.1) 90.1(0.1) 2.086(1) 2.733(1)
F, 172.1(0.1) 91.70.1) 90.1(0.1) 83.7(0.1) 81.9(0.1) 2.086(1)

(in-F) = 2.08 A Aoy = 2.10 A
(Zn**Li}t) Octahedron

ZnLi, F, F F, F, F, F,
F; 1.986(2) 2.882(3) 2.956(3) 2.869(2) 4.066(2) 2.895(2)
F, 93 10.1) 1.986(2) 2.869(2) 2.95%(3) 2.895(2) 4.066(2)
F, 95.3(0.1) 91.60.1) 2.017(2) 4.01%(3) 2.739(2) 2.869(3)
F, 91.6(0.1) 95.3(0.1) [70.0(0.1) 2.017(2) 2.869(3) 2.739(2)
F, 176.2(0.1} 90.7(0.1) 83.8(0.1) 88.8(0.1) 2.083(2) 2.831(1)
F, 90.7(0.1) 176.2(0.1) 88.8(0.1) 83.8(0;1) 83.6(0.1) 2.08?(2)

(ZnLid-F) = 2.03 A dypornon = 2.05 A
Li; Octahedron

Li, F, F, F, F, F, F,
F, 1.999(T) 2.882(3) 4.063(1) 2.941(2) 2.982(2) 2.880(3)
F, 92.3(0.5) 1.999(T) 2.941(2) 4.063(1) 2.880(2) 2.982(2)
F, 174.4(0.4) 92.6{0.1) 2.068(8) 2.733(3) 2.963(3) 2.911(2)
F, 92.6{0.1} 174.4(0.4) 82.7(0.4) 2.068(8) 2.911(2) 2.963(3)
F; 92.8(0.3) 88.8(0.2) 90.2(0.2) 88.1(0.3) 2.117(2) 4.232(3)
F, 88.8(0.2) 92.8(0.3) 88.1(0.3) 90.2(0.2) 177.7(0.6) 2.117(2)

({Li,-F} = 2.06 A Asannon = 2.06 A
Li{ Octahedron

Li, F, F, F, Fy F, Fs
F; 1.960(3) 3.870(3) 2.963(3) 2.911(2) 2.880(3) 2.776(2)
F, 161.6(0.9) 1.960(3) 29112 2.963(3) 2.776(2) 2.880(3)
F, 96.6(0.1) 94.3(0.3) 2.008(10) 32251 2.941(2) 4.272(2)
F; 94.3{0.3) 96.6(0.3} 106.8(0.7) 2.008(1) 4.272(2) 2.941(2)
F, 84.9(0.4) 81.1(0.4) 86.1(0.2) 167.1(0.6) 2.291(12) 2.978(3)
F, 81.1(0.4) 84.9(0.4) 167.1{0.6) 86.1(0.2) 81.1¢0.5) 2.291(12)

dSharmun = 2.06 ;\

regular M F, octahedra. The Li3 octahedra,
which belong to a half occupied site (see
Table 1V), are the most distorted. It must
be borne in mind that only two of the three
other cationic sites are occupied by a single
kind of ion (In and Li2 sites), the last posi-
tion being statistically filled by zinc and lith-
ium. Nevertheless, it is clear that the cell
parameters as well as the space group
(Pbcn) are typical for a tri-a-PbO, structure,

such as Fe,WOq (14), ZnTa,0, (20}, or LiSb
WO, 21).

From a crystal chemical point of view,
some features of the tri-a-PbQ, structure
can be recognized in Li,ZnIn,F,, (see the
(100) projections given in Fig. 2 for levels
x = 0 and x = $). The main feature of the
tri-a-PbO; structure-type consists of zigzag
chains of edge sharing octahedra parallel to
the ¢ axis. A specific order between these
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a

e

FiG. 1. Perspective view of Li,ZnIn,F;, structure
(23). In octahedra are strongly shaded, whereas (Zn/
Li) ones are lightly shaded. Li2 and Li3 octahedra are
unshaded. Circles correspond to Lid atom (half occupa-
tion rate).

chains is responsible for the threefold in-
crease of the b axis; for example the se-
quence Li-Li/W-Sb/Sb-W/Li-Li is ob-
served for LiSbWO, (Fig. 1, right part). The
same ordered zigzag chains are evidenced
for Li,Znln,F, if the Li2 site is overshad-
owed (Fig. 1, left part), the remaining differ-
ence being the half occupied Li3 position.

In our case, the occupation ratio for the
octahedral sites, 0.583 instead of 0.50 for
AMM X, compounds, leads to some modi-

Li4ann2F 12

A 7
N u/uA\v
N

d

M‘

KA
VH\ )
A TR,
\/

*"I".\V< .

Zn/Lil Li2

FiG. 2. (100) projections at level x = 0 and x =
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fications in the cationic distribution and in
the connections between the octahedra. In-
deed Li2 and L.i3 octahedra share not only
edges in the ¢ direction, but also faces in
the « direction. These connections lead to
the presence of corrugated (a, c) planes at
vy = 0.29 and 0.77, as illustrated in Fig. 3.
In these never-ending planes, 75% of the
octahedral sites are occupied.

It is surprising to note that no AMM 'F,
compound with a tri-e-PbO, structure has
been reported. The same remark was made
in the past by Senegas and Galy (22) for
fluorinated phases which never crystallize
with the columbite structure. From a geo-
metrical point of view, these two structures
could exist, but electrostatic effects seem
to be predominant and the stabilization is
therefore prevented. Indeed, in the case of
“LiZnInF¢” with the tri-a-PbO, structure
type, the sharing of edges between In and
Zn octahedra in the zigzag chains would not
be favored by Pauling’s rules, which state
that polyhedra around the more charged cat-
ions tend not to share edges and especially

LiSbWO,,

A‘ \‘

ZAl 2

QU

x =12 “_:&\(‘

3 for Li,ZnIn,F,; (left) and LiSbWQy (right).
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Li2

F1G. 3. Corrugated planes of lithium octahedra in
LiyZnlnyFy,.

faces, but vertices. In agreement with these
rules, the cationic distribution of Li,Zn
In,F, is preferred, because the indium octa-
hedra do not share edges with the zinc/lith-
ium ones; only three edges are shared with
the lithium octahedra, two of them being
half occupied. Moreover, the octahedra face
sharing is only encountered for the less
charged cations.

Conclusion

The Li,MIn,F;, phases manifest a new
cationic distribution inside an h.c. packing
of F~ ions. The stacking of octahedra is
strongly related to the tri-a-PbO, structure,
which has never been observed for fluori-
nated compounds.

At the present time, the occupation of
additional octahedral sites (r = 0.583 in-
stead of 0.5) seems to be the only way to
obtain such a structure type (F~ network).
This could be the explanation for the ab-
sence of structural transition between
Na,SiFg (or Trirutile) and tri-a-PbO, types
for AMM'F, compounds.
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