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Li,TiTeOq and Li,SnTeOq, synthesized at 700°C, are orthorhombic, with g = 5.072 A(5.192), b = 4.903
A (4.927), and ¢ = 8.402 A (8.513) for Ti (Sn). The structure of the Ti compound, space group Pnn2,
has been deduced from X-ray powder diffraction intensities: it derives from the LiSbOj; structure by an
additional Ti-Te ordering. This type of ordering is likely to occur also in Li;SnTeQg. Although not
detectable by X-ray diffraction, it is supported by the sharpness of the bands in the vibrational
spectrum. A comparison of ordering phenomena in Li,;TiTeOs—LiSbO; type—and Li,ZrTeOQ¢-corun-

dum-like structure—is proposed.

Introduction

Ordering phenomena of the cation distri-
bution in octahedral sites seem to be a com-
mon property for mixed oxides of tellurium
(VI). As an example, a highly ordered
structure belonging to the corundum family
was recently described for the compounds
Li,Zr(Hf)TeOg (1), which can be derived
from the LiNbO; type structure (2) by the
double substitution:

2 NbY - ZrlV(Hf) + Te"L.

The occurrence of a MV/TeV! order in
oxides with a LiSbO; type structure (3) is
considered here. As a matter of fact, the
synthesis of complex tellurates LiMUpIM
TeVIQg (M = Mg, Ni, Co, Zn; M1 = Fe,
Cr, In) (4) points to a likely ordering phe-
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nomenon in such a structure. Therefore, we
checked the existence of a M!V/TeV! order
(MY = Ti, Sn) in ABO; oxides closely re-
lated to the LiSbO; type.

The present results deal with the prepara-
tion, crystal chemistry, and vibrational
characteristics of new mixed tellurates with
the formulas Li,TiTeOg and Li,SnTeO¢. An
ordering phenomenon originating in the
double substitution 2 SbY — Ti'V + TeVY!is
described for the LiSbO; type structure of
Li,TiTeOs and compared to that observed
in the corundum-like structure of Li,Zr(Hf)
_,HOOm.

Experimental

The synthesis of Li,TiTeOs was per-
formed from stoichiometric mixtures of
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Li,CO;, TiO,, and TeO, heated in platinum
crucibles, in air. The initial temperature
must not exceed 600°C in order to ensure a
full oxidation of Te!v into TeY!. Then, an-
nealing at 700°C during 2 days, with inter-
mediate regrindings, leads to completion of
the solid state reaction.

This procedure does not give pure LiSn
TeOs, since a small quantity of uncombined
Sn0, (easily detected by X-ray diffraction)
is still present after 1 week at 720°C. Pure
Li,SnTeOq may be obtained by a two-step
procedure: Li,SnO, is first prepared by
solid state reaction between Li,CO; and
Sn0, (2 days at 1000°C); it is then mixed
with a small excess (5 to 10 mol%) of TeO,,
and the mixture is progressively heated up
to 600°C, and then annealed for 2 days at
700°C.

Radiocrystallographic analysis was made
from a Guinier Nonius camera; powder pat-
terns were recorded with a Philips powder
goniometer, both using the CuKa radiation.

IR and Raman spectra were obtained
with conventional techniques and equip-
ment.

Results

Using the experimental procedure de-
scribed above, two new mixed tellurates
Li,TiTeOg and Li;SnTeOg were obtained.

The thermal stability of these phases is
moderate: after 1 day at 800°C, they are
transformed into other phases, whose na-
ture has not been investigated so far. In the
case of the Ti compound, the actual results
may be summarized as follows:

(i) No free TiO, (either rutile, anatase, or
brookite) may be detected by X-ray diffrac-
tion. The transformation scheme is thus
very different from that previously evi-
denced for Li,Zr(Hf)TeOg (1).

(ii) Only broad bands are observed in the
IR spectrum of the decomposition prod-
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uct(s), possibly suggesting some kind of
disorder.

(iii) The transformation is reversible: an-
nealing at 700°C for 1 day restores the initial
Li;TiTeO¢ phase.

Additional work is needed to solve this
problem.

Powder patterns of these compounds are
closely related to that of LiSbO;. There-
fore, they were indexed with an orthorhom-
bic cell. Table I brings together the values
of a, b, and ¢ parameters obtained after a
least-square refinement and the cell volume
for Li,Ti(Sn)TeOg¢ and, for comparison,
those observed for LiSbO; (3). These
results confirm the geometrical relationship
between the cells of these mixed tellurates
and LiSbOj. Moreover, the observed varia-
tions agree well with the predictions which
can be drawn up from the mean ionic radii
of cations. The lowest value of the cell vol-
ume for Li,TiTeOg and the highest one for
Li,SnTeO¢ point to a significant difference
between the mean size of the pairs (TilV-
Te¥Y) and (Sn'V-TeVY) which are, respec-
tively, smaller and larger than that of SbY.

Structural Determination of Li,TiTeOqg

Comparing the indexing of the diffracto-
gram of Li,TiTeOs with that of LiSbO;:
space group D%, Pnna, leads to the follow-
ing conclusions:

(i) the reflection conditions for (k0!): h +
! = 2n and for (0kl): k + | = 2n are ob-
served;

(ii) the condition for (hk0): h = 2n is no
longer observed for Li,TiTeOs, owing, for
instance, to the existence of (110) reflection
with a significant intensity.

Given these conditions, and in agreement
with the assumption made by one of us
(P.T.) for the mixed tellurates LiMUAfI
TeOy (4¢), we considered the space group
CY® Pnn2 to be the most probable. As a
matter of fact, in that case the only reflec-
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TABLE I

CRYSTALLOGRAPHIC DATA FOR THE ORTHORHOMBIC
CELLS OF Li;Ti(Sn)TeO¢ AND LiSbO, (3)

o

Compounds  a(A) b(A) Ay V(Ap
Li,TiTeOs  5.072(1) 4.903(1) 8.402(2) 208.9
Li,SnTeOs  5.192(2) 4.927(2) 8.513(5) 217.7
LiSbO, 5.183 4.893 8.491 215.3

Note. Parameters correspond to the choice of the
standard space group for LiSbO: DS, Pnna.

tion conditions are (0kl): k + | = 2n and
(h0D): h + | = 2n; moreover, as it is a sub-
group of D$, Pnna, a structural model
close to the LiSbO; type is likely to exist for
HL—NH,—H,GOQ

Structure calculations were undertaken
from the integrated intensities of 39 reflec-
tions, i.e., 71 (hkl). Starting from the model
described for the structure of LiSbO; (3),
Te and Ti occupy the positions 2(a): 00z and
2(b): 03z, respectively; in the same way
there are two sets of Li atoms located in
2(a) and 2(b). All the oxygen anions are
found in three sets of general positions 4(c):
x, y, z. The initial value of the confidence

factor R; = X|Iy — I|/|Z1y| is close to 0.12:
it ensures the validity of the LiSbO; struc-
ture as a model for Li,TiTeOs. Several
least-squares refinements cycles were made
(5), considering successively the distribu-
tion of Ti and Te over 2(a) and 2(b) sites,
their atomic coordinates, that of oxygen,
and, as a final step, that of Li; thus, the R,
value falls to 0.038.

In Table II, we report the set of atomic
parameters corresponding to the best value
of Ry and for comparison those determined
for LiSbO; (3). It must be stated, first, that
despite a much larger number of variable
coordinates, 13 instead of 6, the values ob-
tained here for Li,TiTeQg4 are not signifi-
cantly different from those of LiSbO;.
Therefore, the main characteristic of the
structure is found in the existence of an or-
der in the distribution of Ti and Te over the
Sb sites. Although the mathematical result
does not point to complete ordering (94% is
observed), it can be considered that a 1/1
order (only a 1% increase of RI) is the most
likely to occur between Ti and Te.

Table III brings a list of calculated and
observed intensities and Table IV compares

TABLE II
ATOMIC PARAMETERS OF Li,TiTeOq: SG Pnn2 and LiSbO; (3): SG Pnna

o

Atoms Positions x y z B(A)?
0y 03] @ @ 1 2) (1) )] e} (2 ()]

Li(1) 2(a) 0.0 0.0 0.723(7) 1 fixed
Li 4(c) 0.0 0.0 0.730

Li(2) 2(b) 0.0 0.5 0.790(6) 1 fixed

Te 2(a) 0.0 0.0 0.1057(7) 1.0(1)
Sb 4(c) 0.0 0.0 0.0971

Ti 2(b) 0.0 0.5 0.4026(7) 0.9(4)

o(1) 4(c) 0.166(2) 0.254(4) 0.257(3) 2.0(8)
o) 4(d) 0.194 0.250 0.250

0Q) 4(c) 0.669(2) 0.207(1) 0.078(4) 1.3(8)
0Q2) 8(e) 0.657 0.209 0.081

0@3) 4(c) 0.829%4) 0.793(2) 0.938(2) 1.1(7)

Note. (1) Li,TiTeOq. (2) LiSbOs. (3) In order to facilitate the comparison with Li,TiTeQg, a shift of the origin,
—a/4, is made for LiSbO;. (4) R; = 0.038 for Li,TiTeO, is obtained with the distribution: 94% Te 6% Ti site 2(a),

6% Te 94% Ti site 2(b).
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TABLE III

OBSERVED AND CALCULATED INTENSITIES FOR THE
X-rRAaY PATTERN OF Li;TiTeOg, R; = 0.038

hkl Novm. Nob_ﬂ hkl No.uP Nnb_n.

101 78.0 77.4 033 1.5 1.7

01 J 172.0 1723 006 5.0 44
002 23 ow 5.0 5.3
110 16.0 16.1 321 ' ’
112  101.0 1014 133

200 13.0 12.4 231 28.0 282
1o J 26.0 26.0 224

020 ) ’ 215

013 7.0 8.8
210 7.0 8.5

125 2.0 1.7
116 3.0 4.1

120 05 00 314
113 150 151 4 oL 6.0 5.2
211 134
20 L 00 404 3 L 70 69
121 170 187 233 05 16
022 70 49 410
004 70 67 2060 50 5.0
114 120  10.1 040
Si 3.0 317 225
213 026

80 6.1
12 J 4.0 410 411
221 . . 402
301 40 44 141
222 412
NoL 120 124 Gaap 30 38
031 330
310 035
105 % 290 284 10 * 60 6.5
024 017
015 332
130" 10 15 SL 80 9.0
312 413
> L 200 176 e
132 170 166 14 * 70 83
303 150  14.0 241

the main interatomic distances in Li,Ti
TeOg and in LiSbOs. The following features
must be emphasized:

—TeO4 and TiOg octahedra, despite a
low site symmetry, C,, are rather regular.
The mean M-O distance is nearly the same
in the two cases, 1.96 A: it is slightly
smaller than the mean Sb-O distance in
LiSbO;, 2.03 A. Moreover, as would be

predicted for a d0 cation as TeV!, the regu-
larity of the TeOg octahedra is greater.

—As a significant difference from
LiSbOs;, the LiOg octahedra seem to be sig-
nificantly distorted. This is probably due to
the existence of different neighboring octa-
hedra (Ti and Te) around the LiOg octahe-
dra.

Order Phenomena in Li,SnTeOq

We did not make any attempt to solve the
structure of Li,SnTeQOg, as the isotypism
with LiSbO; does not create a problem.
Nevertheless, it cannot be stated unambig-
uously that a Sn/Te order occurs. If one
considers that the existence of a (110) re-
flection is a sensitive means of checking
this order, it should be noted that this re-
flection is not found in the powder pattern
of Li,SnTeO¢. However, this is not incon-
sistent with a Sn/Te order. As Sn'Y and TeV!
are isoelectronic, their atomic scattering
factors are almost identical. So the (110)
reflection, which from the analysis of its
structure factor can be considered as a
“‘difference’’ reflection like in spinels (6),
fully vanishes when Sn!V and TeV! simulta-

TABLE 1V

MAIN INTERATOMIC DISTANCES A.Mv IN Li,TiTeO¢
AND LiSbO; (3)

Distances Li,TiTeOs LiSbO; Distances
Te-O(1)  (x2) 1.97
Te-0(Q2) (x2)1.98 (x2)2.00
Te-0(3) (X2) 1.94 (X2)2.04 Sb-O
Ti-O(1) (x2) 1.91 (x2)2.05
Ti-O(2) (x2) 1.99
Ti-O(3)  (x2) 1.98

Li(1)-0O(1) (X2)2.10

Li(D-02) (x2)2.07 (x2)2.01

Li(1)-0O(3) (x2)2.24 (x2)2.07 Li-O

(x2)2.07

Li2)-0(1) (x2)2.12

Li(2)-0(2) (x2)2.22

Li2)-0(3) (x2)2.09

A = 0.03-0.06 A




276

neously occur. A neutron diffraction study
will be undertaken in order to give good
evidence of the Sn/Te order. Although, it
cannot be deduced from the absence of the
(110) reflection that there is no Sn/Te order,
the analysis of the vibrational spectra pro-
vides evidence for the existence of order-
ing.

Vibrational Spectra

The IR and Raman spectra of both com-
pounds are rather complex, with an unin-
terrupted succession of bands between 800
and 100 cm~'. Moreover, the spectra of the
Ti and Sn compounds are sufficiently differ-
ent to prevent any band to band correlation
between the spectra, and the °Li-"Li iso-
topic shifts are spread over the whole 550-
250 ¢cm™! region. It is thus impossible to
assign the bands on the basis of more or less
localized vibrations of TeQOg, TiOg (or
SnOg), and LiO¢ octahedra.

Nevertheless, an interesting feature is
the great sharpness of the bands of Li,Sn
TeOg, to be compared with the very broad
pattern given by LiCoTiSbOg (Fig. 1). Ac-

Transmission __,.

LiCoTiSbOg

1 1 1
400 200 cm!

i
600

800

Fi1G. 1. Compared IR spectra of Li,SnTeQO, (fully
ordered distribution of the cations) and LiCoTiSbOq
(also LiSbO; structure, but with Li—Co and Ti-Sb dis-
ordering).
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cording to its X-ray powder diagram (4) this
latter compound also has the LiSbO; type
structure, but with a disordered cation dis-
tribution, which is responsible for the
broadness of the IR spectrum. The sharp-
ness of the Li,SnTeQ spectrum points to a
fully ordered distribution of the cations,
which, in this particular case, could not be
deduced from the diffraction data.

Discussion

Description of the LiSbOs Structure

The idealized LiSbO; structure may be
described as a hexagonal close packing of
oxygen with % of the octahedral sites filled
with Li and Sb. Although the polyhedral
linkage shows a 3D character, the distribu-
tion of cations, i.e., the two cationic sublat-
tices, are of low dimensionality: 1D. As
proposed earlier (7) octahedral ribbons run
along |100| (Fig. 2). SbOg units form a string
of staggered octahedra, through skew edge-
sharing (8). These mixed octahedral ribbons
are further connected by opposite face-
sharing of all the LiOg octahedra in such a
way that 1D Li columns are created along
|010| (Fig. 3). Moreover, that stacking of
octahedral ribbons leads to the existence of
small tunnels running along |100).

Ordering Phenomena

As LiSbQO;, to our knowledge, is a unique
example among the ABQO, oxides, no order
phenomena have been reported until now.
Thus, the order evidenced from the struc-
ture determination of Li,TiTeO, (Fig. 2) is
especially interesting to analyze. As for the
recently reported (/) mixed tellurates
Li,Zr(Hf)TeOg belonging to the corundum
family, the ordering phenomenon in the
LiSbO; type structure originates in the dou-
ble substitution 2 SbY — TilV + TeV!; more
precisely, it is related to the introduction of
hexavalent tellurium.
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FiG. 2. Octahedral ribbons in the LiSbO; type struc-
ture at the y = 0 level: Ti/Te order in Li,TiTeO,.

One can propose an explanation for such
an ordering phenomenon, taking into ac-
count the increase of repulsive M . . . M
forces in Li,TiTeQg with respect to LiSbO;.
We must keep in mind the main result of the
analysis of repulsive M . . . M forces de-
veloped for the Zr(Hf)/Te order in Li,Zr
(Hf)TeO¢ (/). A decrease of repulsive
forces, compared to the LiNbO; type struc-
ture, is observed only if there are no neigh-
boring TeOg octahedra in the same layer or
in two adjacent layers. Similarly, the order-
ing phenomenon observed for Li,TiTeOq
shows the lack of directly TeOs linked octa-
hedra in the same ribbon and between two
adjacent ribbons (Figs. 2 and 3). Finally, it
is worth noting that in the two structural
types, LiINbO; and LiSbO;, the M1V/TeV!
order phenomenon is related to the same
geometrical arrangement of the nearest
TeOq octahedra:

(i) in a ribbon, Li,TiTeO, (Fig. 2), orina
layer, Li,ZrTeQq (Fig. 4a), the two closest
TeQ, octahedra are connected through
skew-edge sharing of another TiOg or LiOg
octahedron, respectively.

(ii) stacking ribbons or layers leads to
nearest TeOg octahedra facing each other
across a tunnel, Li,TiTeO¢ (Fig. 3), or
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.across an octahedral window, Li,ZrTeOq

(Fig. 4b). Consequently, the corresponding
(Te—Te) distances are very similar in the
two cases:

dmin (Te-Te)
e in a ribbon across a tunnel
LoTiTeOs > ' 5074 b=~494
. in a layer
LbZrTeOs > s (74 o3 = 4.6 A.

Summarizing these features, it can be ob-
served that the M1V/TeV! ordering phenom-
ena are solved in a rather similar way in the
LiNbO; and the LiSbO; type structures,
leading to the same arrangement of the
nearest TeOg octahedra. The occurrence of
either structure (LiNbO; or LiSbO,) mainly
depends on both geometrical and bonding
problems related to the nature of M. A de-
crease of the MY cation size and of its ionic
character, as observed for Zr'V(Hf) — TilV,
stabilizes the LiSbO; type structure. From
this, it is also likely that an ordered LiSbO;
structure for Li.SnTeQOyq is found.

Conclusion

The new mixed tellurates Li,TiTeOq and
Li,SnTeO¢ are structurally related to
LiSbO;. The main feature, evidenced from
the X-ray study, concerns Li,TiTeOg4: an

o

o L 0O,© Sb in LiSbO3
g LizTiTeO
o Ti in Li2TiTeOg

)

F1G. 3. Face-sharing of LiOg octahedra in LiSbO;
and Li,TiTeO,.
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FIG. 4. (a) Octahedral layer in the corundum-like structure of Li,ZrTeOs. (b) TeO, octahedra facing
each other across octahedral windows in Li,ZrTeOs.

additional 1/1 ordering in the distribution of
the (Ti!V, Te"!) pair occurs over the SbY
sites. The existence of a similar Sn'V/TeY!
ordering in Li,SnTeOg, deduced from the
IR spectra, must be confirmed by a further
neutron diffraction study.

The outstanding influence of TeY! to give
ordering in octahedral structures is once
more established. Moreover, the compari-
son of the (Ti'Y, Te"'!) distribution in the
LiSbO; and in the corundum (MY = Zr,
Hf) type structures points to a rather strong
similarity in the geometrical arrangement of
nearest TeOg octahedra. This result leads
us to consider the TeV!. . . TeVrepulsions
as the driving forces in the existence of
such ordering phenomena.
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