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The new guaternary oxysulfide, La;,Ti, S0, crystallizes in
the orthorhombic system, space group Pmmn (No. 59), Z = 2,
a = 22.700(5) A, b = 14.381(3) A, ¢ = 10.454(2) A. The structure
was determined from a single-crystal X-ray diffraction study
and led to conventional R factors, R = 0.051, R, = 0.059 for
3264 reflections (I > 4 o(I)). Lanthanum atoms are engaged in
mono-, bi-, or tricapped trigonal prismatic polyhedra; titanium
atoms are all octahedrally coordinated. Rutile-like chains made
of edge-sharing Ti(S,0)s octahedra are located in tunnels paral-
lcl to the b and & directions. 195 Academic Press, Inc.

INTRODUCTION

In 1975, Donohue (1) reported the existence of LnTX;
compounds {with Ln = rare earth, Bi; T = Nb, Ta, Ti, V;
X = 8§, Se). However, neither their exact chemical composi-
tion nor their structure determination were defined at that
time. Recently many of these compounds have been crys-
tallochemically characterized. Most of them belong to a
wide family of misfit layer compounds with general formu-
lation (MX),.(TX3),, (M = rare earth, Sn, Pb, Bi; T =
Ty, V,Cr,Nb, Ta; X = 8§, Se; 0,08 <x < 03;andm =1,
2, 3) (see the review article (2)).

In that way, niobium (or tantalum) ternary chalcogenide
compounds have been characterized and structuraily deter-
mined for M = Ln, Sn, Pb, Bi. The chromium derivatives
were only obtained when M = Bi, Ln (rare earth). In
contrast, the titanium derivatives have been only studied
with M = Sn, Pb, Bi, even if LaTiS; was earlier recognized
(1). As examples, one can notice [PbS],.,TiS; and
[PbS]i.((TiS,), phases ((3, 4), respectively).

Attempts to prepare the corresponding misfit phases
(£.18),,,(11S;),, were done, In the course of these studics,
we indeed identified the misfit phase (LaS),,,TiS; and, in
addition, a few small crystals of a side-product structur-
ally defined as Lay,Ti,,5,40%. The present paper is dealing
with the structure determination of this new quaternary
phase.

0022-4596/95 $12.00
Copyright @ 1995 by Acadenmic Press, Inc.
All rights of reproduction in any form reserved.

EXPERIMENTAL
Synthesis

In order to prepare the (LaS),..(TiS;), misfit com-
pounds, the corresponding binary sulfides La,S; and TiS,
were mixed in a ratio of 1:2. The mixture was sealed in
an evacuated quartz ampoule and heated at a rate of 10°C/
hr to 1050°C. Besides well-crystallized black platelets cor-
responding to the misfit material, small crystallites with
an octogonal base-shape were obtained. Semiquantitative
chemical analyses on these crystallites were carried out
using an electron microprobe (TRACOR dispersive en-
ergy modcl) mounted on a scanning electron microscope.
Analyses on four crystals gave the following averaged per-
centages: %La = 26,86, %Ti = 14.87, %S = 58.26. By this
technique, oxygen could not be “detected.” Its presence
was further assumed because of the too-short interatomic
distances to Ti (<2.0 A) and La (<2.6 A) atoms. An
explanation of its presence could be that the sulfidizing
process of La,0O; was not completely achieved, which
means that some traces of La;jOS,4 or La,O;S could be
still present in our La,S; starting material.

Symmetry and Unit Cell Parameters

Preliminary precession and Weissenberg X-ray investi-
gations indicated that the symmetry of the structure was
orthorhombic. The observed systematic conditions, hk0,
h + k= 2n, h00, h = 2n, 0k0, & = 2n, are compatible with
the P2ymn (or Pm2n) (No. 31) and Pmmn (No. 59) space
groups. A suitable crystal (0.15 X 0.07 X 0.03 mm®) was
mounted on an Enraf-Nonius CAD4 diffractometer for
data collection using MoK« radiation. Unit cell parameters
were determined from 25 reflections in the range 5.4° <8<
22.0°. Table | lists the cell parameters and the experimental
conditions for data collection, The MOLEN program (5)
was used for data reduction, absorption corrections {DI-
FABS program (6) in the mode that utilizes #-dependent
systematic deviations |Fy| — |F.|), structure solution, and re-
finement.
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TABLE 1
Details of the Data Collection and Refinement Results for
the Structure Determination of LayTi;S..0q

LayTi$40s £ = 2 _
orthorhombic symmetry, space group Pmmn (origin at 1)
a=22T00(5) A, b = 14381(3) A, c = 10454(2) A

Temperature of measurement 293 K

Wavelength MoKg, A = 0.7107 &
Monochromator Graphite

peale = 4.682 g cm™?

plem™) = 148 em™!

# range 1.5°-35°

Scan w; Aw = 1.00 + 0.35 tan @

Number of reflections {( = da(), m = 3264

Number of variables n =130

R = 0.051; R, = 0.059

STRUCTURE REFINEMENT

A total of 8243 unique reflections were measured within
the range 0 < h < 36,0 < k < 23,0 <! < 16,15 <
8 << 35°, of which 3809 were above the significance level
of 3c(1). Crystal stabilities were checked by monitoring
intensities of three standard reflections every hour. No
decay (+0.1%) was observed during the data collection
period. The intensity data were corrected for Lorentz po-
larization effects and for absorption by an empirical
method (DIFABS program (6)).

The structure was solved by Patterson and Fourier meth-
ads and refined by full-matrix least-square methods which
minimized % w(|Fy| — |FJ)?, where w = 4Fo%/[a(I}* +
(0.03F0%°]. Atomic scattering factors (neutral atoms)
which included anomalous scattering contributions were
from Ref. (7). The positions of La, Ti, and S atoms were
first considered; then, some of the S atoms were substituted
by O {(oxygen) atoms in view of the too-short interatomic
distances (M-S < 2 A). Moreover, to give credit to this,
these “substituted” positions showed the highest B values.
Full-matrix least-squares refinement on F, anisotropic for
La atoms and isotropic for the other atoms, converged to
R = 0.051, R,, = (.059 (3264 reflections [ > 4 o([), 130
variables). The secondary extinction coefficient refined to
g = 1.01 X 1078 The final difference map showed no
significant residual peak. The fractional coordinates and
temperature factors (B., and Bj,) of all atoms with their
estimated standard deviations are given in Table IT, Aniso-
tropic temperature factors of La atoms are reported in
Table III.

STRUCTURE DESCRIFTION

The structure shows seven distinct La polyhedra and six
Ti polyhedra. Most of the Ti polyhedra are engaged in
“rutile-type chains.” Indeed, the Ti(1), Ti(2), and Ti(3)
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TABLE 2
Positions and Thermal Parameters

Atom Site x ¥ z B Ay
Lal 4(f) 0.66046(7) 1/4 0.6355(1) 0.91(2)
La2 Big) 0.16410(4) 0.03749(6) 0.36391(8) 0.44(1)
La3 4(f) 0.65900(6) 1/4 0.0475(1) 0.44(2)
Lad 8(g) 0.16058(4) 0.04074(6) 0.95069(8) 0.39(1)
La$ 4(f)  0.03423(8) 1/4 0.6125(1) 0.91(2)
Lad 8(g) 0.03092(4) 0.55490(6) 0.66645(9) 0.58(1)
La7 4(f} 0.03321(7) 1/4 007371 0.7242)
Til 2a} 1/4 1/4 (1L.8588(6) G.44(8)*
Ti2 2(a) /4 1/4 0.1583(7} 0.38(*
Ti3 2w 1/4 b4 0.4569(6) 0.32(8)*
Tid 4(e) 1/4 0.8674(3) 0.6641(5) 0.64(6)*
Ti5 4(e) 1/4 0.0983(3) 0.6612(4) 0.38(5)*
Ti6 8(g) 0.0624(1) 0.8816(2) 0.1560(3) 0.52{4)*
S1 8(g) 0.0747(2) (.0599(3) 0.1611(4) 0.45(5)*
52 4(f) 0.1684(3) 1/4 .3200(5) 0.48(8)*
53 40 0.1732(3) 3/4 0.6613(7) 0.71(8)*
54 4(e) 1/4 0.8853(4; 0.4322(5} 048y
55 4(f) 0.1658(3) 1/4 0.0017(5) 0.36(T*
56 8(g) 0.1700(2) 0.8836(3) 0.1581{4) 0.54(5)*
57 4N 0.1816(2) 1/4 0.6613(6) 0.37(7y*
58 8(g) 0.0687(2) 0.8802(3) 0.3885(4) 0.57(6)*
59 8(g) 0.0700¢2) 0.8871(3) 0.9222(4) 0.51(6)*
S10 4 0.9882(3) 1/4 0.3299(6) 0.64(R)*
S11 8 3.0435(2) 0.1195(3) 0.8395(4) 0.45(5)*
S12 8(g) 0.0661(2) 0.0885(3) 0.4986(5) 0.73(6)*
S13 8(g) 0.1706(2) 0.9917(3) {(L66I8(4) 0.50(5)*
S14 4(e) 1/4 0.8866(4) 0.8943(6) 0.49(8B)*
515 a(e) 1/4 D.0807(4) 0.1337(6) 0.43(7)y*
0l 4(e) 1/4 0.113(1) 0.475(1) 0.4(2)*
o2 4(e) 1/4 0.114(1) 0.847(2) 0.3(2)*
Q3 405 G.0641(8) 374 0.143(2) 1.0(3)*

Note, Standard deviations are given in parentheses.

edge-shared octahedra form a first chain along the ¢ direc-
tion, Ti(4) and Ti(5) edge-shared octahedra forming the
second one along the b direction (see Fig. 1). The re-
maining Ti{6} atoms are engaged in an isolated double
octahedra (O(3) corner-sharing) which bridge two La(7)
atoms.

The La(1) and La(3) atoms are coordinated by the seven
nearest sulfurs located at the corners of a monocapped
triangular prism. La—S8 distances within both polyhedra are

TABLE 3
Anisotropic Temperature Factors of La Atoms
UiL1) U2 t(3.3) u(,2) v(1,3) uz,3
Lal  0.0152(6) 0.0046(5) 0.0149(7) 0 0.0016(6) 0
Laz  0.0069(3) 00043(3) 0.0056(4) —0.0007¢3) —0.0014(3)  0.0003(3)
La3  0.0074(5) 00038(3) 0.0057(5) 0 —0.0020(5) 0
Lad  00076(3) 0.0038(3) 0.0033(3) —0.0002(4)  0.0002(3) —0.0006(3)
Las  0.0183(7) 0.0063(5) 0.0100(6) 0 —0.0033(6) 0
La6  00125(3) 0006933 000283)  0.0024(3) —00011(d) —D.ODOG(A)
La7  00123(6) 0.0038(3) O00L11(6) 0 0.0033(6) 0
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FIG.1. Edge-shared Tioctahedra developing into rutite chains parat-
lel to the b and ¢ directions (all at x = 1/4).

quite comparable (average distances, La(1)-8 = 2.932 A
and La(3)-S = 2.940 A; the longest La-S$ distance in each
polyhedron corresponds to the monocapped S atom). One
can notice that an oxygen atom, O(3), is in the close sur-
roundings of La(1) and La(3) atoms, 3.188 and 2.929 A,
respectively. These polyhedra develop into a doubtle chain,
running in the ¢ direction, by sharing, alternately, corners
(8(3)) and edges ($(6)-S(6)) (see Fig. 2). Such an entity
leaves 1D channels (parallel to the b direction) in which the
rutile chain, constituted by the infinite Ti(4)-Ti{4)-Ti(5)
sequence, is located.

La(2) and La{4} polyhedra are bicapped and tricapped
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FIG. 2. Edge- and corner-shared La(1)-La(3} polyhedra; Tt atoms
engaged in the rutile chain || to b are indicated by open circles.
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trigonal prisms, respectively. There is one oxygen atom
among the nearest neighboring atoms of these two La
atoms. Four La{2) and four La(4) polyhedra are linked
together to build a new structural unit in which a tunnel
is developed in the & direction. This entity consists of a
planar association (parallel to the (a, b) plane) of 4 La(2)
polyhedra separated by 4 La(4) polyhedra; La(2) polyhe-
dra are linked together by sharing either a triangular face
(8(4), $(15), O(1)) or a common comer S(2) {see Fig.
3a); a similar situation occurs in the plane of the 4 La(4)
polyhedra, i.e., La(4) polyhedra are associated by sharing
either a triangular face ((S(14), 5(15), O(2)) or a corner
(8(5)) (see Fig. 3b). The connection between planes of
La(2) and La(4) polyhedra is made through a triangular
face (5(15), S(6), S(1)). In this “hollowed” entity, the sec-
ond rutile chain made of Ti(1)-Ti(2)-Ti{3} edge-shared
polyhedra is taking place.

The three last polyhedra (around La(5). La(6), La(7))
are closely packed to form layers parallel to the (b, ¢)
plane (see Fig. 4). The number of close neighbor atoms
coordinated to La atoms in these polvhedra ranges from
7 for La(5) to 8 for La(7).

As mentioned above, rutile chains are running along
either b (Ti(4), Ti(5)) or & (Ti(1), Ti(2), Ti(3)) directions.
Rather short Ti-Ti distances are observed within these
chains. Thus, in the rutile chain parallel to the ¢ direction,
two distances of 3.13 A (Ti(1)-Ti(2)) and 3.12 A (Ti(2)-
Ti(3)) are separated by a longer one (Ti(3)-Ti(1) = 4.20
A). Similarly, two short Ti-Ti distances separated by a
longer one are also encountered within the rutile chain
developing parallel to the b direction, viz. Ti(4)-Ti(4) =
3.38 A, Ti(4)-Ti(5) = 3.32 A and Ti(5)-Ti(5) = 4.36 A.

The longest Ti-Ti distances, along both rutile chains,
occur between Ti atoms engaged in a squared cluster
(Ti(1), Ti(3), 2 Ti(5)), at the cross-over of the rutile chains
(see Fig. 1). However, in this cluster, cne notices rather
short Ti-Ti distances between atoms of separate rutile
chains (i.e., Ti(1)-Ti(5) = 3.004 A and Ti(3)-Ti(3) = 3.053
A). S(7) atoms are shared by the four Ti atoms of the
cluster, thus leading to Ti-S(7) distances longer than other
Ti--8 ones. The cross-over between Ti polyhedra is estab-
lished around Ti(1)-Ti(3) (¢ chain direction) and Ti{(5)-
Ti(S) (b chain direction). Triangular face-sharing ($(7)-
S(M-0(2)) between Ti(l) and Ti(5) octahedra, and
(S(N-S(7)-0O(1)) between Ti(3) and Ti(5) polyhedra are
taking place. Finally, the last metal atom, Ti(6), which is
engaged in a double octahedra connected via the O(3)
atom, does not belong to any rutile chain. These double
octahedra connect adjacent La(5)-La(6)-La(7} planes
(sce Fig. 4).

Table 1V summarizes the main interatomic distances
within the various La and Ti polyhedra. It can be noticed
that rather short La-S(12) distances are found (L.a(2)-
S(12) = 2,732 A, La(5)-28(12) = 2.709 A and La(6)-
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S(12) = 2.840 A). A partial sulfur oxygen substitution
was tested upon refinement with constrained positional
parameters and a multiplicity factor on both atoms. No
improvement was observed, the refined multiplicity con-
verging to 0,93(2) for § and then to 0.07 for O.

DISCUSSION AND CONCLUDING REMARKS

The presence of oxygen in this compound was assumed
in the last stage of the refinement in the light of the too-
short La-$ (<2.6 A) or Ti-S (<2.0 A) distances. This
led to the substitution of three atomic positions initially
occupied by S atoms by three oxygen atoms (O(1), O(2),
0O(3)) (see Table IV). All the other M-S distances are
compatible with La-8 or Ti-§ distances reported in the

511

FIG. 4. Isolated corner-shared Ti(6) octahedra developing in layers
parallel to the (b, ¢) plane; La(5), La(6), and La(7) atoms are pointed out.
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{a) Detailed environment around La(2), z = (.36, (b) Detailed environment around La(4}, z = 0.95,

literature. Ti octahedra are slightly distorted, those belong-
ing to the rutile chain parailel to ¢ (Ti(1), Ti(2), Ti(3})
being more distorted than those of the rutile chain parallel
to b (Ti(4), Ti(5)). For example, the S~Ti(2)-S angles
range between 83° and 98° for the Ti(1) octahedron while
the range angle is 85-95° for the Ti(4) octahedron (see
Table V). Such a distortion could be expected if a Jahn-
Teller effect, intrinsic to the Ti*' cation, was occurring,
In such a case, the Jahn-Teller effect should be mainly
observed in the Ti~(S, O) bond length variation; from
the list of Ti—(8, O) distances (Table IVb), no significant
evidence of this effect is noticed.

From a charge equilibrium point of view, considering
the chemical composition as deduced from this crystal
structure study, LasgTi 154406, 100 negative charges have
to be balanced by as many positive ones. Sixty positive
charges are coming from La (assuming La**) and 40 posi-
tive ones should come from 11 Ti, which can be at the +3
or +4 oxidation states. Thus, the question arises about the
location of T*" and Ti** in the structure. Clearly Ti** could
be represented by Ti(4) and Ti(2), which are surrounded
only by sulfur, the less electronegative anionic species. As
there are 2 Ti(4) and one Ti(2) this brings 9 positive
charges. Other titanium (1 Ti(1), 1 Ti(3), 2 Ti(5), and 4
Ti(6)) would bring 32 charges. A total of 41 positive charges
would result. Now, another possibility refers to what has
been found in the so-called Magneli phases Ti,0;,-1,
where Ti** is located in shear planes involving octahedra
sharing faces between rutile blocks. Here, rutile chains are
connected by octahedra sharing faces involving a group of
four titanium atoms, (Ti(1), Ti(3), and 2 Ti(5)), constituting
what could be called a shear knot.

Assuming these titanium to be Ti**, it gives 12 positive
charges. The remaining titanium (1Ti(2), 2 Ti(4), and 4



168

TABLE 4
Interatomic Distances (A)

DEUDON ET AL.

a

La-S3 3.117(8) La3-83 3.061(8)
Lal-284 2.502(5) La3-256 2.894(4)
Lal-286 2.897(4) La3-2589 2.840(5)
Lal-288 2.811(5) La3-2514 2.915(5)
[Lai—-03 3.188(2)] [La3-03 2.930(19)]
(Lal-S}average 2,932 (La3-8)average 2.940
La2-81 2.953(4) La4-S1 2.952(4)
La2-82 3.092(1) Lad-S85 3.059(1)
La2-54 3.017(5) La4-S6 3.139(4)
La2-S6 3.089(4) Lad—89 10325
La2-S8 3.142(5) La4-St1 3.114(4)
La2-§12 2.732(5) Lad-S13 3.069(5)
La2-S15 3.003(5) La4-St4 3.063(5)
La2-01 2.518(11) La4-S15 2.993(5)
[La2-813 3.227(5)) Lag-02 2.532¢10)
(La2/S)average 3.147 (Lad—S)average 3.053
La5-288 2.994(5) La6-51 3.001¢4)
La5-510 3.1347) La6—58 3.170(5)
La5-2811 3.033(4) La6-89 2.938(5)
Las-2512 2.709(4) Lab-S810 2.839(1)
(La5-S)average 2.968 La6-S11 3.106(4)

La6-512 2.840(5)
La7-251 3.032(4) La6-512 2.823(5)
La7-S85 3,102(7) La6-S13 3.240(4)
La7-259 3.063(5) (La6-—S)average 319
La7-§810 2.866(7)
La7-2811 3.094(4)
(La7-S)average 3.031

b

Til-202 . 1.954(15) Ti2-282 2.507%(8)
Til-285 2.426(T) Ti2-255 2.517(8}
Til-287 2.584(8) Ti2-2815% 2.434(5)
(Til-S)average 2.505 (Ti2-8)average 2486
Ti3-201 L972(17) Ti4-253 2.428(5)
Ti3-252 2.341(7) Ti4-84 2.437(8)
Ti3-287 2.641(8) Ti4-2813 2.539(5)
(Ti3-8)average 2.491 Ti4—514 24228)

(Ti4—S)average 2.466
Ti5-01 1.961(18) Ti6-03 1.898(3)
Ti5-02 1.959(19) Ti6-S1 2.580(5)
Ti5-287 2.678(4) Ti6-86 2.444(4)
Ti5-2813 2.366(4) Ti6-S8 2.435(6)
{Ti5-S)average 2.522 - Ti6-S9 2.451(6)
{Ti5-O)average 1.96 Ti6-S11 2.405(5)

(Tio—8)average 2.463

Note. Standard deviations are given in parentheses.

Ti(6)) would bring 28 charges. The total reaches the ex-
pected value of 40. The latter hypothesis is also supported
by the fact that the titanium at the knots see each other
through the common face of their coordination polyhedra.
All other titanium atoms share edges or corners. The bond

TABLE 5
Interatomic Ti-Ti Distances (A) and S-Ti-S Angles (°)
Ti{1)-Ti(2) 31311 Ti(4)-Ti(4} 3.377(8)
Ti(2)-Ti(3) 3121(10) Ti{4)-Ti{3) 3.320(6)
TH3)-Ti(hH) 42013y TiEOH-Ti(D) 4.364(3)
Ti(L)-Ti(5) 3.004(6)
Ti(3)-Ti(5) 3.053(6)
S(2)-Ti(2)-8(2) 93.24(37) S(3)-Ti(4)-5(3) 91.85(24)
S()=Ti(2)-8(5) 82.96(17) S(3)-Ti4)-S(13) 88.83(12)
S(3)-Ti{2)-8(5) 98.84(37) S(13)-Ti(4)-8(13) 90.48(22)
S(2)-Ti(2)-S(15) 90.77(16) S(3)-Ti{4)-S(4) 93.54(26)
S(3)-Ti(2)-S(13) 86.26(16) S(13)-Tyd)-S(4) 86.14(20)
S(3)-Ti(4)-5(14) 95.23(26)
S¢13)-Ti(4)-S(14) 84.99(20)

valence method (8) did not show any significant distinction
(see Table VI). One can add that the bond valence calcula-
tions show that oxygen atoms are closer to 2° if Ti(1),
Ti(3), and Ti(5) are taken at the 3" oxidation state rather
than 4*. It does not seem possible ta proceed further in
that discussion at present. In addition only a few very
small crystals were obtained, which does not allow physical
measurements to be performed.

This oxysulfide quaternary compound is by no means
an intermediate phase between La,TiQs and La,TiSs. Al-
though the ternary oxide compound is well known (9}, the
corresponding sulfide derivative is, up to now, unknown.
The structure arrangement is very unique, with rutile
chains that run perpendicular to each other and are con-
nected through a very particular condensation of Ti(O,
S)s octahedra.

Very recently refinements of two other lanthanum tita-
nium oxisulfides (10} have been published. These phases,
with composition LagTi»305 and La,Ti3S,0¢, show totally
different structural arrangements.

TABLE 6
Bond Valence (y;) Distribution of Ti Atoms
Atom Ti{1) Ti(2) Ti(3) Ti(4} Ti(5) Ti{6)
Tt 333 342 230 352
3.10 3.29
Ti** 337 3.51 3.39 3.57

Note, The bond valences (y;) were calculated from the expression y; =
expl(re — d;)/b], where b = 0.37 and r(Ti** — O) = L1791, n(Ti* — O0) =
1.815, ry(Ti-S) = 2.24, and 4, are the interatomic distances (Table IVb),
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