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Interlayer metallic interactions are shown to manifest themselves in both stacking correlations and
titanium sublattice distortions. A quantitative study is reported through the structure refinement of one
of the Ti, », S, superstructures. The interactions seem to involve Coulomb repulsion forces and should
be valid in a broad composition range. Lattice distortions are predicted for other structures including

the nonstoichiometric 17 structure.

Introduction

Deviations from the ideal structure are
known to act on the electronic properties
of TiS, (/) which are now understood
through improved band calculations (2, 3)
and structural defect models. These
models involve a transfer of Ti atoms
from the filled sandwiches into the van
der Waals gap sites (4) and, among
others, they raise the question of Ti-Ti
interactions.

In the TiS,-TiS range, the Ti-Ti interac-
tions take several forms. For high metal
contents (Ti,  S,-TiS range) the occupancy
of successive titanium layers appears to
follow a concentration wave model in the ¢
direction (5). In the TiS,-Ti, s S, region the
metal layers are successively fully and
partly occupied. Around Ti,,,S,, diffuse
scattering experiments have shown that the
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Ti atoms are partially ordered in the defec-
tive layers (6). Moreover, in the same re-
gion, a number of different sulfur layer
stackings (polytypes) have been observed
(7, 8). The role of the partially ordered Ti
atoms is here particularly striking since the
stacking faults which are involved in the
growing mechanisms proposed for these
polytypes are predominantly located in the
defective layers (9, 10).

The titanium partial order is mainly two
dimensional around Ti, ,,S, although occu-
pancy correlations between defective
layers have been observed (6). As the tita-
nium concentration x (Ti,,,S,) increases
and reaches x = %, a 2D superstructure
forms. Furthermore, for the same composi-
tion, the interlayer correlations tend to in-
duce long-range ordering, sometimes pro-
ducing 3D superstructures of the 4H basic
structure, as is described in the next sec-
tion. These superstructures are particularly
appropriate for the study of another type of
Ti-Ti interactions, namely, distortions
within the metallic sublattice. Such distor-
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tions have already been studied to a certain
extent (8, /1) and the main purpose of this
work is to show that the situation is more
complex and informative than previously
acknowledged.

Coulomb repulsion seems to be the com-
mon driving phenomenon lying behind the
Ti-Ti interactions. In that respect the
results we report here should apply to the
whole TiS,-TiS diagram and, for instance,
they could be used to clarify the TiS, case.

Stacking Correlations between Partly
Occupied Titanium Layers

The Ti, 53 S, superstructures derive from
the 4H model (q,, ¢,) (Fig. 1) by titanium
ordering within and between the defective
layers. In these layers, in accordance
with the Ti concentration (x = %), every
second-nearest-neighbor site is occupied,
leading to the (a,3'2 x a,3Y?) 2D super-
structure. Given a defective layer, the
successive equivalent layer can be de-
duced by one of the three possible trans-
lations a, + ¢,, ¢,, —a, + ¢, so that stack-
ing correlations, if strong enough, may
produce various arrangements along the
¢, direction. Different stages, varying
from long-range to short-range order,
have been observed for single crystals
grown by the vapor transport method and
belonging to the same preparation tube.

FiG. 1. (11.0) section of the 4H basic structure. Ti,
and Ti, stand for atoms of the partly and fully occupied
layers, respectively.

Ti, 538, Superstructures

Two superstructures have been ob-
served:

—4H, (ay,3'? X a,32 x 2c¢,) has already
been studied by Bartram (/2) and was
recently observed by high-resolution elec-
tron microscopy (13).

—4H; (a, 312 X a3 X 3¢,) has been
reported recently (/4) and probably corre-
sponds to the Ti, 5, S, structure mentioned
in (13) (see also the Appendix).

The identification of the defective layer
stackings has been achieved from the ex-
amination of the diffraction patterns (Figs.
2a,b). LetuscallB,;and C; i = 1, 2, or 3)
the possible B and C sites of the 2D Ti, ,; S,
supercell (Fig. 3), and label the defective
layers according to their occupied sites.
Then, the stacking sequence of the defec-
tive layers in the substructure and the two
superstructures can be written as follows:

4H - -C/BC/B- -,
4H, -+ G/B,CB,G/B, - - o,
4H, T 'Cs/B1C1B2C2B3C3/B1 .

The stacking lowers the symmetry from
P6;mc (4H) to Cc in both cases, and in-
duces a domain structure characterized by
six orientation variants, according to the
ratio of the point group orders 12 (6mm)
and 2 (m). Though nonconventional, the
hexagonal superstructure unit cell will be
used hereafter. Connection with the Cc
nonprimitive unit cell is given in Table 1.

Assuming (i) a mosaic-block-like behav-
ior of the domains with respect to diffrac-
tion, (ii) equal amounts of each variant, and
(iii) equidistant layers, we obtain a simple
intensity model for the superstructure
reflections. All reciprocal rows (along c*)
are identical and the reflection intensities
can be written

4H,: IK) = 43, [1 + cos 2a(} + 1/2)]
two types of reflections alternate:

I(D) = 2f%,

| =2n,
) I(D) = 6f%,.

=2n+1,
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FiG. 2. X-Ray precession photographs of Ti, ,,S, superstructures (a) 4H,, (b) 4H,;.

4H, I = 18f3[1 — cos 271/3]

The intensity distribution here is the same
as that for rhombohedral twins,

I = 3n, I(h =0,
I=3nx1, I =27f%,

where f; is the titanium scattering factor.
These intensity distributions provide a
fairly good qualitative description of the
diffraction patterns (Figs. 2a, b).

Stacking Faults

In both structures, it is worth pointing
out that successive B (C) layers are related
by translations of the type +a, + ¢, (and not
¢,). Therefore each ‘‘B (C) sublattice’’ gen-
erated by these layers satisfies a sort of
close-packing condition. However, stack-
ing faults which fulfill this condition but

By C4 b
A v—0
583 Ca Po B
[} A v * A
C2/ A Ba C2/
L] A

v
5'/ B4 €4

L s v

F1G. 3. Two-dimensional representation of the var-
ious sites in the Ti, ,S, superstructures.

break the superlattice periodicity must
have little influence on the Coulomb inter-
action energy. Such faults are thus ex-
pected to form easily.

This is in agreement with the observation
of diffuse streaks along the superstructure
rows on the diffraction patterns (see Fig.
2a). These streaks have been observed fre-
quently and for some crystals the super-
structure peaks even disappear. In this case
the streaks still exhibit broad intensity max-
ima equally spaced along the rows, and it
can be shown (/5) that such an intensity
modulation corresponds to a completely
disordered close-packed stacking of hexag-
onal layers.

Titanium Sublattice Distortions in the 4H,
Superstructure

A close examination of the diffraction
patterns (Figs. 2a, b) reveals that the super-
structure reflections do not exactly follow
the simple distributions given above. Such
relations as

1(10.9) = I (10.11) < I (10.13)

(4H,, Fig. 2a),
1 (10.17) < I (10.20) > I (10.23)

(4H,, Fig. 2b)

are the signature of deviations from the
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TABLE I
4H; SUPERSTRUCTURE UNIT CELL

Hexagonal description

Monoclinic description

Unit cell a=2a,+b,
b= —a,+b,
¢ = 3¢,

a = 5.949(1) A aa=a—b

c = 34.385(6) A

Coordinates of equivalent positions

Rhombohedral stacking
Cc space group

©0,0,0;%4,3 4,49
+x,y,;y, %5 b+ z

©,0,0;%,0,4,4,0,9%
+ (07 07 0; %’ é‘! 0)
+x,y,2;x,9, 3+ z

ideal model in the form of a corrugation of
the completely filled Ti layers. The details
of the implicated distortions have been ob-
tained from the refinement of the 4H, su-
perstructure, as we describe now.

Data Collection

MoK« radiation was chosen in order to
obtain an accurate determination of the
distortions. Owing to the large number of
reflections (about 10 independent ones),
intensity measurements have been limited
to reciprocal rows parallel to c¢*, with:

(i) a short projection of the scattering
vector s ([sp o] < 7V2a*) for the superstruc-
ture rows since in-plane shifts were thought
to be much smaller than out-of plane ones,

(ii) a longer projection ([sy,.o| < (147)2a*)
for the basic rows in order to check the
above-mentioned assumption.

Data were collected on a three-circle
diffractometer. The crystal, a nearly hexag-
onal platelet (0.31 x 0.29 x 0.04 mm), was
mounted along af. Two thousand four hun-
dred nine independent reflections were
measured: 1167 reliable ones (I > 40 (I))
were retained and corrected for Lorentz-
polarization effects. Rough absorption cor-
rections (u = 61 cm™), necessarily neglect-
ing the domain structure, were performed
by the Gaussian numerical method. Struc-
ture refinements were separately performed
on basic and superstructure reflections. No

weight coefficients were used. Atomic scat-
tering factors were taken from (/6).

Solution to the Domain Structure

The orientation variants involved are re-
lated by the symmetry elements discarded
by the ordering: threefold axis and a mirror
plane of the (10.0) type in the basic struc-
ture. We assume that the domains have a
mosaic-block-like behavior so that the in-
tensity I(hk.l) scattered at the hk.l recip-
rocal point can be written as

6
I(hk.l) = 3 kj|F; (hk.D)P,
i=1

where £, is a scale factor relative to variant i
and F; (hk.l) is the corresponding struc-
ture factor. Least-squares refinement can
still be performed if the minimized quan-
tity is E(l,, — |Iac)? and not, as is
more usual, Z(Fy, ~ [Foac)?

Since the substructure reflections obey
relations - of the type I, (hk.l) = I,
(kh.l) = I, (hk.D, it is considered that
(x, ¥) shifts are negligible. Then, all vari-
ants contribute equally to these reflec-
tions (except for their scale factors).

Furthermore, for each rhombohedral ori-
entation, at most three variants contribute
to a given superstructure reflection. It can
be shown that refinements of the domain
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structure can be performed since the inten-
sities can be expressed as

I (hk.D) = K;|F, (hk.D],

where F, (hk.l) is the structure factor for
a reference variant and X is one out of
five possible linear combinations of the
scale factors %;.

Structure Refinement

Space group requirements plus the rhom-
bohedral stacking condition theoretically
lead to 10 independent atoms: one layer of
each type (S,, S,, Ti,, Ti,) (Fig. 1) is
involved in the supercell, with 3 indepen-
dent atoms per compact layer and 1 in the
defective layer which we can fix on the z-
axis origin. Coordinates of equivalent posi-
tions are given in Table I. For reasons
mentioned above, (x, y) variations were
neglected and z displacements alone taken
into account.

Basic reflections are but slightly altered
by the expected wrinkling of the layers. At
this stage, this effect has been neglected so
that the average position of the layers has
been obtained. The refinement of nine pa-
rameters (one scale factor, one z coordinate
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per compact layer, four isotropic tempera-
ture factors, and the defective layer occu-
pancy coeflicient) performed on 197 inde-
pendent reflections leads to a reliability
index R (R = X IFobs - !Fcalcl I/Z Fobs)
equal to 0.025. Atomic parameters are
given in Table ITA. The derived composi-
tion is Ti, 555 S,, which is identical, within
the standard deviation, to the ideal compo-
sition.

Further refinements were performed on
250 independent superstructure reflections
(=h + k + | = 3n). Temperature factors
were fixed at their values given in Table
ITA. Unsplit fully occupied layers do not
contribute to superstructure reflections
which, in the average superstructure ap-
proximation, are thus only due to the Ti,
atoms. Introduction of five scale factors
therefore provides a direct test for the
validity of the domain structure refinement
procedure. Such a model converged to R =
0.11. In the next step, corrugation of the Ti,
layer was introduced (with a constraint on
the displacements according to the symme-
try imposed by the neighboring Ti, site
occupation and on the layer average posi-
tion) and the R value decreased by 0.02.

TABLE II
ATOMIC PARAMETERS FOR THE 4H; SUPERSTRUCTURE®

A. Average superstructure?

B. Final parameters®

Occupancy

Layer  Site type coefficient z B(A? Atom  Multiplier  x y z

Ti, B 1.004 (15) 0 0.417(30) Ti, 1 0 % 0
. Ti,, 1 0 3 0.08925(8)
Ti, B 3 0.08851(6) 0.576(8) Ti,, ) 3 0 0.08814(8)
S 1 0 % 0.04667(9)
S, C 3 0.045936) 049414 5 50 0.045560)

S, A 3 0.13062(6)  0.549(14)

¢ Standard deviations given in parentheses.
% Basic reflections fit.

¢ Superstructure reflections fit. The B’s and Ti, and S, layer average positions are fixed at their values in

Table IIA.

¢ In accordance with the local symmetry of a TiS, sandwich plus its adjacent Ti, layers.
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Improvement of the fit (decrease of about
0.015) was then reached by considering a
distortion of the S, layer. On the other
hand, no evidence for a similar effect was
obtained for the S, layer. Refinement of
seven parameters (five scale factors and
two positional parameters) thus converged
to R = 0.073. The lifting of all constraints
(including the layer average positions) did
not prove significant. Atomic parameters
are given in Table IIB.

From the scale factor analysis, the vari-
ant relative contributions to the scattered
intensity have been deduced. They approx-
imately range from 1 to 4.8, both rhombo-
hedral stacking orientations being nearly
equally represented.

In the course of the refinements we found
that the data seem to favor Ti** rather than
Ti for the atomic scattering factor of Ti,.
On the other hand, no preference was de-
tected for Ti,. The significance of this result
is questionable, because of the high correla-
tion with the temperature factors and of the
small R decrease implied (about 0.004).
However, this indication is consistent with
the delocalization of the d electrons of the
Ti atoms, which is widely accepted (/).

Further improvement of the fit is actually
hindered by the complex domain structure
and the overall low intensity of the super-
structure reflections. Nevertheless, the
main features of the distortions are clearly
established.

No quantitative refinement has been per-
formed on the 4H, superstructure. Similar
distortions should exist here. From a sim-
ple calculation one can show that they give
a qualitative account of the superstructure
intensity distribution (Fig. 2a).

Description of the Distortions

Each titanium atom is surrounded by a
distorted octahedron of sulfur atoms.
Around a sulfur atom, the Ti, and Tj, sites
form either an octahedron (S, atom) or a
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trigonal prism (S, atom). In the latter
configuration, two situations arise for a Ti,
atom, depending on whether the nearest-
neighbor interstitial site is occupied or not.
It corresponds to the Ti;; and Ti,, atoms,
respectively. See Fig. 4 where comparison
with the 4H (11) and 1T (I7) situations so
far acknowledged is also made. The com-
pact layer corrugation is clearly related to
the Ti,,-type configuration. Interatomic dis-
tances are given in Table III.

The 4H; superstructure can be described
as a stacking of six TiS, sandwiches regu-
larly shifted and twisted around the pinning

TABLE III
INTERATOMIC DISTANCES IN THE 4H,
SUPERSTRUCTURE
Distance Angle®
A) ©)
Ti,,~Ti, 3.069(4)
Ti,-Ti, 3.320(3)
Ti,-S,, 2.465(3) 53.57(4)
Ti,-S,, 2.488(3) 52.86(4)
Ti,;—-S, 2.441(3) 54.34(5)
S-S, 3.502(4)
S-S, 3.533(4)
Ti-Ti, 3.350(3)
Tip-S,, 2.443(3) 54.28(4)
Ti-S,e 2.465(3) 53.55(4)
Ti-S, 2.463(3) 53.63(5)
S-S, 3.502(4)
S-S, 3.533(9)
Tiy-S,, 2.551(3) 51.02(4)
Tig-S,; 2.527(3) 51.69(4)
Tig-S, 2.339(2) 57.99(5)
S-S, 3.467(4)
S-S, 3.436(4)
Ti—Ti, 5.949(1)
Ti,~Ti,, 5.949(1)
Tiy-Ti,, 3.435(1)
Ti,,~Ti;, 3.435(1)
Su-Su 5.949(1)
S-S 3.435(1)
S-S, 3.435(1)
S-S, 3.435(1)

¢ Between the corresponding bond and the ¢ direc-
tion.
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FiG. 4. Distortions in the 4H, superstructure (a), and comparison with 4H (11) and 1T (18) structures
(b). Ti atoms are represented by black circles, vacancies by open squares. Other symbols have the

same meanings as in Fig. 1.

interstitial atoms. These extra atoms array
themselves on parallel zig-zag chains all
through the structure and directly induce a
wrinkling in the TiS, sandwiches (Fig. 5).
Similar features apply to the 4H, super-
structure.

The metal sublattice distortions can be
decomposed into two parts. For the equi-
distant layer model, octahedral (around S;)
and trigonal prismatic (around S,)
configurations of Ti atoms would result in
very different Ti-Ti distances: 3.48 and
2.86 A, respectively. Relaxation of the lat-
ter actually occurs through:

A shift of the partly occupied layers. The
(Ti,~Ti,) layer spacing is equal to 3.04 A. It
corresponds to a 6% (0.18 A) increase in
the ‘‘prismatic’’ distance. A similar situa-

tion has been found in 4H (//) and 12R (8)
structures. This behavior is presumably
general and we think it should occur within

Ag—
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Fic. 5. Schematic representation of the 4H; super-
structure. Projection on the (00. 1) plane of one-sixth of
the unit cell content is drawn on the right side. Black
circles stand for Ti, atoms (0, 4, 0; 0, %, #). Ti, atom
successive locations are given on the left side.
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a broad composition range in the TiS,-TiS
system.

Corrugation of the fully occupied layers.
The true ‘‘prismatic’’ distance is in fact
about 1% longer, and equal to 3.07 A. The
layer splitting is equal to 0.04 A. It suggests
that the Coulomb repulsion is strong
enough to overcome the atomic close-pack-
ing cohesion forces. The S, sublattice dis-
tortions (S, and Ti, layer splittings are
found equal) probably help to stabilize the
distorted octahedron around the Ti,, atom,
possibly through a decrease of the Ti,, atom
coordination unit energy.

Discussion

The Ti,~Ti;; distance stretching de-
scribed above is the most important of our
results. This effect is probably independent
of the 2D Ti, atom ordering and of the
particular stacking of the 4H, and 4H, su-
perstructures. Moreover, the Ti, layer split-
ting strongly supports the consideration of
Ti~Ti pair interaction which implies a weak
dependence on the titanium concentration,
especially in the TiS,-Ti, ;S, range. There-
fore it is likely that whenever two Ti atoms
are related by a translation of the type ¢,/2
(referred to the TiS, unit cell), Ti sublattice

Og

F1G. 6. Metal sublattice distortions in 4H and 12R
Ti,, S, structures. Symbols have the same meanings
as in Fig. 1.
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FiG. 7. Structural defect model for the 1T Ti,, .S,
structure. (10.0) section. Crosses stand for interstitial
atoms.

distortions will occur and the interatomic
distance will be close to 3.07 A. We briefly
outline this situation for the common struc-
tures 4H, 12R, and 17.

4H and 12R previous refinements (8, 11)
took account only of the defective layer
shifts. Direct application of our findings
leads to the Ti filled layer splittings sche-
matically represented in Fig. 6. In the 12R
structure the filled layers are symmetrically
surrounded by the defective ones and at
first sight no wrinkling should occur. How-
ever, the preceding arguments lead to a
threefold splitting of every other filled layer
although the average position remains the
same. Such a model for the distortions
requires that identical sites in the neighbor-
ing defective layers be not simultaneously
occupied.

In the 17 nonstoichiometric structure, all
interlayer metal-metal bonds are of the
“‘prismatic’’ type and the displacements
along ¢ of atoms inserted in the van der
Waals gap are locked. However, the Ti-Ti
repulsion should still occur and we suggest
the following defect model for its relaxa-
tion. Occupation of a van der Waals site
might induce the transfer of one Ti atom
from one of the adjacent filled layers into its
other neighboring van der Waals site (this is
the defect model postulated to account for
the transport properties of TiS, (I, 4)). Re-
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Fic. 8. X-Ray diffuse scattering pattern of 1T
Tiyy S,

laxation could then occur through displace-
ment of both atoms toward the created
vacancy (Fig. 7).

As suggested earlier (I), the streaks ob-
served on electron (18) and X-ray (Fig. 8)
diffuse scattering patterns might be due to
local ordering of these defects. It is worth
noting that the complex array of streaks
visible in Fig. 8, although not clarified,
implies that correlations in the defect short-
range ordering occur along c.

As a final comment, we would like to
point out the possible relationship between
the Ti-Ti repulsion that we have observed
here and (i) the relatively narrow composi-
tion range of the 1T phase, (ii) the struc-
tural complexity of the Ti-S system com-
pared, for instance, with the situation in the
Ti-Se and Ti-Te systems.

Appendix

Two papers dealing with the same super-
structures have been published very re-
cently (19). The authors report studies by
powder X-ray diffraction and high-resolu-
tion electron microscopy. As far as the Ti
defective layer stackings are concerned
there is agreement between our results and
theirs. However, a few comments should
be made. Because of the possible composi-
tion fluctuations in the same preparation
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and eventually in the same crystal, it is
questionable to assert, as the authors do,
that there is a definite relationship between
composition and defective layer stacking.

The equidistant layer model is used by
the authors for the refinement of the pow-
der diffraction intensities. In that respect a
single-crystal study proves to be much
more informative.

Finally, one notes some discrepancies in
cell parameters between the two works
(especially for the ¢ axis), which might be
related to the stacking fault problem.
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