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The phase relations of the ternary system VI-xTixS1.S7 are presented on the basis of X-ray diffractome- 
try. The site distribution of Ti and V atoms in the structure is clarified through an NMR absorption 
study at room temperature. The phase relations and the site distribution of Ti and V, which appear to 
be closely related to each other, are discussed in terms of the metal-metal interaction of the face- 
shared octahedra in the metal-deficient distorted NiAs structure. 

Introduction 

Most of the 3d-transition metal mono- 
sulfides crystallize to form the NiAs-type or 
the distorted NiAs-like structures. The 
face-shared octahedra of the structure 
make the metal-metal distance along the c 
axis so short that it may be considered that 
the metal-metal interaction along the c axis 
yields a considerable effect on the stability 
of the structure. Vanadium sulfides and ti- 
tanium sulfides have a wide range of contin- 
uum from the NiAs-type to the CdI*-type 
structures, and the metal-metal interaction 
of the face-shared octahedra changes de- 
pending on the composition in the MS-MS* 
series (1). It has been suggested in a pre- 
vious study of VI-,Ti,S1.a (0 I x 5 1.0) that 
d-electrons on particular sites of vanadiums 
have a tendency to localize when the vana- 
dium atoms have titanium atoms as nearest 
neighbors along the c axis (2). It has also 
been suggested that Ti atoms preferentially 
occupy the metal sites in the metal-full lay- 
ers of the structure rather than the V atoms 
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and the site distribution of Ti and V atoms 
mainly depends on the metal-metal interac- 
tion between the nearest neighbors along 
the c axis. 

In this paper, the phase relations of the 
ternary system VI-xTixS1.S7 (0 5 x 5 1.0) 
are studied through X-ray diffractometry, 
and the site distribution of Ti and V in the 
structures of the ternary system is also in- 
vestigated through NMR absorption of 51V 
nuclei. We find that the phase relations de- 
pend on the site distribution of the metals, 
which supports the previous results with 
VI-,Ti,S,,m. It is also suggested that the 
metal-metal interaction of the face-shared 
octahedra of the structure significantly af- 
fects the phase relations and the site distri- 
bution of the system. 

Vanadium sulfides and titanium sulfides 
crystallize in a different way in the MS- MS2 
series. The compound VS1.57 (x = 0 in 
VI-xTixS1.S7) belongs to the V& phase, a 
representative phase in the V-S system. 
The structure of V& is a metal-deficient 
NiAs-like structure in which vanadium 
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metal vacancies are involved in every sec- 
ond layer of vanadium and, at least at room 
temperature, these vacancies take an or- 
dered state, resulting in a monoclinic struc- 
ture (3). If the metal vacancies in every sec- 
ond layer of vanadium of V$& change to 
take a disordered state within the layer, the 
V& structure changes into a metal-excess 
CdIz-type structure which occurs in an in- 
termediate region of composition of 
V1-xTixSr.~~. The stacking of sulfur layers is 
hexagonal close packed for the entire com- 
position range between VS and VS2 as well 
as in V& and also in the metal-excess Cd12 
phase of V1-xTixS1.57. On the other hand, 
titanium sulfides take a great variety of sul- 
fur packings other than the hexagonal 
close-packed one except for the com- 
pounds TiS and TiSz (4, 5). Near the com- 
position of TiSs7, there exist several 
phases with different sulfur packings, that 
is, T& (4H-type) (6, 7), Ti& (12R-type) 
(8), and Ti$s (2H-type) (9). It was sug- 
gested that this complex situation is due to 
the differences between the methods of 
preparation, i.e., the material history (9). 
In the last two compounds, metal-vacancy 
orderings were observed within the metal 
layers (10, II). The same V& structure 
has been found in TiE& crystals, which be- 
longs to Ti& (2H-type) (12). The phase 
Ti& which is made by the present method 
of preparation, has a sulfur packing of a 
sequence of ABAC (called 4H-type in 
Ramsdell notation) and titanium vacancies 
are also involved in every second layer of 
titanium, but near the composition of 
TiS1.T7, they take a disordered state within 
the layer (7). The metal arrangement of the 
V& phase, the metal-excess CdIz phase, 
and the T&S3 phase are shown in Fig. 1, 
where the intervening sulfur layers are 
omitted for clarity. As seen in the figure, 
there exist three sorts of metal sites in the 
V& structure, that is, the V, site in the 
metal-deficient layer and Vu and Vu1 sites 
in the metal-full layer. It should be noted 

(A) (B) (C) 

FIG. 1. Schematic arrangements of metal atoms in 
V& (A), metal-excess Cd12 (B), and 4H-Ti&(C) 
structures, where the intervening sufur layers are 
omitted for clarity. Open and striped circles he in the 
metal-deficient layers. In (A), open circles represent 
the Vi sites and half-solid and solid circles the Vu and 
Vul sites, respectively. In (B) and (C), striped circles 
represent the metal sites, three-quarters of which are 
vacant with random distribution within the layers. The 
stacking of sulfur layers in (C) is the ABAC type differ- 
ent from the hexagonal close packing in (A) and (B). 

that the numbers of nearest-neighbor 
metals along the c axis are different from 
each other among the three sites. 

Experimental 

Powder samples, V1-*TixSr.S7, were pre- 
pared by heating calculated mixtures of 
V&J, and TiS * 1.57 m evacuated silica tubes 
at 900°C for several days followed by 
quenching in water. Some samples with 
composition near x = 0 were slowly cooled 
from 900°C to avoid sulfur loss because of 
the high sulfur vapor pressure of the sam- 
ples at high temperatures. Preparation and 
chemical analysis of the starting materials, 
VSr.57 and TiSr.57, were made according to 
the same procedures as in the previous 
studies (4, 13). Chemical analysis of ter- 
nary V1-J@l.57 was also performed photo- 
metrically and gravimetrically as described 
in Ref. (14). The uncertainties in the chemi- 
cal composition of the specimens can be 
given as kO.02 for x and kO.03 for y values 
in VI-,Ti,S,. X-Ray diffraction measure- 
ments were performed using CuKd radia- 
tion with a Ni filter. Lattice parameters 
were obtained by the least-squares method. 
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The NMR absorption study was made using 
a Bruker SWL40 wideline spectrometer. 
The spectra were obtained in the form of 
derivative curves and were integrated by a 
Tracer Northern NS570A signal analyzer. 
They were taken at 297K at two frequen- 
cies, 10.5 MHz with a 1-kG magnetic field 
scan and 20.8 MHz with a 500-G scan, re- 
spectively (15). Resonance shifts were 
measured with respect to an aqueous solu- 
tion of NH4V03. The composition for x = 0 
used in the NMR experiments was not 
VSI.s7 but VSI.s6 in the system V1-xTixS1.57. 

Experimental Results 

The X-ray diffraction patterns showed 
that there were four different phase re- 
gions; these were the monoclinic phase of 
V& type (0 I x 5 0.4), the trigonal phase of 
the metal-excess Cd12 type (0.4 < x < 0.8), 
the hexagonal phase of T& type (0.8 < x 
I l.O), and a mixed region of both phases, 
Cd12 type and Ti& type (x = 0.8). The 
composition dependence of the parameters 
of the unit cell are summarized in Fig. 2. In 
the figure, the a and b parameters refer to 
the orthohexagonal representation of the 
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basic hexagonal cell. For VS1.57, a = 
2tiahex = 11.3952(5) hi, b = 2ahex = 
6.6637(4) ii, c = 2chex = 11.3106(5) ii, (3 = 
91” 27’(1’), and for Ti&,, a’ = &x = 
3.410(2) A, c’ = 2chex = 11.394(7) A. It is 
seen that the unit cell volume increases 
with increasing Ti content, probably due to 
the difference of the ionic radii of V and Ti. 
The monoclinic distortion within the V& 
phase decreases with increasing x and dis- 
appears in the metal-excess Cd12 phase in 
which metal vacancies take a disordered 
state within the layers. The large gap of the 
c parameters at x = 0.8 is due to the change 
of the sulfur packing from AB type (hexag- 
onal close packing) to ABAC-type pack- 
ing. 

Integrated absorption profiles of jlV 
NMR are shown in Fig. 3 at some composi- 
tions of VI-xTixSI,5,. The spectra were 
taken by using a frequency of 10.5 MHz at 
297K. In the figure, the spectrum for VS1.56 
(x = 0) consists of two peaks for the “V 
nuclei; one, called the type 2 peak, is at 
about 9.4 kG and originates from the vana- 
dium atoms at the Vu and V,ri sites in the 
metal-full layers, as assigned by previous 
authors (16), in which vanadium atoms 

0- 
X 

FIG. 2. Composition dependence of lattice parameters in VI-xTixSI,S7. There exist four regions, and 
these are the V& phase (a); the metal-excess Cd& phase (b), a mixed region of two phases; the metal- 
excess CdI, and the T&S3 phases (c); and the T& phase (d). 
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FIG. 3. Integrated NMR profiles of s1V nuclei in 
VI-xTirSI.J7 with a 1-kG magnetic field scan at a fre- 
quency of 10.5 MHz. The spectra of a, b, and c belong 
to x = 0.0, 0.2, and 0.5, respectively. Nearly centered 
peaks at about 9.4 kG (type 2) originate from the vana- 
diums at the Vu and Vlll sites in the metal-full layers 
and broad peaks at about 9.8 kG (type 1) are due to the 
vanadiums at the V, sites in the metal-deficient layers. 

have itinerant d-electrons. The other, 
called the type 1 peak, is the highly shifted, 
broad peak observed at about 9.8 kG which 
originates from the vanadium at the Vr sites 
in the metal-deficient layers which have lo- 
calized d-electrons (27-19). The intensity 
ratio between type 2 and type 1 peaks is 
about 3.6 for x = 0, the value being nearly 
equal to the ratio 3.55, between the number 
of vanadium atoms in the metal-full layers 
and in the metal-deficient layers for VS1.s6. 
The composition dependence of the inten- 
sity ratio in the composition range between 
x = 0 and x = 0.5 (the metal-excess Cd12- 
type phase) is shown in Fig. 4, where the 
solid line marked (I is the calculated ratio 
between the number of vanadium atoms in 
the metal-full layers and in the metal-defi- 
cient layers, assuming that Ti atoms prefer- 
ably substitute for vanadium atoms in the 
metal-full layers. The dashed line marked b 
corresponds to the case of random site dis- 
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FIG. 4. Composition dependence of the relative in- 
tensity ratio between type 2 and type 1 peaks of NMR 
absorption. The solid and dashed lines represent the 
ratio between the number of vanadium atoms in the 
metal-full layers and in the metal-deficient layers cal- 
culated in terms of respective site-distribution models 
of Ti and V as described in the literature. 

tribution between metal-full layers and 
metal-deficient layers; the dashed line 
marked c corresponds to the case that Ti 
atoms preferably go into the metal sites in 
the metal-deficient layers. The experimen- 
tal result clearly agrees with case (I and dis- 
agrees with cases b and c. Thus Ti atoms 
preferentially substitute on the metal sites 
in the metal-full layers of the V& phase 
and the metal-excess Cd12 phase. 

By using a higher frequency (20.8 MHz), 
the peaks observed at about 9.4 kG in Fig. 3 
(type 2) can be resolved as shown in Fig. 5, 
into two peaks originating from vanadium 
atoms at the Vi1 and Vu, sites of the V& 
structure. The low-field peak (see the case 
for x = 0 in Fig. 5) corresponds to the vana- 
diums at the Vu sites and the other corre- 
sponds to vanadiums at the Vlll sites, ac- 
cording to the previous assignment (16). 
Shoulders observed in each main peak for 
VSi.56 are probably due to nonstoichiome- 
try because an almost stoichiometric com- 
pound of VS,.S~ does not show such shoul- 
ders, as seen in Fig. 5. The peak from the 
Vu1 sites, which has intensity nearly equal 
to that of the VI1 sites at composition x = 0, 
decreases in intensity rapidly with increas- 
ing x and, at the composition x = 0.3, the 



136 NOZAKI ET AL. 

18.4 10.6 (kG) ia8 

FIG. 5. NMR profiles of 51V nuclei in VI-XTiXS1.s7 
with a 500-G magnetic field scan at a frequency of 20.8 
MHz. The spectra marked a, b, and c belong to the 
compositions of x = 0.0, x = 0.1, and x = 0.3, respec- 
tively. The spectrum marked d belongs to VS1.59, that 
is, almost stoichiometric VsSs. 

peak is not observed clearly, as shown in 
Fig. 5. This fact may indicate that Ti atoms 
preferably substitute for vanadium atoms at 
Vu1 sites among the metal sites in the 
metal-full layers until the composition in- 
creases near x = 0.4, at which point the 
VsSs structure changes into the metal-ex- 
cess Cd12 structure. The value x = 0.4 cor- 
responds to the number of Vlll sites per 
formula unit of VSI.s7. 

Discussion 

The fact that Ti atoms preferably substi- 
tute for the metal sites in the metal-full lay- 
ers more than do V atoms agrees with pre- 
vious observations in Vi-,TiXS1.40 (2). The 
reason why Ti atoms preferably occupy 
metal sites in the metal-full layers is made 
clear through consideration of the crystal 
structures as was discussed in the study of 
V1-XTiXSL.40. In the V& structure, a VII site 
in the metal-full layers has one metal va- 

cancy and one vanadium atom as its neigh- 
bors along the c axis. A Vu1 site in the 
metal-full layers has two metal vacancies as 
neighbors along the c axis. On the other 
hand, the Vr site must have two neighbor 
vanadium atoms at VI1 sites in the filled ad- 
jacent layers. Therefore, if Ti atoms have a 
larger repulsive energy resulting from me- 
tal-metal interactions of the face-shared oc- 
tahedra than do V atoms, Ti atoms will sub- 
stitute in the metal-full layers in preference 
to the metal-deficient layers, thus decreas- 
ing the repulsive energy of the metal-metal 
interaction along the c axis. According to 
this assumption, Ti atoms should occupy 
the Vu, sites first among the three sorts of 
metal sites, an expectation that agrees with 
the present observation. A large repulsive 
energy of the metal-metal interaction of Ti 
atoms is supported by the following facts: 
TiS has the largest c/u ratio (1.94) among 
3 d-transition metal sulfides with NiAs-like 
structures, and titanium sulfides of interme- 
diate compositions between TiS and TiS2 
have a variety of sulfur packings modified 
from the hexagonal close-packed one, re- 
sulting in a decrease in the number of face- 
shared octahedra. 

It seems that the phase relations of 
VI-xTixSI.s7 are closely related to the site 
distribution of Ti and V atoms and may be 
understood by considering the metal-metal 
interactions along the c axis. Ti atoms, at 
first, substitute for V atoms at the Vlrr sites 
and then, once they begin to occupy the VI1 
sites after filling almost all the Vlll sites, the 
structure of VsSs changes into the metal- 
excess Cd12 structure where the V,, and 
Vu1 sites cannot be distinguished. It cannot 
be understood directly by considering the 
metal-metal interaction why the structure 
change occurs at the composition x = 0.4. 
However, the Ti-V repulsive energy of the 
face-shared octahedra will produce local 
distortions in the structure and may destroy 
the ordered state of metal vacancies within 
the metal-deficient layers, causing phase 
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transition. The local distortion can be un- 
derstood by considering the local elonga- 
tion of metal distances along the c axis be- 
tween the Ti-Ti, Ti-V, and V-V distances 
as discussed previously (2). After Ti atoms 
occupy almost all the metal sites in the 
metal-full layers of the metal-excess Cd12 
structure (x = 0.8), they must begin to sub- 
stitute for V atoms at the Vi sites, causing a 
large repulsive energy because of the Ti-Ti 
interaction. To avoid this situation, the sul- 
fur packing changes from AB type to 
ABAC type, decreasing the number of face- 
shared octahedra, and resulting in occur- 
rence of the Ti& phase. Thus the site dis- 
tribution and the metal-metal interaction 
along the c axis may play an important role 
in determining the phase boundaries and 
the structures of the system VI-XTixSI.J,. 

Finally, we discuss the reason why Ti at- 
oms would be expected to have a larger re- 
pulsive energy than V atoms. The repulsive 
energy is mainly due to the repulsive Cou- 
lomb potential between metal atoms of the 
face-shared octahedra. Although the repul- 
sive energy may be largely affected by the 
electronegativity difference between Ti (or 
V) and S, the metal-metal bonds along the c 
axis may also be important in the ternary 
Ti-V-S system. These bonds decrease the 
Coulomb energy through screening by the 
conduction electrons and contribute to the 
stability of the structure. It has been ob- 
served in a magnetic study of VI-,TiXS1,40 
that localized magnetic moments are pro- 
duced on V atoms in the metal-deficient 
layers when the V atoms have two Ti neigh- 
bors along the c axis (2). This observation 
suggests that substitution of Ti for V proba- 
bly weakens the metal-metal bonding along 
the c axis, causing localization of the d- 
electrons. In the W-V& system, the me- 
tallic bond along the c axis may contribute 

to stability of the compounds more signifi- 
cantly than in TiS-Ti$. 
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