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The phase diagram of the VS-VS, system was studied by high-temperature DTA and X-ray 
measurements. As a result, it has been confirmed that the vacancy-ordered V,S,-type structure transforms 
into the CdI,-type structure at r,,, while the vacancy-ordered V&type structure shows successive trans- 

formations on heating; V,S, type ‘LV,S, type 
TV, 
-+ CdI, type. The mechanisms of the phase transitions are 

discussed from the viewpoint of structural relationships. The phase diagram of the VS-VS, system is con- 
structed in the temperature range up to 12OPC. In the V-Se system similar results to those in the V-S 
system have been obtained. The V-S-Se system has also been studied and the result supports the above- 
mentioned results on the V-S and V-Se systems. 

1. Introduction 

The 3d transition metal chalcogenides M-X, 
where M = Ti, V, Cr and X = S, Se, Te, have 
the NiAs-type or the related NiAs-type struc- 
ture at the composition of MX and the CdI,- 
type structure at MX,. Between these extreme 
structures, there appear many phases originat- 
ing from ordering of metal vacancies. These 
vacancies are located in the alternate metal 
layers along the c axis. A stacking of metal 
layers can be regarded as alternate arrays of 
fully occupied and partially occupied layers. 
At low concentrations of vacancies (6, in 
MI-* X) the nonstoichiometric NiAs phase is 
stabkzed because the interaction energy be- 
tween vacancies is small (random distri- 
bution). With increase of 6,, the interaction 
energy between vacancies causes ordering of 
the vacancies and many types of the vacancy- 
ordered phase appear. When the vacancy 
concentration 6, becomes close to f, the 
nonstoichiometric CdI, phase (random distri- 
bution) is stabilized. 

Possible ordered structures can be con- 
structed by supposing the metal concentration 
(6, in M,+,:X,) of a partially occupied layer as 

follows; M,X, with 6: = 4, M,X, with d2 = 3, 
M,X, with 6? = f, M, X, with 6, = f, and 
M, X, with 6, = a. 

For the Ti-S system, Wiegers and Jellinek 
(I) proposed the concept of occupation waves 
along the c axis in order to interpret the 
intensities of Debye-Scherrer diffraction peaks 
of many phases. In the V-S system, it has 
been confirmed that there are only two 
vacancy-ordered phases with the M,+62 X2 
stoichiometry, V,S, and V,S, (2, .?). In the Cr- 
S system many phases such as Cr,S,. Cr,S,. 
Cr,S,, and CrS, were found to exist between 
CrS and CrS,,,,, (4). Thus these metal-sulfur 
systems show different modes of vacancy- 
ordered phase formation. 

Here we restrict ourselves to the problems 
of phase transition by vacancy order-disorder. 
The phase transition must be observed by 
changing the composition, i.e., vacancy con- 
centration as mentioned above, or by increas- 
ing the temperature at a fixed composition. 
By increasing the temperature, the low- 
temperature ordered phase gradually loses the 
degree of order and at the critical temperature 
T, transforms to the high-temperature ordered 
or disordered phase. For the NiAs based struc- 
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ture, the process of disordering may be as 
follows. The ordered structure -+ the intra- 
layer rearrangement (ordered phase) + the 
intralayer disorder (nonstoichiometric CdIz 
type) + the interlayer disorder (nonstoichio- 
metric NiAs type). 

To our knowledge, few reports have been 
published on this theme (5). The V-S system is 
quite suitable because it has only two types of 
ordered structures within a wide nonstoichio- 
metric composition range (2). But in this 
system, the crystal structure of the sample, 
obtained by rapid quenching from high tem- 
perature, is always the low-temperature or- 
dered structure, so the high-temperature 
crystal structure must be determined in situ. 
Previously, Nakazawa et al. (6) carried out 
high-temperature X-ray measurements on a 
V,S, single crystal. They found that the intra- 
layer order-disorder transition occurs at 
around 800°C. 

In the present work the phase diagram of 
the V-S system in the composition range from 
V%30 to w.,o has been determined in detail 
by high-temperature DTA and X-ray 
methods. And, complementarily, the V-S-Se 
system was also studied, and the result of the 
study supports those of the V-S and V-Se 
system. 

2. Experimental Details 

The samples were synthesized by the direct 
reaction from the elements. For the V-S 
system, vanadium powder (99.9%) and sulfur 
powder (99.999%) were sealed in an 
evacuated silica tube, heated at 800°C for 2 
weeks, and quenched in water. For the V-Se 
system, vanadium powder and granular 
selenium (99.999%) were used for starting 
materials. For the V-S-Se system, vanadium 
powder, sulfur powder, and granular selenium 
were used. The phase of the sample was 
determined by the X-ray method and the 
composition was analyzed by oxidizing the 
sample in air to V,O,. 

The high-temperature DTA measurement 
was carried out by Rigaku Thermoflex DTA. 
A micro silica capsule sealed in vacuum was 

used to contain the sample. Al,O, was used as 
a reference. The measured temperature range 
was from room temperature to 1 200°C. 

The high-temperature X-ray measurements 
were carried out by the film method using a 
Shimadzu high-temperature X-ray camera and 
by the counting method using a Rigaku high-. 
temperature attachment. In both methods, the 
sample was sealed in vacuum in a silica capil- 
lary with a very thin wall about 0.01 mm thick. 
The maximum temperature was 1 100°C for 
the film method and 1OOO“C for the counting 
method. 

3. Result and Discussion 

3.1. Phase Ident$cation at Room Tem- 
perature 

The quenched samples were identified at 
room temperature by X-ray powder diffrac- 
tion (CuKa). As will be shown later, it is 
impossible to quench the high-temperature 
phase. It is known (2) that there exist two 
phases, V,S, and V,S,, between VS and VS, 
The V,S, phase exists in the composition range 
from VS,.iB to VS,.,, and the V,S, phase from 
W.5, to Wm. By the above-mentioned 
method, it has not been possible to prepare 
samples with sulfur content greater than 
w.w With increasing sulfur content, the 
V,S,-type crystal structure transforms into the 
V,S, type at about VS,.56, i.e., no two phase 
region was observed within experimental error. 

(a) 
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%f 
FIG. 1. Phase relation at room temperature. Samples 

were obtained by rapid quenching from 8OO’C. The two 
phase region was hardly observed. (a) V-S system. (b) 
V-Se system. 
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This suggests that the transformation from 
V,S,- to V&type crystal structure may be of 
second order. For the case of the V-Se sys- 
tem, the phase boundary and the feature of the 
phase transition (V,Se, + V&Se,) are similar 
to the case of the V-S system. The results 
are summarized in Fig. 1. 

3.2. DTA Measurement 

The DTA curves obtained in the V-S sys- 
tem show the characteristic features of each 
phase (Fig. 2). For the samples with the V,S, 
structure at low temperature, the curve has 
only one endothermic peak at T,, in the 
measured temperature range. The peak for the 
stoichiometric V,S, (VS,,,,) is rather sharp; 
with increasing sulfur content the peak grows 
gradually broader. The T,, decreases with 
increasing sulfur content as shown in Fig. 2. 
On the other hand, for the samples with the 
V,S, structure at low temperature, the DTA 
curve shows two endothermic peaks; the 
higher one is at T,, and the lower one is at T,,. 
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FIG. 2. DTA curves for the V-S system. (a) VS,,,, 
N,S, phase): (b) VS,,,, (V,S, phase): (c) VS,,,,,, (v,s, 
phase). 
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FIG. 3. Phase diagram determined by the DTA and 
the high-temperature X-ray measurements. The dotted 
lines are the speculated phase boundaries. (a) V-S 
system. (b) V-Se system. 

The T,., in the V,S, samples is smoothly con- 
nected to the T, in the V,S, samples. The 
peak at Tc, is (quite characteristic of the 
V,S, phase. The Tc, gradually decreases with 
increasing sulfur content. The composition 
dependence of TcI is not so remarkable. 
The phase transition at Tc2 seems to be of 
second order. The result is shown in Fig. 3a. 

In the V-Se system, the DTA measurement 
shows behavior quite similar to that of the V-S 
system. The phase transition temperatures T,, 
and Tc, are somewhat lower than those of the 
V-S system, as shown in Fig. 3b. 
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3.3. High-Temperature X-ray Measurement 

In order to clarify the phase transitions at 
T,, and Tc2 high-temperature X-ray measure- 
ments were carried out at temperatures up to 
1 IOO°C. The X-ray powder patterns were 
obtained by the film or counting method. 

z c z n- B 

For example, we show here the temperature 
dependence of the diffraction patterns for the 
samples of VS,.,, and VS,,,* which have the 
V,S,- and the V,S,-type structure at room 
temperature, respectively. As mentioned 
above, T,, for VS,.,, is about 1000°C. Figure 
4a shows the typical diffraction patterns for 
wso taken at 800 and 106OOC. The result 
shows clearly the structural transformation 
from the V,S,- to the CdI,-type structure at 
T,,. As shown in Fig. 4b, the sample VS,.58, 
which has transition temperatures at 920°C 
(T,,) and 840°C (T,], shows the successive 
transformation of the crystal structure, i.e., 
V,S, type + V$, type .+ CdI, type. 

Thus. it has been clarified that the V&-type 
structure transforms into the V,S,-type for the 
first step and then into the CdI,-type structure. 
The mechanism of the phase transition will be 
discussed in Section 3.5. 

For the V-Se system, the result is very 
similar to that of the V-S sysem, as shown in 
Fig. 3b. 

3.4. The V-S-Se @stem 

As mentioned above, the phase diagram of 
the V-Se system is similar to that of the V-S 
system. An attempt was made to determine the 
phase diagram of the ternary system V-S-Se. 
In this section, we discuss only two points of 
the results which seem to be important for the 
understanding of the mechanism of the phase 
transitions. 

11 
33 34 35 43 44 45 

20 

Figure 5 shows the phase relation of the 
pseudobinary VS,,,,,-VSe,.,, or V,(S,_,Se,), 
system, and also the x dependence of the 
lattice parameter of the c axis (perpendicular 
to the metal layer) and the monoclinic angle p. 

FIG 4. High-temperature X~ray diffiactlon patterns. perature). (bf The powder patterns by the counting 
(a) The powder patterns by the film method taken at 800 method taken at 700, 880, and 970°C for VS,.,, (V,S, 
and 106O’C for VS,,,,, (V,S, phase at room tem- phase at room temperature). 
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FIG. 5. Phase relation of the V,(S,-,Se,), system 
obtained at room temperature. 
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Although we had expected the formation of a 
solid solution between V,S, and V,Se,, the 
result obtained is quite different. With increas- 
ing x, the phase transition takes place suc- 
cessively as 

0 0.2 0.4 0.6 0.8 I 

V,S, type (0 <_ x < 0.06) V,S, type (0.06 
< x < 0.35) + Cdl, type (0.35 < x < 0.90) + 
V,S, type (0.90 < x < 0.94) + V,S, type (0.94 
<Xl 1.00). 

This peculiar result can be interpreted as the 
result of x dependence of T,, and T,,, as shown 

"S1.55 X in V(Si-xSex)l.55 VSel.55 

FIG. 7. Lattice parameters YS composition curves of 

the V(S,_,Se,),,,, Y s stem. B is the monoclinic angle. 

schematically in Fig. 6. The phase transition 
temperatures T,, and T,, decrease rapidly for x 
less than about 0.5, and increase for larger x 
values. At room temperature the state of 
section AA’ is obtained. 

Tct 

Tc2 

A' 

In Fig. 7, the lattice parameters and unit-cell 
volume of VS,.5,-VSe,.,, (or V(S,-,Se,) ,,J 
are shown. Each of the end compositions 
WSlS5 and VSe,.,,) is located near the phase 
boundary between the V,S, and V,S, phases. 
In this system, the V,S, structure type appears 
in the whole range of composition. However, it 
is to be noted that the monoclinic angle /3, 
which shows the degree of inclination of the c 
axis to the metal layer due to ordering, tends to 
become 90’ (the value of the CdI, type) in the 
intermediate region of this system. 

FIG. 6. Supposed phase diagram for the V,(S,_, Se,), 
system. The line AA’ is the section which shows the 
phase relation obtained experimentally in Fig. 5 (see 
text). 

3.5. The Mechanism of the Phase Transition 
A possible mechanism of the phase tran- 

sitions, i.e., V,S, -+ V,S, + CdI, + NiAs, is 
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FIG. 8. Schematic illustration of the crystal structures 
of the V,S, type and the V,S, type. Only metal sites are 
shown. Filled circles indicate the vanadium atoms and 
open circles indicate the vacancy sites. 

discussed in detail from the viewpoint of the 
structural relationships. 

The crystal structures of V3S, and V,S, 
were determined by Chevreton and Sapet (7) 
and Brunie and Chevreton (8), and, recently, 
Kawada el al. (9) in detail. The crystal struc- 
tures of V,S, and V,S, are depicted in Fig. 8. 

For simplicity we discuss the mechanism in 
the sample with the composition VS,,,,,. As 
mentioned above, the sample shows a series of 
transitions; V,S, type -, V,S, type -+ CdI, 
type. It is to be noted that the metal sites in the 
partially filled layer of the V,S,-type structure 
with the composition VS,.,, are partially occu- 
pied (50%) instead of being perfectly occupied 
(100%) for the composition VS,.,, (stoichio- 
metric V,S,). Now let us consider the process 
of phase transition from the V,S,- to the V,S,- 
type structure for the case of the composition 

V%6,. At first glance, the disordering along 
the a or b axis of the V&type structure (an 
array of alternate arrangement of metal and 
vacancy) leads to the V&type structure. In 
this case, the following relations must hold (see 
Fig. 9a): 

aW,S,> = faW,SJ, b(V,S,) = jbW,S,), 
c(V,S,) = MV,S,). (1) 

This mechanism is at variance with the experi- 
mental results as follows. 

(i) The lattice parameter c(V,S,) is nearly 
equal to that of c(V,S,) as shown in Fig. 8. 

(ii) The temperature dependence of the 

b) 
FIG. 9. Schematic illustration of the metal and 

vacancy arrangement in the partially filled layer with the 
composition VS,,,, Filled circles indicate the vanadium 
atoms and open circles indicate the vacancy sites. a and 
b are the unit cell vectors for the V,S, type and the V,S, 
type. (a) and (b) show the possible mechanism for the 
transition from the V,S, type to the V,S, type (see text). 

lattice spacing along the a and b axis shows 
marked discontinuity at Tc, as shown in Fig. 
10. This conflicts with the fact that the phase 
transition at Tc, is of second order. 

Figure 9b shows another possibility for the 
mechanism of the phase transition. The par- 
tially filled layer of the V&-type structure can 
be regarded as the alternate arrangement of 
chains A and B. Chain A consists of alternate 
metal and vacancy sites, and chain B of only 
vacancy sites. The intra-chain disordering in 
chain A again leads to the V,S,-type structure 
of which the unit cell is shown in Fig. 8. In this 
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case the following relations must hold: 

aW,S,) = $ W,S,) + W’,S,))~ 
bW$J = ~(aW,s,> + bW,S,)}~ 
c(V,S,) = cW,S,). (2) 

With this model, the temperature dependence 
of the lattice spacings corresponding to the a 
and b axis of the hypothetical V&type struc- 
ture above Tc, were recalculated up to 910°C. 
As shown in Fig. 10, the lattice spacings 
smoothly increase with increasing temperature 
through Tc,. In Fig. 10 the temperature depen- 
dence of the unit-cell volume which smoothly 

Volume 

;;s c-axis 
.J. 

A 
5.85 

5.80 - 

5.75 

t vsl.58 

t 

ii 
Il.45 

11.40 

w 
3.40 

I.35 

: 
FIG. 10. The lattice parameters and the unit-cell 

volume vs temperature curves for the sample with the 
composition VS,,,, Closed circles are the measured 
values and closed squares are the calculated values by 
Eq. (2) from the measured values. 

connects at Tc, is also shown. It supports the 
suggestion that the transition may be of 
second order. This is quite consistent with the 
experimental facts. 

Thus it can be concluded that the origin of 
the phase transition from the V,S,- to the 
V,S,-type structure is intra-chain disordering. 
The phase transition from the V,S,- to the 
CdI,-type structure can be regarded as the 
result of inter-chain disordering within the 
same plane, or intralayer disordering. At 
higher temperature, the interlayer disordering 
between partially filled metal layers and 
perfectly filled metal layers should take place 
and this mechanism corresponds to a tran- 
sition from the Cdl,- to the NiAs-type struc- 
ture. However, in the present work up to 
1200°C, this transition has not been obser- 
ved. It should occur at a considerably higher 
temperature. 

As for the statistical thermodynamic treat- 
ment of the order-disorder transition for these 
systems, we will discuss it in a following paper 
which will appear in the near future (IO). 
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