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Determination of the homogeneity range of the VSe, phase was made. It extends from V ,,O,Se, to V ,, ,,Se, 
at 800°C and from V,,,,Se, to V,,,,Se, at 300°C. The selenium-rich limit of the adjacent monoclinic phase 
is about V,,,,Se, between 700 and 1000°C. The two-phase region between monoclinic and the VSe, phases 
extends from V,.,,Se* to V&e, at lower temperatures. Above 700%. the mixture of two phases becomes 
a pseudosingle phase of a mixed-layer type. Equilibrium vapor pressures of selenium on the solid V,Se, 
(X = 1.04-1.28) were measured by a quartz Bourdon gauge between 600 and 1000°C. Activities and other 
partial molar quantities were evaluated. Stability of the vanadium atoms in the CdI?-like V,SeZ phase was 
studied. A statistical model was applied for the nonstoichiometric V,Se, with the CdI,-like structure. 
Vanadium atoms in the vanadium-rich layers are more stabilized than those in the vanadium-poor layers, 
and the differences between each stabilizing energy was about 20.0 kcal/mole. 

Introduction 

In vanadium selenides, previous works are 
summarized in Table I. Rprst and Gjertsen (2) 
found that the homogeneity range of the VSe, 
phase extended from Vl,lsSez to V,.,,Se, when 
quenched from 75OOC. The two-phase region 
between the monoclinic and hexagonal CdI,- 
like phases was not observed at 75OOC. For 
slowly cooled samples, the two-phase region 
extended from V,.,,Se, to V,.,,Se, and the 
homogeneity range of the hexagonal VSe, 
phase was narrowed to an almost-line phase, 
V,.,,Se,. Powder X-ray diffraction data of the 
V,Se,(V,.,,Se,) phase was also reported by 
Brunie and Chevreton (5). 

Magnetic susceptibility of the VSe, phase 
was measured by R0s.t and Gjertsen (I) and 
recently be Van Bruggen and Haas (8) and 
also by Bayard and Sienko (9). Their results 
showed that only 2.3% Vz+ was present as the 
interlayer vanadium and the rest as V3+. 

Throughout the above reports, no measure- 
ment was made regarding the selenium vapor 

pressure in equilibrium with the respective 
solid V,Se,. On the other hand, in cobalt and 
nickel selenides of NiAs-type structure, the 
equilibrium selenium vapor pressure was 
measured and the thermodynamic quantities 
were evaluated (10, II). A statistical model 
based on the assumption of random distri- 
bution of metal atoms and vacancies was 
applied for the nonstoichiometric NiAs-type 
structure. Vacancy formation energy and the 
interaction energy between the vacancies were 
estimated from the measured vapor pressure 
and that statistical model. 

The scope of the present investigation is the 
determination of the homogeneity range of the 
VSe, phase, and the measurement of the 
equilibrium selenium vapor pressure of the 
solid VSe, phase, followed by the evaluation of 
the related thermodynamic quantities. Based on 
those measurements, a statistical model for the 
VSe, phase is also applied by assuming two 
different stabilization energies between the 
vanadium atoms in the vanadium-rich layer 
and those in the vanadium-poor layer. The 
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TABLE I 

COMPOUNDS OF VANADIUM-SELENIUM SYSTEM 

Composition 

V,% 

VSe 

Condition Crystal Lattice constants Reference 

75ooc 
Quenched 
IOOOT 
Quenched 
75ooc 
Slowly cooled 
8OOOC 
Slowly cooled 
9oooc 
Slowly cooled 
Chemical 
Transport 
750°C 
Quenched 

Powder 
Tetragonal 
Powder 
Hexagonal 
Powder 
Hexagonal 
Powder 
Hexagonal 
Powder 
Monoclinic 
Single 
Monoclinic 
Powder 
Monoclinic 
Powder 
Monoclinic 
Powder 
Hexagonal 

a=9.294A,c=3.417A 

a=3.681 A.c=5.970A 

a = 3.697 A, c = 5.990 A 

a = 7.211 A. c = Z-t.002 A 

a=l2.978A,b=7.l52A 
c = 23.978 A, p = 90.40° 
a = 6.2 12 A, b = 3.45 A 
c= 11.88 A,/~=91.50 
a=6.123A,/?=3.44OA 
c= 11.838A.p=91.26° 
a = II.86 A. b = 6.96 A 
c= 17.74 A,p=91.21° 
a = 3.34 A, c = 6.12 A 

(I) 

(-3 

(2) 

La 

(3) 

(4, 7) 

(1) 

(5) 

(6) 

stability of the vanadium atoms of non- 
stoichiometric V,Se, phase is thus deduced 
according to that model. 

Experimental 

1. Phase relations. The starting materials 
were 99.999% pure selenium shot (Ishizu 
Pharmaceutical Co., Ltd.) and 99.9% pure 
vanadium powder (High Purity Chemicals 
Co., Ltd.). The vanadium and selenium were 
weighed, mixed, and put into a silica tube. The 
tube was evacuated (about 10m3 Torr) for 1 hr. 
Then it was sealed and preheated in a furnace 
(regulated within +5OC by a high-low con- 
troller) at 500°C for 1 day. The specimen thus 
obtained was heated again 800°C for 1 day 
and kept at a fixed temperature (500 or 
300°C) for 1 week for the low-temperature 
series. Since the specimen is heated at 800°C 
for 1 day for the completion of the reaction, it 
is at least almost equilibrated even at 300°C 
by holding it for 1 week. In fact, when a 

quenched speciment of apparent single phase 
at 800°C exhibited a phase separation at 
300°C, 1 week holding was sufficient to 
complete the separation. For the high- 
temperature series, it was heated at 800°C for 
several days and quenched to room tem- 
perature. To find the composition, the content 
of vanadium was determined by completely 
oxidizing the specimen to V,O, at 450-500°C 
in air. Some ignited specimens, V,O,, were 
analyzed for vanadium by the EDTA titration, 
resulting in around V,O,.OZ. This indicates that 
SeO, is negligible, if any, in the ignited 
specimen and the error in the composition, 
V,Se,, is within 50.1 at.%. 

The phases of vanadium selenides as 
analyzed by the ignition method were iden- 
tified by the X-ray powder diffractometry of 
the Ni-filtered CuKa radiation at room tem- 
perature. The reflection angles were corrected 
by the internal standard silicon. The lattice 
constants were calculated by the least-squares 
method using eight to ten sharp reflections. 

2. Vapor pressure measurement. The vapor 
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FIG. 1. Silica Bourdon gauge arrangement for 
measurement of selenium vapor pressures on VSe, 

pressure was measured by a quartz Bourdon 
gauge. The construction of the apparatus is 
shown in Fig. 1. The Bourdon tube was baked 
under vacuum (about 10-j Torr) at 1000°C 
for 1 hr. After that process, 3 g of the sample 
were put into the bottom of the Bourdon tube. 
Then it was evacuated (about 10es Torr) again 
for several hours at 100°C. After those 
processes, the sample part of the Bourdon tube 
was sealed. The space volume of the sample 
part was about 12 cm3 (the change of the 
composition by evolution of the selenium 
vapor from the sample upon heating was 
calculated to be within 0.2 at.%). The measure- 
ment of the selenium vapor pressure was 
started from 500°C after heating at that 
temperature for 12 hr. The temperature of the 
sample was raised in lO-20°C steps and kept 
at the respective temperature for several hours 
within the low-temperature range (adjacent to 
500°C) and for 10-30 min in the high- 
temperature range. The sensitivity of the 
Bourdon gauge was within 5 mm Hg. 

Results and Discussion 

1. Phase relations. The determination of 
the phase boundaries of the VSe, phase was 
made based on the identification of powder X- 
ray pattern, the measurement of the hexagonal 
lattice constants of the quenched specimens, 

610 - 
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FIG. 2. Lattice constants of V,Se, with a hexagonal cell. 

and the measurement of the selenium vapor 
pressures. Determination of the selenium-rich 
boundary for the VSe, phase, and the two- 
phase region between the VSe, and mono- 
clinic phases at 300°C were made by the 
measurement of the hexagonal lattice con- 
stants for the quenched samples shown in Fig. 
2. In the figure the horizontal lines indicate the 
two-phase regions. The higher the sample 
temperature was, the more moved the 
selenium-rich boundary to the selenium-richer 
side. It was changed to V,&Se2 at 8OO”C, 
V,,,Se, at 500°C, and V,.,,Se, at 300°C. In 
comparison, Rest and Gjertsen (1) obtained 
V&Se, for that boundary at 700°C. 

Regarding the two-phase region, particular 
reference should be made here. The vanadium- 
rich boundary of the VSe, phase at 300°C was 
V,.,,Se, and the two-phase region was clearly 
observed. On the other hand, as can be seen 
from the figure, the lattice constants of the 
VSe, phase changed along a smooth curve to 
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circles. two phases between monoclinic and VSe,, cross- 
line monoclinic phase and square mixed-layer phase. 

FIG. 3. Composition dependence of equilibrium 
selenium vapor pressures on V,Se, (-u = 1.04-1.28). The 
dotted circles represent the extrapolated values. 

the monoclinic phase and the two-phase region 
was not distinguished. However, according to 
the results of the equilibrium selenium vapor 
pressure measurements, the two-phase region 
was clearly distinguished even above 700°C 
(shown in Fig. 3). It was extended from 
V&Se, to V&Se, above 700°C. Of sig- 
nificance in the above two-phase region is that 
the powder X-ray pattern was very similar to 
that of the hexagonal VSe, phase. In addition 
to the broadness, however, of the reflections as 
compared with the sharpness of those of the 
hexagonal VSe, phase within that temperature 
range, a few reflections which did not belong to 
the monoclinic phase were mixed in the 
hexagonal pattern. (Those weak reflections 
were not used in the calculation of the 
hexagonal lattice constants.) The observations 
may reflect a formation of a mixed-layer 
lattice, and the region is tentatively regarded as 
of a pseudosingle mixed-layer one. 

The other boundary was determined by the 
identification of the powder X-ray patterns of 
the quenched specimens. The vanadium-rich 
limit of the two-phase region between the 

monoclinic and hexagonal phases was V,.,,Se, 
at 500°C. Part of the phase diagram for the 
vanadium-selenium system is shown in Fig. 4. 
The phase diagram was made from both the 
present work and the results of previous works 
described in the introduction of the paper. In 
the diagram, the boundary obtained by an in 
situ vapor pressure measurement is repre- 
sented as continuous line and the one by the 
quenching method as dashed line. 

2. Equilibrium selenium vapor pressure 
measurement and the eoaluation qf some 
thermodvnamic qualities. Selenium vapor pres- 
sures in equilibrium with the solid selenides 
are shown in Fig. 5. The sample Nos. 1 
through 4 belong to the VSe, phase and the 
others to either the monoclinic or the mixture 
range. A few remarks should be made here 
regarding the selenium vapor. Many molecular 
species exist in the selenium vapor. The vapor 
pressure of selenium has been measured by 
Rau (12). According to his result, the 
molecular species in the selenium vapor are 
Se,, Se,, Se,, Se,, Se,, Se,, and Se,. In the 
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FIG. 5. Equilibrium selenium vapor pressures of V,Se, versus reciprocal temperature. 

following, the species Se, is taken as the 
reference species of activity calculations. The 
activity of the selenium vapor, a,,. can be 
represented by the following equation. 

a se = !psep&Y2. (1) 

where P,, is calculated from the measured 
total selenium vapor pressure, taking into 
account the dissociation and association of all 
the molecular species, Se, (x = 1 through 8), 
at the respective temperature. The measured 
selenium vapor pressure is the sum of the 
partial pressures of all molecular species, 

P measured[atml = I? Pse . (2) I 1 
In that case, the following equation is held 
between the partial pressure Pse, and Pse: in 
equilibrium, 

(Pse~~‘2h’s~, = K,, (3) 

where K, is the equilibrium constant. From 
“Eqs. (2) and (3),” the pressure of the 
reference species Se, is calculated. The K, 

values were taken from the data of Mills (13). 
The saturated vapor pressure, P&,, was also 
calculated according to the same procedure as 
the Pse, calculation from the data of Mills (13). 

From those calculations, it was apparent 
that, around 870”K, the measured total 
pressure could be regarded as of PSel, but with 
increasing temperature some correction within 
0.15 in terms of the activity was needed. 
Therefore, in the following Figs. 6, 8, and 9 
where log(a,,) is summarized, those corrected 
values were used. In Fig. 6, the activities, 
log@,,), are plotted against the reciprocal 
specimen temperature. From the activities, 
partial molar enthalpies are calculated accord- 
ing to the following equation. 

loga,,[at T,l - loga,,[at T,l = 
(AH,J2.303R)( l/T, - l/T,). (4) 

Also, the partial molar free energies are 
calculated according to the following equation, 

AG,, = 2.30RT log(a,,). (5) 
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FIG. 6. Temperature dependence of activities of 
selenium of V,Se, (X = 1.04-1.28). The number follow- 
ing each line represents the .r value in V,rSe,. 

Those partial molar quantities of the VSe, 
phase are listed in Table II, in which the 
temperature ranges are also included. 

3. Stabi@ of the vanadium atoms in the 
VSe, phase. A schematic diagram for the 
crystal structure of the VSe, phase is shown in 
Fig. 7. In the VSe, phase, excess vanadium 
atoms from the stoichiometric composition are 
located in the interlayer position B which is 
sandwiched between the selenium layers. From 
the measurement of density and lattice con- 
stants, Rest and Gjertsen (1) have suggested a 
layer-type structure of this sort and the 

formation of selenium vacancies scarcely 
occurs. Therefore, the vanadium atoms can 
occupy the two different sites, A and B, in the 
structure. 

In the figure, three different modes of the 
occupancy of vanadium atoms are possible. 
Mode I shows the structure in which the two 
vanadium site are equally occupied by the 
vanadium atoms. That is the case where no 
difference in the stabilization energy exists 
between the A- and B-sites. However, the 
tendency that excess vanadium atoms prefer 
the B-site strongly suggests that the vanadium 
atoms in the structure are stabilized with 
different energies between the A- and B-sites. 
Modes II and III represent such cases. Mode 
II shows an arrangement in which the A-sites 
are fully occupied with the B-sites being 
partially filled. That is the special case of Mode 
III in which the A-sites are nearly occupied 
and the B-sites are partially filled. Mode I with 
the equivalent A- and B-sites is of the defective 
NiAs-type, while Modes II and III are of the 
CdI,-type. In the present work, therefore, a 
statistical model is considered according to the 
Modes II and III. Moreover, since the Mode 
III represents a general case, the following 
statistical calculations were carried out for 
only the Mode III. 

(a) Vanadium-rich site is called A-site and 
the poor-one B-site. Stabilization energy for the 

TABLE II 

PARTIALMOLARQLJANTITIES OFV,S~, PHASES' 

Composition -Atis, (kcal/mole) 

x (‘K) 

1.04 2.3, (920-l 100) 
1.06 4.3, (980- 1125) 
1.09 5.5, (1000-l 150) 
1.14 4.8, (990-1220) 
1.18 4.8, (1070-1265) 
1.20 4.8, (1040-1270) 
1.25 4.1, (I 100-1320) 
1.28 2.4, (1160-1300) 

0 ( ) Extrapolated values. 

-&se (kcal/mole) 

1000°K 1050°K 1100°K 
~~.. 

1.3, 1.2, 1.2, 
1.7, 1.6, 1.5, 
2.2, 2.0, 1.8, 
2.9, 2.8, 2.7, 

(3.3,) 3.2, 3.2, 
(3.3,) 3.2, 3.2, 
(3.9 I) (3.9,) (3.8,) 
(3.9,) (4.0,) (4.0,) 
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FIG. 7. Schematical diagrams for crystal structure of 
the VSe, phase. Modes of the site occupation by 
vanadium atoms; the large circles represent the selenium 
site; small open circles, the partially filled vanadium sites; 
small solid circles, the perfectly filled vanadium sites; and 
hatched circles, the almost-filled vanadium sites. 

vanadium atom in the A-site is defined 
E, and for that of the B-site, E,. 

At the equilibrium state, AG gets to the 
minimum and, since nA + n, = N, “Eq. (7)” 
can be differentiated with respect to nA, giving 
the value of nA at the equilibrium state, 
(~AGl&J, ,,,, ,w = 0. The result is the follow- 
ing equation, 

(b) In the high-temperature range, it is 
thought that the vanadium atoms and vacan- 
cies are randomly distributed within each 
layer--interla>Ter disordering. 

(c) The number of the total metal sites 
equals the number of the selenium atoms. The 
number of the A-sites equals half of the total 
metal sites and the number of the B-sites also 
half of that. 

(M/2 + N + PM/2 - PN) 
- ((M/2 + N + PM/2 - PNj2 
- 2MN( 1 - P))“* 

nA= 
2(1-P) 

1 (8) 

where P = exp[(E, - EJIRTI. And the 
chemical potential of selenium is calculated as 
follows, 

(d) Regarding the entropy, only the con- ,use = (EA - EB) N’ - R7Un(M/2) - N’(In nA 
figurational entropy is considered and the - ln(N - nJ) - (l/2 - iV’)ln(M/2 - nA) - 
others are regarded as the simple summation (l/2 + N’)ln(M/2 + nA - NJ1 + ,u&, 
of the entropies of the pure components. - (9) 

(e) Each quantity is represented with the 
following notation: 
M total number of selenium atoms, 
N total number of vanadium atoms, 
nA number of vanadium atoms on the A-site, 
nB number of vanadium atoms on the B-site. 

By using the notations described above, the 

where N’ = (1 + P)/4(1 - P) - [M(l + P)2/2 
- N(l - P)*J/4(1 - P)[(M/2 + N + PM/2 - 
Ph’j2 - 2MN( 1 - P)] “2. 

partition function and the free energy are 
written as follows, 

At equilibrium, the chemical potential of 
selenium in the solid phase should be equal to 
that of the vapor phase, and therefore the 
activity can be expressed in the following 
equation in terms of the selenium activity, a,,, 
as measured by the Bourdon gauge. 

l-= 

c [(M/2)!12exp[-(n,E, + n,E,)/RTl 

n,! n,! (M/2 - n,)! (M/2 - n,)! 
.I-0 

(6) 

and 

AG = n,E, + nAEA - RnMln(M/2) - 
n,ln(n,) - n,ln(n,) - (M/2 - n,)ln(MD - 

n,) - (M/2 - n,)ln(M/2 - n,>l + AGO. 
(7) 

r0 and AGO and respectively the partition 
function and the free energy for the mixture of 
the pure components, vanadium and selenium. 
As can easily be recognized through the 
Modes II and III in Fig. 7, the occupancy of 
the A-site, n,, indicates the degree of inter- 
layer disordering. 

In (a,,) = Else - &J/R T. (10) 

Experimental values of activities, a,,, versus 
the composition of the VSe, phase are shown 
in Fig. 8. 
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FIG. 8. Composition dependence of activities of 

selenium of V,Se, (.w = 1.04-1.28). The dashed circles 

represent the extrapolated values. 
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FIG. 9. Calculated values of activities of selenium for 
the VSe, phase. The open circles represent the ex- 
perimental values and the other thin lines represent the 
calculated values. 
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FIG. 10. Occupation ratio of the interlayer vanadium- 

rich site by vanadium atoms. Calculated from Eq. (8) in 

the text. The value x represents the composition of V,Se,. 

Through careful inspections of “Eqs. (8), 
(9) and (10)” which give the number of 
vanadium atoms in the A-site of the stabilized 
solid, one can easily see that only (EA - Es) is 
involved in the activity as the energy term. This 
leads to a conclusion that, as far as the energy 
is concerned, the activity is a function of only 
the energy difference, (E, - EJ. Upon assum- 
ing the energy difference, (EA - E,), being 
-15.0, -17.5, -20.0, or -22.5 kcal/mole, 
respectively, a computer (Melcom 7700) cal- 
culation was made of the relation between the 
activity and the composition. The results are 
shown in Fig. 9. In the figure, in order to 
obtain the best fit with the experimental values, 
1.139 was added to each calculation. This is 
because a correction should be made cor- 
responding to the heat of fusion of selenium in 
the solid compounds, since the calculations 
were based on the liquid selenium as the 
standard state. As evident from the figure, the 
best fit with the experimental values involves 
the energy difference, E, - E,, being -20.0 
kcal/mole. By using this value, the occupation 
ratio of the A-site was calculated according to 
“Eq. (8)” and the results are shown in Fig. 10. 
From the figure, one can see that at low 
temperatures the A-site is nearly fully OC- 

cupied. With increasing temperature, part of 
the A-site atoms tends to move to the B-site 
(inter-layer disordering). However, within the 
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present experimental range (up to about 
1300°K), the interlayer disordering scarcely 
occurs. Similar observation was made of V,S, 
by Nakazawa et al. (14) in which the inter- 
layer disordering was only about 50% at the 
intraluyer order-disorder transition at about 
800°C, and further disordering did not take 
place until the maximum experimental tem- 
perature, 1000°C. 

Summary 

Within the present experimental tem- 
peratures, interlayer disordering of the 
vanadium atoms and vacancies scarcely takes 
place, and the vanadium atoms in the A-site 
are 20.0 kcal/mole more stabilized than those 
in the B-site. The energy difference is thought 
to be caused by the difference in the selenium- 
vanadium bonding energy at each A- and B- 
site. 

In the present consideration, E, and E, are 
considered constant regardless of the changes 
in the temperature and composition. Judging 
from the change in the lattice constant, that 
may not be necessarily true, but as far as the 
present experimental range is concerned, 
E* - E, is approximately constant as 
suggested by the inspection of Figs. 9 and 10. 

The lattice expansion by an in situ X-ray 
experiment which showed the importance of 
selenium-vanadium bonding as well as 
theoretical calculations of E, and E, will be 
reported in the near future. In addition, the 

ordered structures at low temperatures will 
also be reported. 
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