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Pressure-Products Diagram of Fe,V,_,0, System (0 < x < 0.5)
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The pressure—products diagram of the Fe, V,_,0, system (0 < x = 0.5) was investigated under the
conditions of 5 ~ 55 kbar and 800°C. In high-pressure synthesis, FeV;0g phase (monoclinic), which is
stable under ambient pressure, was converted to the O phase (orthorhombic) and the region of O phase
was extended from x = 0.1 up to ~0.3. The O phase so obtained, showed the characteristic reversible
temperature-induced phase transition to the high-temperature rutile phase under ambient pressure,
prior to the decomposition to an ambient pressure form. At x = 0.5, successive transformations,
FeVO,~I (monoclinic) — ~II (orthorhombic) — ~III (a-PbO, type) — ~IV (wolframite type), were

observed with increasing pressure.

1. Introduction

Much work done on the Fe,V,_,0, sys-
tem (0 < x = 0.5) can be classified into two
groups according to the purpose of the
study. One is a study on the impurity effect
of the phase transition of VO,, which was
discovered by Morin (/). The substitution
of V ion by trivalent ions, such as Cr (2-6),
Fe (7, 8), Al (9, 10), etc., leads to a complex
phase diagram with several new insulating
phases. For iron ion, two of the present au-
thors reported (/1) that six phases, M;— T
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- M;— M,;— O— X, appear in the compo-
sition range 0 = x =< 0.25 of the Fe,V,_,0;
system with increasing x at room tempera-
ture (M;, M,, My: monoclinic, T: triclinic,
O: orthorhombic, X: unknown, see Refs.
(6, 11) about the detailed structure). All of
these insulating phases show a tempera-
ture-induced phase transition to the high-
temperature rutile phase (R). This transi-
tion is characteristic of the phases
belonging to this group. Muller et al., sub-
sequently, found the new phase FeV;Oq
(C2/m, monoclinic) near x = 0.27 in the
Fe,V,_,0, system (12).

The second set of studies pertain to the
modification of FeVO, (x=0.5 in
Fe, V-0, system) under high pressure. A
low-pressure form, hereafter denoted
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FeVO,-1, was reported by Levinson and
Wanklyn (/3), and the structure (P1, tri-
clinic) was analyzed by Rovertson and
Kostiner (I4). Kanamaru et al. (15) synthe-
sized FeVO,-II (orthorhombic) at 800°C
and 20 kbar, and Young and Schwartz (16)
FeVOQ,-II1 (Pbcn, orthorhombic, a-PbO,
type) at 750°C and 60 kbar. Muller and
Joubert (18), further, synthesized FeVO,—
IV (P2/c, monoclinic, wolframite NiWO,
type) at 800°C and 80 kbar, and FeVO,-III,
at 1100°C and 80 kbar.

Thus, the phase relations of the
Fe, V.0, system are very complex. We at-
tempted to determine the pressure—product
diagram of the overall composition for the
Fe, V.0, system (0 = x < (.5).

2. Experimental

The starting compounds for the high-
pressure experiments were prepared by the
ceramic method, i.e., the weighed mixture
of V,04, V,0s, and Fe,O; was pressed into
a pellet, heated for 3 days at 600°C, and for
4 days at 1000°C (0 = x = 0.2) or at 800°C
(0.2 = x = 0.5), in an evacuated silica tube,
and then quenched in cold water.

The materials so prepared were pressed
into a BN capsule, heated for a few hours
at 800°C under various pressures, then
quenched to room temperature, prior to the
release of applied pressure. The apparatus
employed was a piston-cylinder type for
use below 20 kbar and a cubic-anvil type
one for use in the 20 ~ 55 kbar pressure
range. The pressure was calibrated by ob-
serving the resistance discontinuities at the
transition points of Bi and Ba.

Phase identification of the products and
the measurement of the lattice parameters
were accomplished by X-ray powder dif-
fraction with CuKa radiation at room tem-
perature. The phase transition was investi-
gated by the high-temperature X-ray and
DSC measurements in the temperature
range up to 600°C. For these measure-
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ments, the samples were sealed in an evac-
uated silica capillary or capsule to prevent
oxidation.

3. Results and Discussion

3.1. Synthesis Under High Pressure

Prior to the investigation under high pres-
sure, the starting materials for high-pres-
sure experiment were synthesized by the
ceramic method to attain an overall compo-
sition of the Fe,V,_,0, system. The phase
diagram so obtained was mostly in agree-
ment with the results reported in previous
work (/1), except that the unknown X
phase was a mixture of the O phase and
FeV;03 phase. The homogeneous region
(0.27 = x = 0.3) of the FeV304 phase was
shifted from the stoichiometric composition
x = 0.25 to the iron-rich side. In the range
of 0.3 = x = 0.5, the FeV;03 phase coex-
isted with FeVO,~1. M;, M,, My, and O
phases exhibited a reversible phase transi-
tion induced by temperature to the rutile
phase, but FeV,0; and FeVO,-I phases un-
derwent no phase transition up to 800°C.

A high-pressure synthesis was carried
out at constant temperature at 800°C for
several hours under pressures of 5 ~ 55
kbar. The phase identification of the prod-
ucts was done at atmospheric pressure and
room temperature. The pressure—product
diagram so obtained is shown in Fig. 1.

(1) Composition range 0 = x < 0.3. In
this composition range, all samples treated
at 20 and 30 kbar showed an orthorhombic
X-ray diffraction pattern similar to the O
phase prepared by the ceramic method.
The lattice parameters were affected by
iron content but not significantly by the
pressure. Figure 2 shows the curves of
composition x vs lattice parameters of the
orthorhombic phase obtained in the high-
pressure synthesis (0.12 = x = 0.27) with
those of the O phase prepared by the ce-
ramic method (0.07 = x = 0.10). The lattice
parameters show a continuous change with
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Fic. 1. Pressure-products diagram of Fe,V,_,0,
system (0 = x < 0.5). Single and multiple symbols
denote a single phase and two or three phase mixture,
respectively. The position of the phase boundary is not
clear.

composition x. These results suggest that
the FeV3;0s phase with a loose structure
was converted to the O phase with a more
dense packing, and the region of the O
phase was extended up to x ~ 0.3 by high-
pressure synthesis. The pressure needed
for obtaining the single O phase tended to
increase with increasing iron content. Un-
der lower pressure, two or three phases (O,
FeV30;, and an unknown phase) were en-
countered in the range 0.1 = x = 0.3.

(2) Composition range 0.3 = x < (0.5. The
high-pressure synthesis of the composition
FeVO, was reported by many workers.
Three high-pressure forms were found:
FeVO,-1I (orthorhombic) (15), FeVO,-III
(a-PbO;, type, Fe and V disordered) (16),
and FeVO,-1V (wolframite type, Fe and V
ordered) (7). In the present study, three
successive transformations, FeVO,~1 — 11
— III — IV, were observed with increasing
pressure, as shown in Fig. 1. These trans-
formations are consistent with a trend to-
ward a denser structure with increasing
pressure (the densities of FeVO,-I, —1I, —
III, and -1V are approximately 3.63 (17),
4.15 (15), 4.63 (17),and 4.69 g - cm™* (17),
respectively). In the composition range 0.4
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= x = 0.5, only the FeVO,-III type phase
was obtained at higher pressure. In the
range 0.3 = x < 0.4, the O phase coexisted
with FeVO,-III at higher pressure. Under
lower pressure, X-ray powder pattern
showed two- or three-phase mixture in the
composition range 0.3 =< x < (.5.

The FeVO4-1IV type phase was obtained
only at x = 0.5, but the FeVO,~III type
phase in a wider composition range below x
= 0.5, under higher pressure. This result
may be understood as follows. FeVQO,-1V
type has an atomic-ordered structure of Fe
and V atom, and so is stable in the atomic
ratio Fe/V = 1 (x = 0.5). FeVO4-III type
with an atomic disordered structure, on the
other hand, becomes more stable in the
composition range below x = 0.5, where
the ratio Fe/V is less than 1.

3.2. Phase Transition

As mentioned above, the stable region of
the O phase was extended up to approxi-
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F1G. 2. Composition vs lattice parameter curves of

O phase synthesized by high pressure (right zone, .12

= x = 0.27) and by ceramic method (left zone, 0.07 < x
= 0.10) in Fe,V,_,0,.
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Fi1G. 3. (a) Temperature dependence of X-ray diffraction peaks (200), and (020), of synthesized O
phase by high pressure, on heating under ambient pressure, for the samples x = 0.15 and 0.27 in
Fe,V,_,0,. Both samples show the phase transition to rutile phase and the two peaks merge to form the
single peak (110)g of rutile phase at high temperature. (b) Temperature dependence of (200)o and (020)¢
peak on heating and cooling under ambient pressure for the sample x = 0.20 in Fe,V,_,0,. The

transition to the rutile phase is reversible.

mately x = 0.3 by high-pressure synthesis.
A characteristic of the M;, M,, My, and O
phases prepared by the ceramic method is
the temperature-induced phase transition to
the high-temperature rutile phase. This
transition is of first order and reversible.
The high-temperature rutile phase is not
quenchable on temperature. It was exam-
ined by high-temperature X-ray and DSC
measurements as to whether or not the O
phase obtained by high-pressure synthesis
also shows a similar transition under ambi-
ent pressure. Figures 3a and b show the
temperature dependence of X-ray diffrac-
tion peaks, (200)o and (020)q, of the O
phase on heating or cooling for the samples
x = 0.15 (synthesized at 25 kbar), 0.20 (12
kbar), and 0.27 (25 kbar). In all samples, the
two diffraction peaks of the O phase
changed to a single (110)gr peak of rutile
structure at high temperature, showing that
a phase transition to the rutile phase had
occurred. The feature of the temperature

dependence is somewhat different among
three samples. Figure 4 shows the tempera-
ture dependence of the difference A(26) be-
tween the (200)o and (020)o peaks in the
respective samples. In the sample with x =
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Fi1G. 4. Temperature dependence of the difference
A(20) between (200)o and (020), diffraction peak for
the sample x = 0.15, 0.20 and 0.27 in Fe, V,_,0,. The
A(20) = 0 coincides with the phase transition to rutile
phase. The phase transition is first order for x = 0.15
and second order for x = 0.20 and 0.27.
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FiG. 5. Composition dependence of transition tem-
perature from O to rutile phase. Right zone (above x =
0.10) for the samples synthesized by high pressure and
left zone (below x = 0.10) by ceramic method.

0.15, A(26) is little dependent on tempera-
ture, and the intensity of two peaks de-
creases toward zero with increasing tem-
perature through the coexistence of the
three peaks (the original two: the (200)o and
(020)o peaks of the O phase, the other: the
(110)g peak of the rutile phase) (see Fig. 3).
In the samples with x = 0.20 and 0.27, two
peaks of the O phase approach to form a
single peak (110)g of the rutile phase with
increasing temperature, as shown in Figs. 3
and 4. In DSC measurement, the heat of
transition was detected in the sample with x
= (.15 but was not detectable in the sam-
ples with x = 0.20 and 0.27. This suggests
that the transition from the O phase to the
rutile phase gradually changes from first or-
der to second order, with increasing iron
content. The transition temperature rose
with increasing iron content, as shown in
Fig. 5. Further, it should be noted that this
transition was reversible under ambient
pressure, as shown in Fig. 3b. These results
can be interpreted as showing that the O
phase, synthesized under high pressure, ex-
hibits a reversible phase transition to the
rutile phase, which is characteristic of the
phases belonging to this group, by heating
or cooling. This occurs even under ambient
pressure prior to the decomposition, since
the decomposition rate to structure normal
for its composition is not very rapid. This
suggests that the material has the rutile
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structure at the high temperature and high
pressure under which it was synthesized.!
Of course, if the material is maintained at
high temperature under ambient pressure
for longer time, the O phase or rutile phase
decomposes to the ambient pressure form
in equilibrium.

4. Conclusions

A pressure-products diagram for Fe,
Vi-;0, system (0 = x < 0.5) was ob-
tained. The phases which appear at room
temperature under ambient pressure are M,
> M,>M—>0 (@0 =x=0.1), FeV;04
(0.27 = x = 0.3), and FeVO,-1 (x = 0.5). In
high-pressure synthesis, the FeV;0s phase
was suppressed and the O phase was ob-
tained in a wide composition range up to x
~ 0.3. Such an O phase showed the charac-
teristic reversible phase transition induced
by temperature to the high-temperature
rutile phase under ambient pressure, prior
to decomposition to an ambient pressure
form. The transition changed from first or-
der to second order and the transition tem-
perature rose with increasing iron content.

At x = 0.5, the successive transforma-
tions FeVO,-1 — II — III — IV were ob-
served with increasing pressure. These
high-pressure forms showed no phase tran-
sition induced by temperature and decom-
posed to the ambient pressure form by heat-
ing under ambient pressure.
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