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homogenization of the reactants mixture by grinding in an
agate mortar, the powder was placed in an alumina crucible
and was thermally treated in air at 400 8C for 10 h with a
1 8Cmin 1 heating rate. The obtained powder was then
homogenized by grinding in an agate mortar and treated at
500 8C for 10 h with a 1 8Cmin 1 heating rate. Low heating
rates were needed in these two steps in order to obtain the
monoclinic C2/m structure with no traces of sublimatable
MoO3. The samples were then treated at 1000 8C for 24 h
with a 1 8Cmin 1 heating rate, in a sealed platinum tube
containing Ar to avoid manganese oxidation. After each
thermal treatment, the product was cooled down with a
2 8Cmin 1 rate. In order to induce the monoclinic to the
wolframite phase transformation, the powder was mechani-
cally treated by ball milling in an agate container half-filled
with agate balls for 20min in a 8000M/Mixer Mill SPEX
apparatus.

2.2 Characterization techniques The structural
characterization of the samples was performed by X-ray
diffraction employing a Philips PW 1820 apparatus, with
the Bragg Bentano geometry, equipped with a Ka1/Ka2

source and a copper anticathode. Diffraction patterns were
collected with a 2u step of 0.028 between 20 and 458 with
a counting rate of 10 s per step in the routine mode.
The structures were refined by the Rietveld method using
Fullprof software. For the in situ high-temperature
characterizations, the experiments were made on a
PANalytical X’pert, equipped with a back monochromator
(Ka¼ 1.5418 Å) and an Argon-Paar HTK16 chamber. The
same heating thermal sequence (the temperature steps for
diffractogram recording are fixed at 25, 100, 200, 300,
350, 400, 450, 500, 550, and 600 8C) was used for the two
compared powders.

Diffuse reflectance spectra R(l) were recorded at room
temperature using a Cary 17 spectrophotometer with an
integration sphere in the 350 850 nm wavelength range
and a 1-nm step and a 2-nm bandwidth. Halon (PTFE:
polytetrafluoroethyene) was used as a white reference. The
spectra were used to obtain the La�b� space colorimetric
parameters (L, luminosity; a�, the green to red axis; and b�,
yellow to blue axis coefficients). The spectra were plotted
in Kubelka Munk transform coordinates (K/S), with K/S¼
(1�R(l)

2)/(2R(l)) versus photon energy.

3 Results
3.1 MnMoO4–MnWO4binary phasediagram The

binary phase diagram defined considering the two
extreme MnMoO4 MnWO4 compositions, with respectively
a-monoclinic and wolframite crystallographic forms (Fig. 1),
was obtained from X-ray diffraction analysis of the various
intermediate compositions. This diagram exhibits two solid
solutions separated by a large biphasic domain. To build
the diagram, the Rietveld refinements of the pattern of all the
samples were used: both the cell parameters and the phase
percentages when the latter are available (i.e., in the biphasic
domain), are exploited.

The Rietveld refinements are illustrated in the three
observed typical cases: in the monoclinic solid solution
domain for the Mn-rich compositions, in the wolframite
solid solution domain for the W-rich compositions, and in
the biphasic domain for intermediate compositions (Fig. 2).
The unit-cell parameters and the two phase concentrations
are extracted with also the Rp and Rwp factors. In this way,
the atomic positions were kept fixed on the ones proposed,
respectively, in the ICSD-248759 and ICSD-78328 for
monoclinic and wolframite phases, with isotropic displace-
ment factors fixed to 0.5 Å2 for cations and 1.0 Å2 for
oxygens. The most straightforward discrepancy index [20],
the weighted profile R-factor Rwp, is about 6 7% in the solid
solution domain and about 8 9% in the biphasic domain,
what shows a good refinement quality. The a, b, c, and b cell
parameters corresponding to the monoclinic form were
plotted versus the tungsten composition (see Fig. 3). All
the plots show a linear increase of the cell parameters
versus the tungsten concentration until their stabilization
for a composition near 17 mol% of tungsten. This linear
increment is correlated to the larger ionic radius of tungsten
(4d transition metal) in comparison with the molybdenum
(3d transition metal). The stabilization of these parameters
indicates the solubility limit (the maximal substitution of the
molybdenum for the tungsten) is reached. This solid
solution limit is confirmed by the plot of the monoclinic
and tungsten fraction versus the tungsten composition
(see Fig. 3, bottom part). The biphasic domain extracted

Figure 1 (a) MnMoO4 a monoclinic structure (ICSD 248759)
and (b) MnWO4 wolframite structure (ICSD 78328).



from this analysis was shown to range from about 15 to
50 mol% of tungsten.

The wolframite solid solution domain is a wide domain,
i.e., the maximal substitution of the tungsten for the
molybdenum is near 50%.

3.2 Chromic properties It can be noted that as far as
we know, the MnMoO4 and MnWO4 were already studied
for their photoluminescence (PL) properties but not for their
chromic properties [21, 22]. The optical properties have
been studied from 0.5 to 6 eV for the 0, 2, and W samples
(see Fig. 4a). All the samples have a direct semi-conductor
characteristic with at least one main charge transfer band
(gap) corresponding to the O!Mo (or O!W, depending
on the composition) and a Gaussian absorption band

centered at about 2.2 2.3 eV which corresponds to d d
intraelectronic transfer. From the Tanabe Sugano dia-
gram [23] and the numerous studies on the coloration
associated with the manganese II cation, the d d absorption
band can be clearly indexed as the 6A1 ! 4T1 transition.

This band is spin forbidden (DS 6¼ 0) and by the Laporte
rule (DL¼ 0) as well, since the octahedral site is
centrosymmetric. Thus, the Gaussian absorption band
exhibits a low intensity. From the numerous studies found
on AMoO4 molybdates, it can be clearly asserted that the O
! W main gap occurred at lower energy than the O ! Mo
gap because of the higher iconicity of the O W bonds in
comparison with the O Mo one. This comparison can be
done only if the two cations have the same coordination
number. Indeed, for the same M O bond, the gap associated
with octahedral sites in these compounds, was located at
lower energy than the gap associated with tetrahedral sites;
the splitting between bonding and nonbonding molecular
orbitals is increased by the orbitals recovering and it is
higher for short tetrahedral bonds than for long octahedral
ones. These considerations well explain the large energy
difference between the gap position observed for MnWO4

(about 2.5 eV) and MnMoO4 (about 3 eV), in which
the W and Mo ions are, respectively, in octahedral and
tetrahedral sites. In the case of the monoclinic compound

Figure 2 Rietveld refinement illustrations (experimental, calcu
lated, and difference spectra) on the Mn(Mo1�xWx)O4 samples
with (a) x¼ 0; (b) x¼ 0.4; and (c) x¼ 1.

Figure 3 (a,b) Unit cell parameters evolution and concentra
tion of the monoclinic and/or wolframite forms versus x in
Mn(Mo1�xWx)O4. (c) Binary phase diagram deduced directly
from the a form (monoclinic form) content for various tungsten
concentrations.



with MnMo0.8W0.2O4 formulae, the gap situation (2.7 eV) is
intermediate.

3.3 Phase transitions The piezochromic/thermo-
chromic properties associated, respectively, to the transfor-
mation from the monoclinic solid solution compounds to
wolframite phase under pressure and to the opposite
transformation versus temperature from wolframite phase
to the monoclinic form have been investigated. The
synthesized monoclinic phases, with compositions ranging
fromMnMoO4 to Mn(Mo0.8W0.2)O4, nearly fully transform
into wolframite phase with pressure, although some traces
of residual monoclinic form can nevertheless be detected.
The actual pressure transferred by the shock of the agate
balls during ball milling is rather difficult to evaluate.
From previous experiments on Sr1 xCaxCO3 vaterite to
calcite transformations achieved with the same apparatus, it
was already estimated that the ball-milling process
allows phase transformation that have equivalent isostatic
transition pressures reported in the literature in the range
1 10GPa [24, 25].

SEM investigations on sample 15: as-synthesized with
monoclinic form (Fig. 5a) and after mechanical grinding to
induce the monoclinic to wolframite transformation
(Fig. 5b) are reported for morphological comparison.
SEM investigations are not adequate to confirm or otherwise
the presence of deleterious phase, but interestingly, the
impact of the mechanical treatment for the piezochromic
transition on the crystallite morphology is well evidenced:
the as-synthesized compound exhibits large isotropic
crystallites with a rounded surface, while the ball-milled
compound exhibits more angular crystallites.

The thermal evolutions of the metastable wolframite
obtained after mechanical grinding of the undoped and the
15 mol% W-doped compounds were compared by X-ray
diffraction analyses (see Fig. 6; here, respectively, the traces
of wolframite and monoclinic phases are marked with
asterisks). As can be seen, the 600 8C treatment on the
obtained wolframite phase has a different effect depending
on the composition. For the undoped compound, the
“retransformation” from wolframite to monoclinic phase is
observed between 400 8C and 500 8C, whereas the
wolframite phase remains unchanged for sample 15 up to
600 8C. Nevertheless, an annealing treatment of the latter
sample at 750 8C for 10 h, produces the retransformation to
the monoclinic structure. Hence, these studies show that

Figure 4 K/S absorption spectra of (a) Mn(Mo1�xWx)O4 samples
with x¼ 0; x¼ 0.2; and x¼ 1 and (b) for the MnMoO4 samples:
as synthesized, transformed by grinding into wolframite form and
retransformed into monoclinic phase by thermal treatment.

Figure 5 SEM images of Mn(Mo0.85W0.15)O4 sample: (a)
as synthesized with monoclinic form, (b) transformed by grinding
into wolframite form.



monoclinic Mn(Mo1 xWx)O4 compounds are able to
transform under high pressure (induced through an efficient
mechanical miller) to a metastable wolframite phase, while
the latter can be used as a thermal sensor since the
retransformation to the monoclinic phase can be activated
by a thermal treatment. Furthermore, the quantity of
tungsten has an important influence on the temperature of
the retransformation from wolframite to monoclinic phase
versus temperature. Indeed, the strong preference of the
W6þ ions for octahedral sites (as in wolframite phase) in
comparison with the Mo6þ ions that exhibit a strong
tetrahedral site preference (as in the monoclinic form),
induces an energetic stabilization of the wolframite form
and so an increase of the retransformation temperatures as
the tungsten content increases. The optical contrast between
the metastable wolframite and the initial monoclinic form
(before grinding) or the final monoclinic form (after thermal
treatment of retransformation) is illustrated in Fig. 4b for the
MnMoO4 compound.

The optical contrast between the two monoclinic
forms is negligible. On the contrary, the coloration of the
wolframite form is significantly different (darker) in
comparison with the monoclinic samples. Indeed, a large
charge-transfer band displacement from the UV region
(3 eV) to the visible (1.9 eV), associated with the change
of coordination of the Mo6þ ions from 4 to 6 is seen when
going from the monoclinic samples to the wolframite
one.

4 Conclusions Efficient thermochromic thermal sen-
sors with the possibility to tune the marked temperature can
be obtained. In our example, Mo-rich Mn(Mo1 xWx)O4

metastable wolframite forms, obtained by a mechanical
alloying of Mn(Mo1 xWx)O4 monoclinic phases, are
associated with a retransformation to the monoclinic stable
form versus temperature. The retransformation is associated
with a drastic thermochromic behavior and the marked
temperature can be tuned with the tungsten concentration.
Hence, the study opens up the window for the use and the
optimization of a new generation of shock sensors and
thermal sensors.
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