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Nearly all displacive transitions have been considered to be continuous or second order, and the rigid unit mode

(RUM) provides a natural candidate for the soft mode. However, in-situ X-ray diffraction and Raman measurements

show clearly the first-order evidences for the scheelite-to-fergusonite displacive transition in BaWQOy: a 1.6% volume

collapse, coexistence of phases, and hysteresis on release of pressure. Such first-order signatures are found to be the

same as the soft modes in BaWOy, which indicates the scheelite-to-fergusonite displacive phase transition hides a

deeper physical mechanism. By the refinement of atomic displacement parameters, we further show that the first-order

character of this phase transition stems from a coupling of large compression of soft BaOg polyhedrons to the small

displacive distortion of rigid WOy tetrahedrons. Such a coupling will lead to a deeper physical insight in the phase

transition of the common scheelite-structured compounds.
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1. Introduction

Displacive phase transition is an important type
of phase transition in minerals.!! The transition in-
volves only small motions of atoms to change the sym-
metry of a crystal structure. There exists no energy
barrier between the high- and low-symmetry phases in
the free-energy landscape at the transition tempera-
ture or pressure. The typical examples are phase tran-
sitions observed in quartz and perovskite family.2—4
On cooling, the hexagonal high-temperature [3-phase
of quartz at 846 K, rotations of the SiO4 tetrahedra oc-
cur around a axis to form the trigonal low-temperature
a-phase. For the phase transition of SrTiO3 at 105 K,
a rotational displacement of TiOg octahedra around a
C, axis is responsible. In each a case, SiO4 tetrahe-
dra or TiOg octahedra as the buckles of framework do
not distort significantly. With regard to these phase
transitions that only involve rotations and displace-
ments of rigid SiO4 tetrahedra or TiOg octahedra,
the rigid unit mode (RUM) model provides a physical
link between the theory and the chemical bonds and

validates the application of the soft-mode model.!:
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However, we find that another incommensurate phase
transition not only takes on rotation or displacement
of rigid units but also involves a significant distor-
tion of neighbouring regions. So far, little attention
has been paid to the first-order signatures, which are
corresponding to the critical distortion. The typical
example is scheelite-to-fergusonite phase transition in
BaWO,.

Like many other ABOy4-type compounds, BaWO4
crystallizes into a tetragonal scheelite-type structure
(space group: I4;/a, No. 88, Z = 4) under ambient
conditions.[”l The Ba and W sites have an Sy point
symmetry, where the W atoms are coordinated by four
O atoms, forming isolated nearly regular WO, tetra-
hedra and the Ba cations are coordinated by eight
O atoms, forming BaOg polyhedrons.[® At pressures
up to about 7 GPa, BaWQO, modified its tetragonal
scheelite-type structure into a monoclinic fergusonite-
type structure (space group: 12/a, No. 15, Z = 4)19:10]
and cut off the negative compression of the lowest Ra-

man modes.[11:12]

The detailed description of phase
transition showed a continuous change in the axial

parameters and volume with pressure,!?! despite the
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fact that early study showed a discontinuous fact.!*!
The mechanism of phase transition was evidenced fur-
ther by the analysis of spontaneous strain and the
soft mode theory, and a second-order ferroelastic na-
ture was concluded.['®14 Recently, the synchrotron
angle-dispersive X-ray diffraction (ADXRD) measure-
ments in BaWOy up to 7.5 GPa and 800 K were car-
ried out.'® The coexistence of the scheelite and fer-
gusonite structures was found under pressure above
7 GPa at room temperature and high temperature.
Although a discontinuity between the a axis of scheel-
ite and the ¢ axis of fergusonite appears at the phase
transition, the authors stated that there is no ob-
served discontinuity on the other unit-cell parameters
within the accuracy of the experiments, and consid-
ered that the fergusonite appears as a direct distortion
of the scheelite structure. Thus the phase transition
is insistently believed to be a second-order ferroelas-
tic transition. However, we noted the fact that the
second-order ferroelastic conclusion reflects only the
behaviour of WO, tetrahedrons as a rigid-unit dis-
placement. The discontinuity of lattice parameters
and the coexisting phases that were observed in the
scheelite-to-fergusonite transition of BaWQ,,%:11:15]
as the important signatures of first-order transition,
have not received much recognition. Therefore, criti-
cal experiments are needed to reveal the detailed tran-
sition mechanism.

In the present paper, by in-situ X-ray diffraction
(XRD) and Raman measurements in the neighbour-
hood of the rapid transition under hydrostatic condi-
tions, we show direct evidences for the first-order char-
acter of scheelite-to-fergusonite transition in BaWQy,
which is believed to undergo a second-order transi-
tion. By the refinement of atomic displacement pa-
rameters, we further show that the first-order char-
acter of this phase transition stems from a coupling
of large compression of soft BaOg polyhedrons to
the small displacive distortion of rigid WOy tetrahe-
drons. Such a coupling will provide an insight into un-
derstanding the scheelite-to-fergusonite transition in
other scheelite-structured compounds like the molyb-
dates, germanates, and silicates.

2. Experiment

The sample of BaWQO4 was synthesized by a con-
ventional solid-state reaction method. The stoichio-
metric mixture of BaCO3 and WO3 with both 99.99%
purity was heated at 1473 K for 2 h in a platinum

crucible. The X-ray diffraction measurement of the
product indicates its scheelite structure under ambient
conditions. The high pressure angle-dispersive X-ray
diffraction and Raman scattering measurements were
carried out by a symmetric Mao—Bell type diamond
anvil cell (DAC) with 400-pm culet diamond anvils
at room temperature. The T301 stainless steel gas-
ket was pre-indented to an initial thickness of about
50 um and then drilled to give a 120-um hole serv-
ing as the sample chamber. The BaWOy fine powder
was pressed into a pellet with a thickness of about
15 um, and a piece of sample about 60 wm in diame-
ter with a ruby chip was loaded into the sample cham-
ber. Methanol-ethanol-water mixture of 16:3:1 ratio
was used as pressure medium, which is known to re-
main liquids below 10.5 GPa.l'®17] The pressure was
measured by the shift of the R1 photoluminescence
line of ruby.!*®!

The synchrotron ADXRD patterns were collected
with a classic off-line image plate (IP) at the BL-18C
station at the Photon Factory, High Energy Accel-
erator Research Organization (KEK). The incident
X-ray beam was collimated to 40 pm in diameter.
The wavelength of the monochromated X-ray beam
and the distance between the sample and the IP were
0.6198 A (1 A=0.1 nm) and 240.887 mm, respectively,
which were calibrated with Ag standard sample by the
double-cassette method. Each diffraction pattern was
collected for 40 min—-50 min at room temperature in
this study. One-dimensional (1D) diffraction profiles
were generated from IP records using WinPIP soft-
ware. Indexing, structure solution, and Rietveld re-
finements of the diffraction data were performed using
the GSAS package.[!?]

High-pressure Raman spectra were recorded by
a Renishaw 2000 micro-Raman spectrometer in the
backscattering geometry. An argon ion laser oper-
ating at a line of 514.5 nm was used as an exciting
source. The focused laser spot is smaller than 2 pm in
diameter on the sample surface. A thermoelectrically
cooled CCD detector was equipped to collect the scat-
tered light dispersed by a 1800-lines/mm grating. All
the measurements were carried out during compres-
sion and decompression at room temperature. Rea-
sonably good quality Raman data could be obtained
with a collection time of about 120 s at a power level
of 20 mW.
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3. Results and discussion

The typical ADXRD profiles of BaWO, at sev-
eral pressures are shown in Fig. 1. Our results show
that the observed diffraction peaks shift smoothly
with pressure increasing up to 7.2 GPa. However,
at 7.7 GPa, some additional diffraction peaks emerge
close to the higher 26 angle in the scheelite-structured
(101)s, (200)s, and (220)s peaks (as marked with down
arrows in Fig. 1; the subscript s represents the scheel-
ite structure here and below). At the same time, the
(004)s and (204); diffraction peaks broaden asymmet-
rically and the intensities of the (312)s and (224)
peaks redistribute. The intensity of (220)s peak also
becomes weaker. It should be emphasized that, as
pressure increases from 7.2 GPa to 7.7 GPa, the (004)4
line of scheelite structure broadens asymmetrically
and shifts a little toward the smaller 20 angle, which
indicates that a new diffraction peak occurs at the
smaller 20 angle near the sheelite-structured (004)g
peak (as shown on the top of Fig. 1). This is more
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Fig. 1. X-ray powder diffraction patterns of BaWOQO4 at
several pressures. The diffraction patterns at the pres-
sures of 0.1 MPa and 8.3 GPa are indexed as the scheelite
and the fergusonite structure respectively. The arrows in-
dicate the appearance or disappearance of the diffraction
peak. The inset shows the changes of (004)s and (040)¢
diffraction lines with pressure.

obvious in comparison with the profile at 8.3 GPa,
in which the corresponding peak becomes narrow and
symmetric, and shifts toward the higher 20 angle as
The strong (220)s
diffraction peak vanishes completely at 8.3 GPa, and

the pressure increases further.

the XRD pattern at this pressure keeps a similar pro-
file to those at 9.1 GPa and 9.7 GPa. These diffrac-
tion evidences suggest that a structure transforma-
tion occurs at 7.7 GPa and finish quickly at 8.3 GPa.
Although the difference between the initial scheelite
structure and the high-pressure phase exists as above-
mentioned in BaWOy, the XRD patterns of the high-
pressure phase still preserve most of the diffraction
peaks of the low-pressure scheelite phase. The close
relation of phases suggests that there may be a topo-
logical relation between the scheelite structure and
the high-pressure phase. On release of pressure from
9.7 GPa, the highest experimental pressure in this
study, the diffraction signals of the scheelite structure
are recovered under ambient conditions.

A number of ABXy-type compounds undergo
a temperature or pressure-induced reversible change
between the scheelite structure and the fergusonite
structure. For example, some rare earth orthonio-
bates and orthotantalates each with a fergusonite
structure at room temperature are converted into
the scheelite structures at high temperature.!20—22]
YLiF, undergoes the scheelite-to-fergusonite transi-
tion at high pressure.?3 Several orthotungstates and
orthomolybdates each with a scheelite structure un-
der ambient conditions, such as CaWOQO,, SrWOy,
SrMoO,, BaMoQOy, are also reported to undergo this
kind of reversible structural transformation at high

e.[24=271 Moreover, BaWO, was also suggested

pressur
to experience this transition at about 7 GPa.[9:10:28]
In the light of the geometrical relationship of the
unit cells between the tetragonal scheelite struc-
ture (I4;/a) and the monoclinic fergusonite struc-
ture (I2/a), the fergusonite structure is only a slightly
distorted scheelite structure with the cations deviat-
ing a little from the special Wyckoff positions and
the anions dividing into two kinds of Wyckoff posi-
tions accompanied by fractional coordinate displace-
ment, thereby inducing a lower symmetry.'¥ This
kind of group—subgroup relation indicates a ferroe-
lastic characteristic phase transition. Combining the
above analysis with the diffraction features of the
pressure-induced phase transition of BaWO, in this
study, it is logical to suggest that the high-pressure
phase is responsible for the fergusonite structure. Ri-
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etveld refinement of the diffraction patterns was car-
ried out by employing the GSAS programs to in-
dex the diffraction lines and extract the structural
parameters of both phases. The refinement results
for a tetragonal scheelite phase pattern collected at
7.2 GPa, a monoclinic fergusonite phase pattern at
8.3 GPa as well as the two-phase coexisting pattern
at 7.7 GPa are shown in Fig. 2. The fitting of the
data shows good results for the scheelite and fergu-
sonite structure with residual values x? = 0.2680,
R,(%) = 3.99, and Ryp(%) = 5.23 at 7.2 GPa,
X2 = 0.3622, R,(%) = 3.06, and Ryp,(%) = 3.89
at 7.7 GPa, and x? = 0.2606, R,(%) = 3.13, and
Ryp(%) = 4.23 at 8.3 GPa.

8.3 GPa

Intensity /arb. untis

20/(°)

Fig. 2. Rietveld refinement of the BaWO4 ADXRD pat-
terns at the pressures of 7.2, 7.7, and 8.3 GPa. The
scheelite (141 /a), fergusonite (12/a), and two-phase mixed
structures are used to fit the patterns. The difference (dot-
ted line) between the observed (crosses) and the fitted pat-
tern (thin line) is shown on the same scale. The vertical
bars indicate the calculated positions of the reflections.

Table 1 shows the observed and calculated d-
spacings for BaWQO4 with the scheelite and the fergu-
sonite structures at pressures of 7.2, 7.7, and 8.3 GPa,
respectively. Here we focus on the result at 7.7 GPa
since it presents the clear evidences of revealing the
first-order ferroelasitc properties of the scheelite-to-
fergusonite transition in BaWO,. The co-existence of
the (220)s peak and the (202)¢ peak (the subscript f
denotes the fergusonite structure here and below) in
the 7.7-GPa pattern indicates that there is a pressure-
induced mixed-phase regime of both lower-pressure
scheelite phase and high-pressure fergusonite phase,
which is an important criterion for the first-order
phase transition. Furthermore, the volume change
(~ 1.6%) between both phases and the discontinuities
of the by and ¢ axes compared with the correspond-
ing ¢s and bs axes at 7.7 GPa also demonstrate that
it is a first-order phase transition. While the subtle
difference between the (040)¢ and (004)s suggests a
slight increase in the by axis compared with the ¢g axis
(~ 0.7%), and the d-spacing of (200)¢ is almost the
same as that of the (200)s, reflecting the nearly equiva-
lent as axis and ag axis across the phase transition. At
the same time, the distinct decrease of the d-spacing
of the (002)¢ to the (200)s [also the (200)¢], in which
they are the topologically associated crystal planes be-
tween fergusonite and scheelite structures, indicates
that the ¢ axis shortens markedly (~ 2.1%) compared
with the geometrically related b axis (bs = as) when
phase transition takes place. The abrupt shortening
of ¢ axis leads the (220)s peak to disappear and the
(202); peak to occur at the higher 20 angle. The re-
markable splits of the (110)f and (011)¢ pairs and the
(240)¢ and (042)¢ couples also result from the cg-axis
shortening. In addition, the indistinguishable (202)¢
and (20-2)¢ pairs and some other overlapped peaks in
the fergusonite phase suggest that the monoclinic £

angle is very close to 90°.

Table 1. Observed and calculated d-spacings for BaWOQOy4 with the scheelite and the fergusonite structures at

pressures of 7.2, 7.7, and 8.3 GPa.

Scheelite Fergusonite
7.2 GPa 7.7 GPa 7.7 GPa 8.3 GPa

(hkl)  dobs/A  deat/A  dons/A dear/A  (hE)  dops/A deat/A dops/A dear/A

(110) 4.9600 4.9644 4.9469 4.9607
(101) 1.9758 49777 4.9600 1.9666 (011) 4.8852 4.8846 4.8568 4.8739

(121) 3.2294 3.2295
(112) 3.2532 3.2573 3.2427 3.2493 (12-1) 3.2386 39978 3.2240 39170
(004) 3.0399 3.0395 3.0292 3.0273 (040) 3.0546 3.0493 3.0455 3.0408
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Table 1. (Continued).

Scheelite Fergusonite
7.2 GPa 7.7 GPa 7.7 GPa 8.3 GPa
(hkl) — dobs/A  deat/A  dops/A  dear/A  (Rkl)  dops/A  dear/A  dops/A dear/A
(200) 2.7214 2.7174 2.7158 2.7166
(200) 2.7303 2.7280 2.7214 2.7229 (002) 2.6678 2.6654 2.6558 2.6598
(211) 2.3926 2.3923 2.3875 2.3876 (211) 2.3782 2.3753 2.3710 2.3779
(240) 2.0288 2.0287 2.0253 2.0259
(204) 2.0311 2.0302 2.0288 2.0245 (042) 5 0080 5 0068 19976 5 0020
(202) 1.9035 1.9057
(220) 1.9306 1.9280 1.9285 1.9254 (20-2) 1.9040 19092 1.8990 1 8954
) (161) 1.7932 1.7998
(116) 1.7948 1.7939 1.7931 1.7875 (161) 1.7931 17999 1.7914 L7876
(215) 1.7220 1.7223 1.7215 1.7173 (251) 1.7215 1.7187
(321) i 1.6515 N 1.6526
(312) 16612  1.6598  1.6581  1.6564  (321) ‘ 1.6509 ' 1.6476
(123) 1.6280 1.6269
(-123) 1.6283 1.6274 1.6228 1.6220
(242) 1.6147 1.6148
(224) 1.6303 1.6287 1.6256 1.6246 (-242) 1.6150 16139 1.6166 16085
(008) 1.5202 1.5198 1.5153 1.5136 (080) 1.5299 1.5246
a/A 5.4559(3) 5.4458(6) a/A 5.4349(13) 5.4332(7)
c/A 12.158(1) 12.109(2) b/A 12.197(3) 12.163(2)
c/A 5.3308(11) 5.3197(8)
B/(°) 89.96(4) 89.69(3)
V /A3 361.91(1) 359.11(2) V /A3 353.38(3) 351.54(2)

Table 2 shows the structural parameters of
BaWO, with the scheelite structure at 7.2 GPa and
the fergusonite structure at 8.3 GPa as obtained
through the Rietveld refinements. Due to the topo-
logical relation between the two structures, we can
compare the corresponding atomic fractional coordi-
nations to understand the atomic displacement across
the phase transition, and thus to illustrate the atom
moving picture of the phase transition. The corre-
sponding relations of atomic coordination between the
two structures are zr — ys, yr — 25, and zf — xg. It
is feasible especially for the cations, because the W
atoms and the Ba atoms are at the special Wyckoff
positions in both structures. In the process of phase
transition, the W atoms and the Ba atoms shift only
along the scheelite-structured ¢ axis (equivalent to
the fergusonite-structured b axis). As for the oxygen
atoms, because they occupy the general Wyckoff po-
sitions in both structures, their motions appear to be
somewhat complicated when phase transition occurs.
Here we pay attention only to their shifting along the
cs-axis direction, and we do the same way for the Ba
atoms and W atoms. Figure 3 shows the schematic di-
agram of the scheelite structure along the (010) plane,
in which the atomic shifts across the phase transition
are labeled with arrows. While the Ba atoms appear

as slight displacement (Azs = —0.0016), the W atoms
shift about 3 times the magnitude (Az; = 0.0046).
As a result, the W atoms and the Ba atoms in the
same (001)s layers move off the special Wyckoff po-
sitions in the opposite directions. The oxygen atoms
move along with the W atoms as a rigid WOy tetra-
hedron, which is also supported by the minor change
of the W-O distance. The W-O distance decreases
about 0.2% from 1.7854 A at 7.2 GPa to an aver-
age 1.7826 A at 8.3 GPa. The trivial difference be-
tween the two kinds of W-O distances (1.7819 A and
1.7832 A) reflects the quite regular WO, tetrahedron
in the fergusonite phase, which is also demonstrated
by the Raman results as discussed in the following
section. In the meantime, the average Ba—O distance
decreases about 1.2% from 2.6359 A to 2.6051 A. Thus
the volume discontinuity results mostly from the vol-
ume collapse of the BaOg polyhedron as the phase
transition occurs. This kind of atomic picture of phase
transition provides clear evidence of the first-order fer-
roelastic character. In particular, when we consider
the displacement of the WO, tetrahedron as a whole,
the ferroelastic characteristic of the phase transition
is much clearer. In fact, the atomic moving manner
is consistent with the By soft mode of the scheelite
structure.!'
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Table 2. Structural parameters for the scheelite (I41/a)
phase at 7.2 GPa and the fergusonite (I2/a) phase at
8.3 GPa in BaWQ4 obtained by the Rietveld analysis.

Structural parameters of scheelite BaWOy4 at 7.2 GPa:
I41/a, Z = 4, a = 5.4559(3) A, ¢ = 12.158(1) A.

Atom  Site T Y z

Ba 4b 0 0.25 0.625
A% 4a 0 0.25 0.125
O 16f 0.2307 0.1098 0.0420

Bond lengths/A
W-O 1.7854(1)x4 Ba-O
Ba-O

2.6206(2) x4
2.6512(1) x4

Structural parameters of fergusonite BaWOy4 at 8.3 GPa:
I12/a, Z = 4, a = 5.4332(7) A, b = 12.163(2) A,
c = 5.3197(8) A, B = 89.69(3)°.

Atom  Site T y z

Ba de 0.25 0.6234 0

w de 0.25 0.1296 0

o1 8f 0.8908 0.9553 0.2312

02 8f 0.4814 0.2110 0.8508

Bond lengths/A

W-01 1.7819(2)x2 Ba-O1 2.6078(3)x2

W-02 1.7832(2)x2 Ba-0O1 2.6078(4)x2
Ba-02 2.6128(3)x2
Ba-02 2.5919(4)x2

® 0
ow

.Ba

Fig. 3. (colour online) Projection of the scheelite BaWO4
along b axis, the numbers on patterns are y parameters of
the Ba and W atoms. The arrows point to the atomic mov-
ing directions along the cs axis while the structure changes
from scheelite to fergusonite phase. It illustrates clearly that
the WOy tetrahedrons displace as a whole in the direction
opposite to that of Ba atoms in the same (001)s layers.

By comparison, the high-pressure XRD research

and Rietveld analysis of BaMoO,2% provide a distinct
atomic moving picture while the phase transition from
scheelite to fergusonite structure takes place. There-
fore it is concluded that all the atoms of alternate lay-
ers of the scheelite structure need to shift in opposite
directions along the ¢ axis. Comparing the fractional
coordinates of Ba atoms and Mo atoms in the fergu-

[26] with those of Ba atoms

sonite structure at 7.2 GPa
and W atoms in the fergusonite structure in this study
and also with those of the special Wychoff positions
of the corresponding atoms in the scheelite structure,
we could find that the moving directions of Ba atoms
and Mo atoms along the scheelite-structured c axis are
actually opposite in the same layers, and are the same
as that shown by our results, although the magnitudes
are smaller than our results.

The first-order ferroelastic mechanism of the
scheelite-to-fergusonite phase transition of BaWOQy is
also supported by our Raman data. Figure 4 shows the
Raman spectra in a range of 100 cm~'-1000 cm ™! of
BaWO, at some representative pressures. The Raman
spectra of fergusonite BaWQ, each show a phonon
gap between 450 cm™'-750 cm~! and an intense and
high frequency Raman mode, which are similar to the
ones observed in scheelite BaWQ,, but are different

(291 and

from the Raman spectra of BaWQy-II phase
the observed results in Ref. [12]. This result not only
indicates that the fergusonite phase retains the tetra-
hedral W—O coordination of the scheelite phase, but
also allows us to draw a conclusion that there are no
Raman modes belonging to BaWO,-II phase, in the
modes observed at high pressure.

In order to analyse the subtle phonon change from
scheelite to fergusonite structure, Fig. 5 shows several
Raman spectra in a range of 750 cm~'~1000 cm ™!, re-
flecting the stretching vibration modes of WOy tetra-
hedron. Of the Raman modes, the most intense
and the highest frequency Raman mode (A,) is at
947 ecm~! at 7.4 GPa, which represents the symmet-
rical stretching mode of WO, tetrahedral units in the
scheelite structure.?9) Up to 7.8 GPa, the 947 cm™?

1 and

peak broadens and drops sharply to 944 cm™
a low intensity 903 cm™! band arises. At the same
time, several new Raman modes emerge near the Eg
(820 cm™!) and By (847 cm™!) modes of the scheel-
ite phase. The 7.8-GPa spectrum indicates a coexis-
tence of phases, and the 8.0-GPa spectrum indicates

that the phase transition is complete with the scheelite
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structural 820 cm ™! and 847 cm ™! modes disappear-
ing. The changes in Raman spectrum suggest that the
WO, tetrahedrons modify slightly through the phase
transition, and a lower symmetrical phase is formed
quickly. Upon decompression from 9.4 GPa, the high-
est pressure of the Raman experiments, the scheelite
phase is recovered completely at 5.6 GPa with a re-
markable hysteresis. The Raman results are consistent
well with our XRD results.

5.6 GPa (@L scheelite
fergusonite
0
£
=]
=]
o)
—
<
~
>
i
k7
=]
9]
=
a j_'_(l?_Pf_,-/'\- /’\fA‘
Mergusomte—l—scheehﬂ
7T4GPa A
. scheelite
0.1 MPa “
! | ! | ! | ! | ! | ! | ! | ! | !

100 300 500 700 900

Raman frequency/cm™!

Fig. 4. Raman spectra in a range of 100 cm~1-1000 cm !
of BaWO4 at some representative pressures.

The axial parameters and volume ratio (V/Vp)
each as a function of pressure of the scheelite and fer-
gusonite phases of BaWOQ, are shown in Fig. 6. We
find that two axial parameters of the unit cell change
inconsistently across the phase transition, except that
the as axis and also the corresponding a¢ axis decrease
smoothly with pressure increasing. The by axis shows
an obvious reduction (~ 2.1%) as it transforms to the
cf axis, and the ¢f axis decreases as pressure increases
further. The ¢y axis increases slightly (~ 0.7%) as it
becomes the b¢ axis, and the by axis begins to decrease
as pressure increases further. The changes of the ax-

ial parameters result in a 1.6% volume collapse when

phase transition occurs. The results are consistent ap-
proximately with those of another study in BaWO,¥!
and similar to those in BaMo0Q,.[?%] Carefully check-

151 we will

ing Fig. 2 in previous research of BaWQy
find a similar trend of lattice parameters varying with
pressure to ours, although the authors explained it
in another way. Fitting the P-V data of the scheelite
phase of BaWQOy by the third-order Birch—-Murnaghan
equation of state (EOS), gives the bulk modulus (Kjy)
as 58(1) GPa when its pressure derivative (K|)) is as-
sumed to be 4. It accords generally with Ky = 57 GPa

as = J. an 0= a as = .
K} =35 and K, = 52(5) GPa as K, = 5(1).11%

942

= 5.6 GPa
(release)

844

scheelite ?

fergusonite

Intensity /arb. untis

0 o |
& w2 .
v % ¥ .
S [ 4 N I
D | | © I
SR !

scheelite 1 \7.4 GPa
1 | 1 | | | | | |
750 800 850 950 950 1000

Raman frequency/cm~!

Fig. 5. Several representative Raman spectra of BaWO4
in a range of 750 cm™!'-1000 cm~!. The 7.8-GPa spec-
trum shows the two-phase mixed signatures. The down
arrows indicate the new Raman modes. The up arrows in-
dicate the survival Raman modes. The shift of the most in-
tensity Raman mode with pressure increasing is displayed
clearly by the dotted line.

In contrast, Errandonea et al.'% reported on com-
pletely different evolutions of lattice constant and
volume with pressure as scheelite-structured BaWO,
transforms into the fergusonite structrure. Their re-
sults show that the ay axis (= bs axis) splits continu-
ously to form an increasing af axis and decreasing ct
axis with pressure increasing. At the same time, the ¢
axis transforms into the b axis with no observable dis-
continuity. Based on the continuous changes of lattice

constants and volume with pressure, a second order
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nature of the phase transition is concluded. The au-
thors also debated the difference between these results
and Panchal et al.’s,l”) and considered that due to the
restricted XRD measurement performed by Panchal
et al., the lower resolution and the smaller access to
the reciprocal space would lead to a larger uncertainty
in the lattice parameters. Recently, Lacomba-Perales

(15] pointed out that the different behaviours ob-

et al.
served in different experiments could be related to the
existence of pressure gradients in the particular exper-
imental set up. As a typical example, the phase tran-
sitions of CuGeOj follow two distinct paths depending
on the different pressure media.132 For scheelite-
structured BaWOy, Errandonea et al.l'%! performed
the diffraction experiments using silicone oil as pres-
sure medium, but in Panchal et al’s experiment!®!
and in the present study is used either 4:1 methanol—
ethanol or 16:3:1 methanol-ethanol-water mixture.
In fact, silicone oil really exhibits a different hydro-
static behaviour when 4:1 methanol-ethanol or 16:3:1
methanol-ethanol-water mixture is under a pressure
at least below 12 GPa.l'®:!"] Unfortunately, Manjén

and Errandonea also reported on a completely differ-

5.65
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Lattice parameter a/A
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o
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ent Raman result that scheelite BaWQ, transforms
into the BaWOy-1I phase at 6.9 GPa, then into the fer-
gusonite structure at 7.5 GPa, finally into the scheel-
ite, BaWOy4-II and fergusonite coexist up to 9.0 GPa,
although 4:1 methanol-ethanol is used as medium.
The single crystal Raman study of BaWQy, is not only
inconsistent with their diffraction results,[*% but also
dissimilar to those of the previous Raman study!'!
and our Raman data. The appearance of BaWO,-
IT phase and lower phase transition pressure may be
caused by the non-hydrostatic surface environment
of the single crystal with 30 pm in thickness. In
any case, from the view of hydrostatic condition,
there may be another scientific cause that a slight
difference of hydrostatic circumstance would induce
first or second-order competitive phase transitions in
BaWO,. Nevertheless, on the basis of our own con-
sistent diffraction and Raman experiments and the
work of Jayaraman et al.'!l and Panchal et al.l”) using
methanol-ethanol-water or methanol-ethanol mixture
as a pressure medium, we support that the scheelite-
to-fergusonite transition in BaWQy is of the first or-
der.
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=
. 5.55F
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g
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2 5.45f
g
3
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§ 535¢ N
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Fig. 6. (colour online) Evolutions of the lattice parameters and V/V{ with pressure for the scheelite and the fergusonite
phases of BaWOy4. Solid squares denote the data of the scheelite phase. Solid triangles refer to the fergusonite data.

The subscripts s and f represent the scheelite and fergusonite phases respectively. In panels (a), (b), and (c) the solid

lines are the quadratic fitting to the respective lattice parameters up to 7.7 GPa. In panel (d) the solid line refers to

the fit of a third-order Birch-Murnaghan equation of state to the scheelite phase.
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4. Conclusion

We carried out in-situ XRD and Raman exper-
iments under hydrostatic pressure up to 9.7 GPa to
investigate the nature of the scheelite-to-fergusonite
transition in BaWQy4. The first-order characters are
revealed unambiguously by a 1.6% volume collapse,
coexistence of phases, and hysteresis on release of pres-
sure. The analysis of atomic displacements shows that
a coupling of large compression of soft BaOg polyhe-
drons to the small displacive distortion of rigid WO,
tetrahedrons is responsible for the first-order ferroe-
lastic transition. Such a coupling mechanism will
have important material and mineralogical implica-
tions since many compounds and minerals crystallize
into the scheelite structure and transform into the fer-

gusonite structure under high pressure.
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