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Lattice dynamics calculations and high-pressure Raman scattering study of Bi,W,0O9, which is an m=2
member of the cation-deficient bismuth layered Aurivillius family of compounds, are presented. These studies
showed the onset of two reversible second-order phase transitions near 2.8 and 4.8 GPa. The pressure depen-
dence of Raman bands provides strong evidence that the first phase transition involves the loss of the WO tilt
mode around pseudotetragonal axis. The second transition is likely related to some shift of the W atoms and/or
tilting of the WOg octahedra plus shift of the Bi atoms or the whole Bi,O, layers. In contrast to the m=1
cation-deficient bismuth layered compounds, Bi,WO4 and Bi,M0QOg, no soft-mode behavior was observed for
Bi,W,0Oq and the transition at 4.8 GPa leads to symmetry lowering.
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I. INTRODUCTION

Bismuth layered compounds (Aurivillius family) of gen-
eral formula (Bi,O,)(A,,_1B,,03,,1) consist of alternating
perovskitelike A,,_;B,,03,,,; slabs and fluoritelike Bi,O, lay-
ers. The perovskitelike slabs may contain 1-8 layers (m
=1-8).! This family of compounds have received much at-
tention for device applications. For instance, these com-
pounds are important candidates for the development of
ferroelectric random access memories.>™ They constitute
also an important class of oxide anion conductors.> Re-
cently, Bi,W,04 was found to be a photocatalytic material
for H, and O, evolution as well as photodegradation of or-
ganic compounds.”® It was also found to be a promising
material for microwave applications.’

In the case of Bi,W,0q, no voluminous A cation is
present on the cubo-octahedral sites of the W,0; slabs.!%11
Therefore, Bi,W,04 can be considered as the m=2 member
of the family (Bi,O,)(BY'0s,,,,) of cation-deficient Aurivil-
lius phases.'®!! Up till now only Bi,MoOg, Bi,WOs, and
Bi,W,0, have been identified as belonging to this cation-
deficient Aurivillius family.!!

It is well known that all bismuth layered crystals have the
same prototype I4/mmm structure and the distortion from
this structure is induced by condensation of different displa-
cive modes.'>"'* The most important displacive mode, which
is responsible for ferroelectricity in the whole family of Au-
rivillius compounds, transforms according to the irreducible
representation I's (E,) of I4/mmm.'>'* The remaining
modes correspond to rotations of the WO octahedra along
the twofold axis parallel to the [110] direction of the tetrag-
onal phase or along the tetragonal axis.'>'* Bi,W,0, exhib-
its the same type of distortion with respect to the prototype
[4/mmm structure as ABi,Nb,Og (A=Ca, Sr,Pb).!! However,
the structure of Bi,W,0y is unique among bismuth layered
materials, i.e., the direction of the cooperative displacement
of the W atoms is antiparallel from one octahedral layer to
the other and from one W,05 slab to the other.!' As a result,
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Bi,W,04 is nonferroelectric and it crystallizes with the
Pna2, structure with a=5.440 A, b=5.413 A, and ¢
=23.740 A, whereas the m=2 ferroelectric niobates crystal-
lize with the A2,am space group.!®'* It is also worth noting
that there are no reports on polymorphism of Bi,W,O,.

Pressure-dependent studies of this large family of com-
pounds are scarce. In particular, Raman-scattering studies
under pressure were carried out only for NaysBiy sTi O s,
Bi;Ti;0,,, Bi;WOg, and Bi,M0Og,'>~!® and no high-pressure
studies have been yet undertaken for Bi,W,0Oq4. Published
results show that high-pressure studies may provide very
valuable information on origin of lattice instabilities in this
family of compounds. For instance, they showed that
Nag sBiy 5Ti405 and Bi Ti30,, exhibit second-order phase
transitions at about 1.94 GPa and near 3 GPa, respectively,
which are accompanied by partial softening of a low-
frequency mode upon approaching the phase-transition pres-
sure, followed by hardening in the high-pressure phase.!>!6
They also showed that Bi,MoOg (Bi,WOg) undergoes two
phase transitions at 2.8 (3.4) GPa and 7.0 (6.2) GPa,
respectively.!”!8 Similarly to Na, sBi, sTi,O,5 and Bi,Ti;O,,
the first phase transition in Bi,MoQOg is associated with par-
tial softening of the low-frequency mode but this mode dis-
appears above 2.8 GPa.'® In contrast to this behavior, the
frequency of the soft mode observed in Bi,WOq4 decreases to
zero upon approaching the second phase transition.!” Raman
data also indicated that the pressure-induced structural
changes in Bi,MoOg4 are mainly related to the rigid rotations
of MoOg octahedra and changes in the Bi,O, layers.!® In
contrast to this behavior, distortion of the WOy octahedra
significantly increases in Bi,WOg upon increasing
pressure.!”

The above examples show that different bismuth layered
crystals behave in a different way upon application of pres-
sure, in spite of the same prototype I[4/mmm structure.
Therefore in order to improve the understanding of the na-
ture of lattice instabilities in this family of compounds, it is
necessary to access the properties of different members of
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Bi,W,O,

FIG. 1. (Color online) View of the Bi,W,0q crystal structure
(Pna2;) along the b axis.

Aurivillius family both as a function of temperature and
pressure. This paper reports high-pressure Raman studies of
Bi,W,0, single crystal. Our present results indicate that
Bi,W,0, exhibits two structural transitions near 2.8 GPa and
4.8 GPa accompanied, respectively, by increasing and de-
creasing of symmetry. However, no soft-mode behavior as-
sociated with lattice instabilities could be observed.

II. EXPERIMENTAL

Single crystals of Bi,W,0q were grown by melting a mix-
ture of Bi,W,04-10B,0; at 830 °C (polycrystalline
Bi,W,04 was prepared by firing stoichiometric amounts of
Bi,0; and WO; oxides at 800 °C) in a platinum crucible,
cooling it at the rate 1.2 C/h to 650 °C and then at the rate
5 °C/h to room temperature. The single crystals were sepa-
rated from the B,O; flux by washing with hot water.

The high-pressure Raman spectra were obtained with a
triple-grating spectrometer Jobin Yvon T64000, equipped
with a N,-cooled charge-coupled device detection system.
The line 514.5 nm of an argon laser was used as excitation.
An Olympus microscope lens with a focal distance f
=20.5 mm and a numeric aperture of NA=0.35 was used to
focus the laser beam on the sample surface. The high-
pressure experiments were performed using a diamond anvil
cell with a 4:1 methanol:ethanol mixture as the transmission
fluid. Pressures were measured based on the shifts of the
ruby R1 and R2 fluorescence lines. The spectrometer slits

were set for a resolution of 2 cm™!.

III. RESULTS AND DISCUSSION

A. Ambient pressure crystal structure of Bi,W,0y

In order to understand the general behavior of Bi,W,0,q
crystal under pressure, it is important to provide a brief dis-
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FIG. 2. Raman spectra of Bi,W,0Oq recorded at different pres-

sures during compression experiments in the (a) high-wave-number
and (b) low-wave-number regions.

cussion of the crystal structure at ambient pressure and room
temperature. This crystal is built up of alternating Bi,O, lay-
ers and W,0, slabs. At room temperature the structure is
orthorhombic, Pna2;, and the WOy octahedra are joined by
the axial O3 and equatorial oxygen atoms O4, OS5, O7, and
08 forming double W,05 slabs (see Fig. 1). The axial oxy-
gen atoms O6 and O9 connect the WOq octahedra to the
BiOg polyhedra.!®!! This orthorhombic structure can be re-
garded as derived from a high-symmetry body-centered te-
tragonal structure (Space group symmetry [4/mmm). As em-
phasized by Champarnaud-Mesjard et al.'' the orthorhombic
distortion corresponds to cooperative antiparallel displace-
ment of W atoms along the @ axis, an important and sym-
metric tilting of the WOq octahedra with respect to the b
axis, a slight antisymmetric tilting of the WOg4 octahedra
with respect to the a axis, and a rotation of about 9° around
the ¢ axis, in the opposite sense from one octahedral layer to
the other and from one W,05 slab to the other.!! The type of
distortion with respect to the prototype I4/mmm structure is
the same as for other m=2 Aurivillius phases but in the latter
case all the shifts of the B atoms and all the tiltings and
rotations of the octahedra are in the same sense.!! As a con-
sequence, the octahedral layers are related by the mirror
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FIG. 3. Enlarged parts of the Raman spectra of Bi;WOjg in the 20—130 [panel (a)] and 130—240 cm™' range [panel (b)] recorded at
different pressures during compression. The arrows indicate bands, which appear, disappear or split under applied pressure.

plane for the m=2 Aurivillius phases but this mirror plane is
lost for Bi,W,0y crystal. This leads to doubling of the primi-
tive cell and number of phonon modes for Bi,W,0,, in com-
parison with m=2 Aurivillius phases.

B. Lattice dynamics calculations and assignment of modes

A standard group theoretical analysis for the Pna2,; ambi-
ent pressure phase of Bi,W,0q containing 52 atoms in the
unit cell leads to 156 degrees of freedom at the Brillouin
zone center (I' point). The optical modes are distributed
among the irreducible representations of the factor group C,,
as 38A,+39A,+38B,+38B,. Selection rules state that A, By,
and B, modes are both Raman and IR active whereas the A,
modes are only Raman active.

Lattice dynamics (LD) calculations were performed using
GULP code developed by Gale.'” We have chosen a set of
classical ionic pair potential that better optimize the
Bi,W,0, structure (Pna2; space group). The obtained set of
potential parameters has been then used to derive the initial
force constants that were refined using Wilson’s FG matrix
method and the software package VIBRATZ developed by
Dowty.20

The ionic shell model used in the GULP code treats the
material as a collection of core-shell systems (symbolizing
nuclei and electron shell) interacting to each other through
electrostatic and short-range classic potentials. This model
was successfully used for a number of molybdate- and
tungstate-based systems.?!=?*> The following interatomic po-
tential is taken into account:

2
Uylry) = "= + b exp{—’“} - ()
Fij Pij Tij
The first term is related to the Coulomb forces for modeling
the long-range interactions. The second term is related to the
Born-Mayer-type repulsive interaction for accounting the
short-range forces. A van der Waals attractive interaction
(third term) models the dipole-dipole interaction. z; and z; are
the effective charges of the i and j ions, respectively, sepa-
rated by the distance r;;. The parameters p;; and b;; corre-
spond to the ionic radii and ionic stiffness, respectively. The
initial lattice parameters and atomic positions for the
Bi,W,0y structure were taken from the experimental data.!!
The potential parameters and ionic charges used in our cal-

TABLE I. Force constant values for Bi,W,0q crystal used in
LD calculations.

Bonds Force constant range mdyn/A
Bi-O 0.4-0.6

0-0 0.35-0.45

W-03 3.1

W-06 3.6

W-09 4.6

W-05 and W-0O8 1.37, 1.5

W-04 and W-O7 1.53, 1.7
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TABLE II. Experimental and calculated wave numbers for Bi,W,0Oq together with the proposed assignment.

Calculated Experimental
A B, A, B, Raman IR (Ref. 24) Assignment
915.9 915.8 920.1 920.1 936+ 1 WOy stretching modes
840.3 840.5 851.5 851.5 853.0+x0.1 855=*1
774.8 774.5 784.0 784.0 799.0x0.2  799*2
712.4, 683.6 7124, 683.6 718.2,712.1 718.2,712.0 739.1=0.1  759*1
632.1, 599.5 632.1, 599.5 686.9, 681.3 687.0, 681.3 698.1 0.1 709+ 1
512.1 512.1 514.2, 508.3 514.2, 508.3 597.7*=0.5 Bi-O stretching modes
492.7 492.7 550x2 WOg bending modes
451.4 446.6 460.8 465.5
457.5, 452.4 456.9, 4543 433.7*=0.2 435+ 1
4294 450.5 438.8 424.4+0.9
415.3 409.7 419.0x£0.7
401.4 3914 400.2 417.7x0.1
381.3, 356.5 378.0, 357.3 377.3,357.5 376.1, 355.4 366.7+0.1 Bi-O bending modes
338.2,330.2 341.2, 3349 337.1 3423 3371  WOg4 and Bi-O bending modes and librations of WOg
326.3, 320.5 3273 331.4, 328.3 332.6,324.8 325.2%*0.1
309.7 315.9 3183 306.9 310.4+0.1
295.5 311.8 298.4 301.7 301.3%+0.9
283.9 294.1, 282.4 285.8 283.9,280.1 279.2*+0.7 282%x2
274.1, 271.9 274.9, 270.5 273.0 269.2+04
261.9 262.1 262.0x0.1
255.7 255.8, 250.7 258+ 1
243.6 243.4 239.1 240.6 236.6+0.2
233.7 231.7 2128+0.3  217=1
214.0 217.3 207.6+0.2
206.1 204.1 191.2x0.1
174.9 175.0 183.6x0.3 Translational motions of W atoms
167.0 160.6 156.8 0.4 1561
150.6 150.6 150.2 150.3 145.8+0.5
146.2 146.0 145.9 146.1 137.6 £0.1
121.1 120.4 1171 Translational motions of Bi and octahedral layers
101.3 105.3+0.1
91.2 96.2 91.1 92.2 95.0+0.1 95+1
84.0 90.7 85.7 86.4 85.9*0.1
84.7 83.8 82.7 84.3+0.1
74.8 75.2 69.3 71.7%0.1
66.7 69.1 68.1x0.1
64.7 61.3 62.8 62.9x0.1
44.0 59.0 432 56.6 58+1
38.5 50.7 39.0 40.8 50.4+0.1 RL mode
28.5 37.2 29.2 28.2+0.1 RL mode
culation were the same as those reported by Islam et al.! for 19U, (r)
Bi,WOg. By using this set of parameters, a good agreement fij=- v oo )

between the calculated and experimental lattice parameters
was obtained with volumetric error within 1%.
The initial force constants were obtained by using the

relation

where the indices i and j refer to interacting ions (first neigh-
bors only) and r is the distance between them. The obtained
force constant values were refined in order to better fit the
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FIG. 4. Wave number vs pressure plots of the Raman modes observed in Bi,W,0Oq crystal for compression experiment. Uncertainties in
phonon wave numbers are smaller than size of the symbols. The vertical lines indicate the pressures at which Bi,W,0Og undergoes phase

transitions. The solid lines are linear fits on the data to w(P)=wy+ aP.

experimental data. The final values used in the calculations
are listed in Table I and the calculated and experimental Ra-
man and IR wave numbers are collected in Table II.

The Raman spectrum at room temperature and near am-
bient pressure (0.1 GPa) is shown in Fig. 2. The number of
observed modes is smaller than expected for the Pna2, struc-
ture because the factor group splitting is very small for ma-
jority of modes. LD calculations show that modes in the
698—936 cm™! range can be assigned to stretching modes of
the WO, octahedra. The broad wave-number range in which
the stretching modes are observed indicates that the WO
octahedra are strongly distorted. This conclusion is consis-
tent with the ambient pressure x-ray diffraction studies.'!
The mode at 936 cm™! corresponds to motions of mainly O3
oxygen atoms whereas the modes at 855 and 799 cm™! in-
volve mainly motions of the shorter (09) and longer (O6)
apical oxygen atoms, respectively. The atomic motions are in
the direction nearly perpendicular to the layers. The modes in
the 698—759 cm™! range are due to asymmetric stretching
modes of the WOg octahedra, involving motions of the equa-
torial oxygen atoms within layers (O, oxygen atoms O4,
05, 07, and O8 in Fig. 1). Our calculations also show that
the weak Raman band at about 598 c¢cm~! should be assigned
to stretching mode of the BiOg polyhedra.

Bending modes of the WOg4 and BiOg units as well as
librational modes of the WOQOg4 octahedra contribute to the
bands observed in the 190-550 cm™' range. Our calcula-
tions show that the main contribution to the IR mode at
550 cm™! comes from the bending motions of the W-O

bonds in the direction perpendicular to the layers. The modes
in the 417-435 cm™' range correspond mainly to bending
modes of the WO, octahedra and the 367 cm™' band has
predominant contribution of Bi-O bending motions in the
direction nearly perpendicular to the layers. The modes in the
190-337 cm™! range can be assigned to bending modes of
the WOy octahedra involving large motions of the equatorial
oxygen atoms mainly. However, the modes in the
279-337 cm™! range have also significant contribution of
Bi-O bending motions and the modes in the 191-282 cm™!
range involve strong contribution of WQOgq librational motions
along the ¢ axis.

Translational modes are observed below 190 cm™'. Since
the Bi,W,Oy structure is layered, some translational motions
can be regarded as motions of the whole Bi,0O, layers and
W,05 slabs as rigid units. Such modes are called rigid layer
(RL) modes. LD calculations for I4/mmm phase of
SrBi,Ta,04, Bi,WOg, and BiyTizO;, revealed that the un-
stable, lowest frequency E, translational mode can be de-
scribed as a RL mode since it mainly involves movements of
the Bi,O, layers relative to the perovskitelike slabs.'3 Our
LD calculations for orthorhombic Bi,W,Oq show that the
modes at about 28 and 50 cm™' can be assigned to the RL
modes since they involve movements of the Bi,O, layers
relative to the W,0; slabs in the direction parallel to the
layers. Our LD calculations also show that the modes in the
58—117 cm™' range correspond to translational motions of
the Bi atoms and larger fragments of the W,0O5 slabs. Trans-
lations of the W atoms contribute to the modes observed in
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TABLE III. Raman wave numbers w, for the three phases of Bi,W,04 along with pressure coefficients «
obtained from the linear fits on the data to w(P)=wy+aP.

Ambient pressure phase

Intermediate phase

High-pressure phase

wp a wy @ wy @
(cm™) (cm™ GPa™) (cm™) (cm™! GPa™") (cm™) (cm™! GPa™!)
853.0x0.1 -0.3+0.1 853.4+0.2 -0.5£0.05 850.4+0.3 0.1£0.05
799.0=0.2 2.2+0.1 799.3+0.2 1.9+0.1 797.6 0.8 23*0.1
739.1+0.1 1.5*+0.1 740.5*+0.1 0.9+0.02 739.3+0.5 1.2+0.1
698.1 0.1 2.6+0.1 701.2*+0.4 1.4+0.1 700.5*=1.0 1.6+0.1
597.7+0.5 6.3+0.3 601.4*+1.5 5.0£0.3 599.9+24 5.6+04
433.7+0.2 24*0.1 4342+0.2 22*0.1 432.4+0.7 29%0.1
424.4+0.9 34+04 4279+1.3 2.1%£0.3 429.7+2.2 22+0.3
419.0+0.7 24+04 419.7+0.8 1.8+0.2
417.7£0.1 -0.2£0.03 416.9+0.7 0.1£0.1 417.5+0.2 -0.1+0.03
366.7 0.1 -1.0£0.1 365.6x1.1 -0.6+0.2 357.6x0.7 1.4+0.1
325.2+0.1 1.4+0.1 327.0x0.3 0.8*0.1 323.6*0.6 1.6+0.1
3104 *0.1 2.1£0.1 312.7*x0.8 1.3+0.2 312.2*0.1 1.5+0.1
301.3+0.9 0.5+0.6
279.2+0.7 59+04 291.3+04 1.0=0.1 292.5+0.5 09=x0.1
269.2+0.4 47+0.2 2748+ 1.0 23%0.2 278.8+0.6 1.5+0.1
262.0*+0.1 0.4+0.04 262.4+1.0 0.3+0.2 259.2+0.3 1.1£0.05
236.60.2 34=%0.1 240.1£0.3 20x0.1 239.0%x0.8 23%0.1
212.8%£0.3 6.4+0.2 217.9%0.5 4.7+0.1 221.3%£2.3 42+04
207.6=0.2 4.7+0.1 213.8+0.4 2.8*0.1
191.2+0.1 -1.1x0.1 193.2+1.7 -14x04 190.6 = 0.5 -0.7+0.08
183.6 0.3 2.8*£0.2 182.7£0.5 3.1+0.1 182.5£0.6 34=%0.1
156.8 0.4 6.6+0.2 169.8 0.4 1.7£0.1 176.00.7 0.5*+0.1
145.8£0.5 7.0x0.5 160.8 2.2 1.8+0.3
137.6 £0.1 -0.4+0.03 139.4*1.0 -09*+0.2 135904 0.0x£0.07
105.3+0.1 0.0£0.03 104.4+0.8 04+0.2 102.2%:0.3 1.0=0.05
95.0+0.1 1.4%0.05 98.4+0.6 0.1£0.1 96.9+0.3 0.5%0.06
85.9+0.1 1.6 0.03 89.2+0.6 0.6£0.1 85.7£0.4 1.5+0.1
84.3+0.1 0.1+£0.01 86.1+0.7 -0.5*=0.1 82.5£0.2 0.3+£0.03
71.7+0.1 1.0+£0.05 73.3+0.8 0.5%0.1 71.0+0.3 1.1+0.04
66.0+0.1 0.8+0.02
68.1 0.1 0.1£0.06 67.9+1.3 0.1£0.2 71.4+0.3 -0.6+0.05
62.9+0.1 -0.1+0.02 64.6+0.8 -0.7+0.2 61.0=0.1 0.2£0.02
50.4+0.1 0.7+0.06 53.4+0.5 -0.3x=0.1 52.1+0.5 0.1£0.05
28.2+0.1 0.0+£0.02 29.5+0.7 -0.5+0.2 25.9+0.1 0.4+0.02

137-184 cm™' range. It is worth noting that many low-
wave-number modes have very small bandwidths (some
even near 2 cm™!). Such small bandwidths point to low an-
harmonicity of these modes.

C. High-pressure Raman scattering studies

Once a clear picture of the vibrational properties of
Bi,W,0, is obtained we next discuss the effects of hydro-
static pressure on the structural and vibrational properties of
this compound. Pressure dependence of Raman spectra is
presented in Figs. 2 and 3. However, the overall changes in

the Raman spectra can be better followed by analyzing the
wave number (w) vs pressure (P) plot shown in Fig. 4. Fig-
ure 4 shows that the pressure dependence of all vibrational
modes can be well described using a linear function w(P)
=wy+aP. The values of w, and « are collected in Table III.
By increasing pressure wave numbers of majority of modes
increase (see Figs. 2-4). However, a few modes exhibit
negative pressure dependence. For instance, negative pres-
sure dependence is observed for the 191.2 cm™' mode (at
ambient pressure), which shifts to 179.2 cm~! at 6.9 GPa. As
a result of the opposite pressure dependence the modes at
191.2 and 183.6 cm™! exhibit interesting crossover behavior.
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FIG. 5. (a) Pressure dependence of the integral intensity normalized for P=0.1 GPa for the 28.2 (squares), 145.8 (circles), 156.8 (up
triangle), 301.3 (down triangle), 310.4 (diamonds), and 325.2 cm™! bands (stars). Panel (b) presents pressure dependence of the integral
intensity normalized for P=0.1 GPa for the 183.6 cm™' band. Pressure dependence of FWHM of the Raman bands observed at 853.0
(stars), 799.0 (circles), 739.1 (diamonds), and 698.1 cm™' (squares) are presented in panel (c). Solid lines are to guide the eyes.

It is worth noting that very similar crossover behavior was
observed previously by us for the 208 and 186 cm™' modes
of Bi,WOq.!” Figures 2-4 also show that in contrast to
Bi,WOyg, which showed a very clear soft-mode behavior, any
of the low-wave-number modes of Bi,W,04 exhibit signifi-
cant softening with increasing pressure. Raman study also
reveals that intensities of a number of bands decrease con-
tinuously upon increasing pressure. This behavior is ob-
served for the bands at 28.2, 207.6, 212.8, and 325.2 cm™!
(see Figs. 2 and 5). Significant intensity increase is observed
for the bands at 68.1, 156.8, and 183.7 cm™.

When pressure reaches about 2.8 GPa, the 145.8 and
301.3 cm™! bands disappear (see Figs. 3 and 5). Further-
more, a very clear change in the slope of wave number vs
pressure is observed near 2.8 GPa. Clear anomalies near 2.8
GPa are also observed in the plots of full width at half maxi-
mum (FWHM) as a function of pressure for the stretching
modes at 853.0 and 739.1 cm™' [see Fig. 5(c)]. Figure 5(a)
also shows that the normalized Raman intensity of the
156.8 cm™! band increases up to 2.8 GPa followed by weak
decrease up to about 5 GPa and increase at higher pressures.
These modifications of the Raman spectra indicate that a
continuous transformation takes place in Bi,W,04 near 2.8
GPa. By further increasing pressure, the band near 68 cm™!
exhibits splitting into two components at about 4.8 GPa [see
Figs. 3(a) and 4]. This splitting is accompanied by a weak
change in the slope of wave number vs pressure. Further-
more, a new band appears at about 171 c¢cm™' and two weak
bands at 226 and 428 c¢m™! are not observed above 4.8 GPa.

Our results also show clear anomalies in intensities of the
156.8 and 325.2 cm™! bands near 5 GPa. This behavior is
very clearly observed in the plots of normalized intensity as
a function of pressure [see Fig. 5(a)]. The discussed modifi-
cations indicate that Bi,W,0q exhibits another structural
transformation at about 4.8 GPa associated with some subtle
changes in the crystal structure.

In order to get more insight into the mechanism of phase
transitions in Bi,W,0q we have also performed Raman stud-
ies of Bi,W,0Oq crystal during the decompression. Upon re-
leasing pressure the spectrum of the starting orthorhombic
phase was recovered, as can be observed in Fig. 6, thus in-
dicating the reversibility of the process.

D. Pressure-induced phase transitions

Figures 2 and 4 show that all modes above 400 cm™!

exhibit very weak change in the slope of wave numbers vs
pressure at the phase transitions. Furthermore, the Raman
bands above 400 cm™! also exhibit weak changes in relative
intensities with pressure. However, significant changes in
slopes and intensities are observed for many modes below
400 cm™'. It is well known that the correlation lengths of the
high-wave-number modes are on the order of a few ang-
stroms whereas the low-wave-number modes are sensitive to
long-range order. Our Raman results indicate, therefore, that
phase transitions at 2.8 and 4.8 GPa are not accompanied by
any significant distortion of the WOg octahedra but they lead
to significant change in long-range order. As mentioned
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above the characteristic changes at 2.8 GPa are: (i) disap-
pearance of the 145.8 and 301.3 cm™' modes, (ii) very clear
changes in the slope of wave numbers vs pressure (especially
for the 279.2, 269.2, and 156.8 cm™' modes), (iii) clear
anomalies in the FWHM for the stretching modes at 853.0
and 739.1 cm™!, and (iv) change in the slope of the normal-
ized integrated intensity ratio for the 156.8 cm™' band vs
pressure. The disappearance of the two modes indicates that
symmetry of the phase stable in the 2.8—4.8 GPa increases.
Since the mode at 145.8 cm™', which disappears at 2.8 GPa,
and the mode at 156.8 cm™!, which exhibits strong change in
the slopes, correspond to translational motions of the W at-
oms, the driving force of the phase transition at 2.8 GPa is
most likely displacement of the W atoms. It is worth noting,
however, that significant changes in the slope of wave num-
bers vs pressure at 2.8 GPa are also observed for the 279.2
and 269.2 cm~! modes, which can be attributed to librations
of the WOq4 octahedra along the ¢ axis coupled with the
bending modes of these units. Moreover, the band at
301.3 cm™!, which disappears at 2.8 GPa, corresponds to the
WOq4 bending mode. These facts suggest that the displace-
ment of the W atoms is also associated with changes in ro-
tation and/or tilting of the WOy octahedra, i.e., librations of

PHYSICAL REVIEW B 81, 104301 (2010)

the WOgq octahedra also play very important role in the phase
transition. As discussed above, one of the characteristic fea-
tures of Bi,W,0q structure is an important and symmetric
tilting of the WOg octahedra with respect to the b axis. This
tilting is very similar to that observed for other m=2 Auriv-
illius phases such as, for instance, SrBi,Ta,0q and it corre-
sponds to condensation of the Bmab displacive mode (or
Cmca in the standard setting) transforming according to the
irreducible representations X5 of I4/mmm.'* Theoretical
studies of SrBi,Ta,0O4 showed that the octahedral tiltings as-
sociated with the frozen X5 mode will tend to increase under
pressure.'* It is therefore very likely that our observed sym-
metry enhancement for Bi,W,0y is not related to this mode.
Other characteristic features of the Bi,W,Oq structure are a
slight antisymmetric tilting of the WOg octahedra with re-
spect to the a axis and a rotation of about 9° around the ¢
axis. Our previous studies of orthorhombic ferroelectric
phase of Bi,WOyg, which has very similar degree of rotation
around the c¢ axis, showed that application of an external
pressure resulted in decrease in this rotation.!” When pres-
sure reached 3.4 GPa, this distortion was lost. Interestingly,
similarly as in case of Bi,W,0y, very strong pressure depen-
dence was observed for the mode near 140 cm™! (corre-
sponding to the 156.8 cm™' mode of Bi,W,0q) below 3.4
GPa followed by weak pressure dependence above 3.4 GPa.
Moreover, as mentioned above strong changes are also ob-
served for the 279.2 and 269.2 ¢cm~! modes involving large
contribution of librational motions along the ¢ axis. It is,
therefore, plausible to assume that the phase transition at 2.8
GPa in Bi,W,0y is also associated with loss of the tilt mode
around the ¢ axis and symmetry of the phase stable between
2.8 and 4.8 GPa is still orthorhombic.

Figure 4 shows that the pressure dependence of wave
numbers is very weak between 2.8 and 4.8 GPa for majority
of modes. This result indicates that the intermediate phase is
less compressible than the ambient pressure phase. Interest-
ingly, many modes below 140 cm™' exhibit weak negative
pressure dependence (see Table IIT). The softening of modes
under pressure reveals that the anharmonicity becomes im-
portant and it is an indication of some crystal instability.
When the pressure reaches 4.8 GPa, a phase transition takes
place. Splitting of the band near 68 c¢cm™' and appearance of
a weak band at about 171 cm™' suggest symmetry decrease
above 4.8 GPa. However, our spectra also show that two
weak bands at 226 and 428 cm™! are no longer observed
above 4.8 GPa. This behavior can be most likely attributed to
strong decrease in intensity and increase in bandwidth for
these bands upon pressure. As can be noticed, the most pro-
nounced change (splitting) occurs for the 68 ¢cm~! band. Fur-
thermore, intensity of the 325.2 cm™!' bands shows clear
anomaly near 5 GP. Raman data also show that intensity of
the 183.6 cm™' band strongly increases upon application of
pressure in the whole pressure range studied. As mentioned
above, the 325.2 and 183.6 cm™' bands correspond to bend-
ing of the WOq octahedra and translations of the W atoms,
respectively. The mode near 68 cm™' corresponds to coupled
motions of the W,0; slabs and Bi atoms. The pressure de-
pendence of the observed modes indicates, therefore, that the
transition at about 4.8 GPa is likely related to some changes
in the shifts of the W atoms and/or tilting of the WO, octa-
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hedra. Since, however, the mode at 68 cm™! has also signifi-
cant contribution of the translational motions of the Bi at-
oms, we cannot exclude that this transition is also associated
with shift of the Bi atoms or the whole Bi,0, layers. Table
IIT shows that many modes still exhibit large pressure depen-
dence above 4.8 GPa, with « parameters up to
5.6 cm™' GPa™!. This result indicates that the high-pressure
phase of Bi,W,0, is still a relatively soft material. High
compressibility can be related to lack of voluminous cation
on the cubo-octahedral sites of the W,0 slabs.

Let us now shortly discuss the pressure dependence of the
bandwidths for the stretching modes of the WOy octahedra.
In the high-pressure experiments, increase in bandwidths is
usually observed upon increasing pressure due to pressure
gradient or slight nonhydrostaticity and creation of defects in
a crystal. Interestingly, in the case of Bi,W,04 the band-
widths of the stretching modes observed at 799.0, 739.1, and
698.1 cm™! decrease upon increase in pressure [see Fig.
5(c)]. The only exception is the 853.0 cm™' band, which
shows bandwidth increase. First of all, it is worth noting that
the bandwidths of the discussed bands are large at ambient
pressure and room temperature [see Fig. 5(c)]. Our LD cal-
culations show that the large bandwidths can be most likely
attributed to the fact that each of these bands is composed of
a few Davydov components of similar energy (see Table II).
Therefore, one of the possible explanations of the observed
bandwidth decrease upon application of external pressure is
enhancement of symmetry, which in turn may lead to de-
crease in the Davydov splitting. However, the 799.0 and
739.1 cm™' modes show further decrease in bandwidths
upon pressure also for the high-pressure phases, in spite of
symmetry decrease at the 4.8 GPa phase transition. We sup-
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pose therefore that the pressure dependence of the band-
widths can also be related, at least partially, to the redistri-
butions of the anharmonic couplings between the different
phonon modes with pressure.

IV. CONCLUSIONS

Lattice dynamics calculations and high-pressure Raman
studies were performed on Bi,W,0Og. Our results showed that
the Raman spectra of Bi,W,0q are much more complex than
the spectra of Bi,WOg or m=2 Aurivillius compounds due to
larger distortion of the octahedral slabs and lower symmetry.
Pressure-dependent studies revealed successive pressure-
induced second-order phase transitions at around 2.8 and 4.8
GPa. They have shown that the WOq4 octahedra are rigid
entities and the first transition is most likely associated with
the loss of the octahedral tilt mode around the pseudotetrago-
nal axis. The second transition in Bi,W,0y is likely related
to shift of the W atoms and/or tilting of the WOg octahedra
plus shift of the Bi atoms or the whole Bi,O, layers. This
transition leads to symmetry lowering and no soft mode
could be observed. In contrast to this behavior, symmetry
enhancement was observed for Bi,WO4 and Bi,MoOg.
Moreover, the second transition in Bi,WO4 was related to
disappearance of the soft mode that corresponds most likely
to the polar E, mode responsible for ferroelectricity in all
Aurivillius-type compounds.
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