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neutron-powder diffraction. The mapping of the phase diagram has been performed using isothermal
compression at fixed temperatures (175, 225, 290, 480 K) within each of the known crystallographic phases, up
to ~6 GPa using a large volume press. The crystallographic structure of each phase has been measured, and

the determined absolute atomic displacements of all atoms within the cell have provided detailed information
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1 Introduction

The physical and crystallographic properties of BaTiO; have
been extensively studied since its discovery in the 1940s.
Interest in BaTiO; stems from its favourable ferroelectric
properties and high dielectric constant, proving an extremely
valuable commodity in the production of capacitors and
transducers; the material is also a model candidate for under-
standing the thermodynamics of proper ferroelectric phase
transitions with Devonshire theory, where the polarisation is
the order parameter." Consequently many reviews and studies
can be found summarising its properties, from many different
characterisation techniques.>™**

Above 393 K BaTiOj; has the aristotype perovskite structure
(cubic, Pm3m), where the centre of symmetry forbids the
formation of a spontaneous dipole moment and hence is para-
electric (Fig. 1)."> Upon cooling below the Curie temperature
(T = 393 K) the symmetry reduces (tetragonal, Pdmm),
accompanied by the displacement of the Ti atoms within the
TiOe octahedra giving rise to a dipole moment, becoming ferro-
electric. As the two space-groups are related, symmetry and the
Landau and Liftschitz conditions (as outlined in"?) are satisfied,
and the transition is permitted to be second order in nature
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on the order of the phase transitions observed, and the behaviour of the ferroelectric dipole moment.

(Fig. 1)."* With decreasing temperature further reductions in
crystallographic symmetry are observed at 268 K (orthorhombic,
Bmm2) and 183 K (rhombohedral, R3m)."”> With decreasing
temperature the spontaneous polarisation is enhanced as the
Ti atom moves further away from the idealised position of the
cubic structure (Fig. 1).">"® This series of phase transitions can
be understood using symmetry adapted basis vectors,'” as the
progressive condensation of the triply degenerate 'y~ mode
resulting in distortions away from the cubic parent structure.
Condensation of the cubic axis [100] component results in the
tetragonal phase; the [110] component results in the orthorhombic
phase, with the [111] component finally condensing to form the
rhombohedral phase.

As the symmetry changes between the tetragonal-
orthorhombic-rhombohedral structures are not directly related
by subgroup relations, they cannot be second-order in nature.
While these transitions are often described using Landau
theory,'® there are a number of experimental observations
which cannot easily be explained by the displacive model, such
as the mixture of observed Ti displacements observed in all
phases from X-ray fine structure measurements, and strong
diffuse X-ray scattering.'® An order-disorder model has been
used to provide a mechanism to explain these discrepancies,
which allows for a distribution of the ferroelectric displacements
of the Ti atom toward each of the eight possible (111) TiOg
octahedral faces, giving rise to disorder between chains and long
range correlations in chains in the (100) direction. Overall, this
model gives rise to the average rhombohedral crystallographic
symmetry, strongly supported experimentally by observations
made in X-ray single crystal, PDF and XAS measurements.”°>*
However, these results are in contradiction to Raman and
inelastic neutron measurements which support a displacive
nature to the transitions.>®> One recent study has showed that
it is possible to combine both the order-disorder and displacive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of BaTiOs in its four known crystallographic phases at ambient pressure. Top left: Cubic (Pm3m). The regular undistorted octahedra is
shown (central light blue titanium atom, surround by 6 red oxygen atoms). The cubic unit cell is shown with the barium (brown sphere) atom at its centre.
Top right: Tetragonal (P4mm). The distorted octahedra are shown in which there are 1 long, 4 medium and 1 short Ti-O bonds, which arise from
displacement in the z-direction of the oxygen atoms. Bottom left: Orthorhombic (Bmm?2). The further distorted TiOg is shown which is a result of
displacement in both the x and z direction of the oxygen atoms giving rise to two short, medium and long Ti-O bonds in the octahedra. Bottom right:
Rhombohedral (R3m). The octahedra is at its most distorted with displacement of the oxygen atoms in all three crystallographic directions giving rise to 3
short and three long Ti—O bonds in the octahedra. The opaque green arrow indicates the approximate direction of the dipole in each ferroelectric phase.

mechanism to describe the cubic-tetragonal phase transition.”*
A recent quantum mechanical DFT study suggested that
all phases of BaTiO; have local distortion towards the [111]
direction (an octahedral face) and this can be used to under-
stand the presence of unexpected 1st order Raman modes."®
Recent work by Shao and Zuo>® show that within a local volume
of 35 nm® which is tetragonal in symmetry there are ~15 nm
sized domains which are higher symmetry.

The high-pressure behaviour of BaTiO; has been studied
using many different characterisation techniques.”*>" The Curie
temperature, dielectric constant and spontaneous polarisation
of BaTiO; have been shown to decrease at high pressure.*® The
tetragonal to cubic phase transition is observed at 2 GPa at
290 K,*'** and isothermal compression of BaTiO; results in the
vanishing of ferroelectricity through the same series of phase
transitions observed with increasing temperature.’"?*°
However, the nature of the transitions have been reported to
gradually change with the first-order character weakening at
higher pressure.>®?” The work of Ishidate et al determined the
low-temperature and high-pressure phase diagram of BaTiO; by
dielectric measurements up to ~ 6.5 GPa,** and to a large extent
confirmed by Hayward and Salje using Landau theory.*®

Darlington et al studied the structure of BaTiO; using high-
resolution neutron-powder diffraction, in 5 K intervals from

© 2021 The Author(s). Published by the Royal Society of Chemistry

150 to 425 K. They were able to obtain absolute oxygen
displacements, and determine the spontaneous polarisation in
reasonable agreement with the literature.'® The work of
Hayward et al reports a high pressure study close to 3.2 GPa at
four temperatures (between 298-130 K) going from the cubic, to
tetragonal, to the orthorhombic phase. They show that the
transition temperatures are reduced, and that the Ti atom dis-
placement is smaller in the orthorhombic phase (and comparable
in the tetragonal phase) compared to that at ambient pressure.*®
In the present study we have used neutron-powder diffraction
to follow the high-pressure structural behaviour of BaTiO; at
four temperatures (up to ~6 GPa, in the range 175-480 K). The
compressive behaviour of each of the four phases has been
determined from ambient pressure, and all phase transitions
in the sequence have been observed. Through advances in high
pressure apparatus for neutron diffraction® we have been able
to determine more crystallographic data points with increased
crystallographic precision compared to previous studies.

2 Experimental

Polycrystalline BaTiO;, obtained from Johnson Matthey
Materials Technology, has been used throughout this study.

Mater. Adv,, 2021, 2, 6094-6103 | 6095
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The sample was further annealed to reduce microstrain in the bulk  The gasket assembly was clamped between a pair of single
material, as has been done previously by Darlington et al.'® The toroidal profiled anvils** machined from toughened zirconia
reduction in micro strain is observed in the splitting of the resolved ~ alumina.*® The gasket and anvil assembly was then mounted in
reflections in the powder diffraction pattern. The ideal unstressed —a modified V3 Paris-Edinburgh press** which permits variation in
tetragonal phase of BaTiO; has a c/a ratio of 1.01, which was temperature from 120-480 K. Diffraction patterns were obtained
verified through characterisation on the high resolution powder in the 90° scattering geometry, permitting access to a d-spacing
diffractometer (HRPD) at the ISIS neutron and muon source, UK.  range of 0.5-4.1 A. Data of sufficient quality were collected at each
The diffraction pattern confirmed the single phase nature of the pressure point to determine crystal symmetry and atomic coordi-
sample with a c/a ratio of 1.01. nates. The few instances where the crystal symmetry could not be
identified unambiguously were limited by instrument resolution;
no further improvement could be gained by additional measure-
ment time. The data were processed and corrected using
Mantid,*> and the diffraction patterns were analysed by Rietveld
refinement using the GSAS suite of programmes.*®

2.1 High pressure neutron diffraction

High-pressure neutron diffraction experiments were performed
on the PEARL diffractometer at the ISIS Neutron and Muon
Source, UK.*° The sample was loaded into an encapsulated
gasket machined from null-scattering TiZr alloy.*® In the sample
chamber, a small piece of lead was included for which the 3 Resylts

pressure and temperature equation of state has been well

characterised"’ and perdeuterated methanol:ethanol (4:1) Fig. 2 shows the regions of the BaTiO; phase diagram for which
was included as a hydrostatic pressure transmitting medium.*”> neutron-powder diffraction data have been measured in the
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Fig. 2 Phase diagram, of BaTiOs as a function of pressure and temperature. The shaded regions show the phase boundaries as defined by the work of
Ishidate et al.>®> The open symbols show the temperatures and pressures in which the phases have been observed in the current study by neutron-powder
diffraction, open circles — cubic phase, open triangles — tetragonal phase, open squares — orthorhombic phase and the open stars the rhombohedral phase.
The overlapped triangle/square symbol is the region of observed phase co-existence. Also shown are the profile of the neutron diffraction pattern of each
phase in the region of 2 A, the relative intensity and shape of the diffraction peaks observed in this region are diagnostic of the phase of BaTiOs present, the
vertical tick marks show the positions of the reflections giving rise to the profile in each symmetry. There is inherent peak asymmetry to higher d-spacing in

the peak profiles as a results of means by which the neutrons are produced at a t—o—f source and is clearly see in the peak profiles shown here.
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Fig. 3 Top: Neutron powder diffraction pattern with Rietveld refined
profile for cubic BaTiOsz at 0.1 GPa and 480 K. Data are shown as
open black circles, the calculated profile in red, and the residual in blue.
The tick marks show the reflection positions for (from top to bottom) cubic
BaTiOs3 (black), Pb (red), Al,Os (green), and ZrO, (blue). Bottom: Variation
in unit-cell volume of BaTiO3z with increasing pressure at 480 and 290 K.
The open red circles show the experimental data for the cubic phase at
480 K, the open black squares and black circles are the tetragonal and
cubic phases at 290 K respectively. The solid lines show the fit to the
data by a 3rd order Birch—Murnaghan equation of state and for the 480 K
data set the dashed red line is the fit of a 2nd order Birch—Murnaghan
equation of state to the data. Values for the equation of states are given in
Table 1.

current study. Also shown, are the previous determined phase
boundaries determined by Ishidate et al®® The figure also
shows the powder diffraction profile of characteristic peaks in
the ~2 A region of the diffraction pattern which give can be
used to fingerprint the phase present. We now present the
results of the four isothermal compressions which each start in
a distinct crystallographic structure of BaTiOs.

3.1 Compression of cubic phase at 480 K

At ambient pressure above 393 K, BaTiO; is found in the cubic
phase (space group Pm3m). Throughout the present study, to
aid with distortion comparisons at lower symmetry, the Ti
atoms will be sited at 0,0,0 in the unit cell for all crystal—
lographic phase. In the cubic phase the Ba is sited at 1,11 and
the O atom at the 0,0,2 position (on Wyckoff sites 1a, 15 and 3d
respectively). The structure is depicted in Fig. 1. At ambient

© 2021 The Author(s). Published by the Royal Society of Chemistry
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pressure (480 K) this gives rise to an undistorted TiOg octahedra
with a Ti-O distance of 2.006 A.

As expected the unit-cell volume reduces upon compression
as shown in Fig. 3. The individual bond lengths of Ti-O and
Ba-O show the same trend as the unit cell volume. Also shown
in Fig. 3 is a fit to the volume by a Birch-Murnaghan equation
of state (EoS). Both second- and third-order descriptions are
shown for comparison and determined using the PASCal
programme.*” The determined bulk modulus (B,) its pressure
derivative (B") and ambient pressure volume (V,) are detailed in
Table 1. A representative diffraction pattern and associated
Rietveld fit to the data are shown in Fig. 3.

3.2 Compression of tetragonal phase at 290 K

At 290 K, the ambient pressure phase of BaTiO; is tetragonal
(P4mm). The origin of the polar space group was set by fixing Ti
at the 0,0,0 position, Ba sited at 1,71 + 3z, and the O atoms
described by 0,0, + 8z, and 0,2,822. The Ba and O atoms are
constrained by symmetry to displace along the z-direction
only (relative to the cubic structure by 8z,, 8z;, respectively).
The oxygen atoms move around the fixed central Ti atom
forming the TiO4 octahedra. In this phase the TiO¢ octahedra
are distorted so that there are three distinct bond lengths
within the octahedra with one long (2.20 A), four medium
(2.00 A), and one short (1.84 A) bond lengths at ambient pressure
(see Fig. 1).

The variation of the tetragonal unit-cell volume on compression
is shown in Fig. 3. As reported previously, at ~2.1 GPa there is a
transition from the tetragonal to cubic phase (see Fig. 2).>° The
difference in the diffraction pattern of the two phases is evident
in the region around the h00 and 00h reflections in the
tetragonal phase in comparison to the 00h reflection of the

Table1 Determined equation of state parameters for BaTiOs from a 2nd order
and 3rd order fit of a Birch—Murnaghan equation for each temperature/phase;
cubic (c), tetragonal (1), orthorhombic (o) and rhombohedral (r). B’ = 4 by
definition for the 2nd order EoS. Also shown are the determined median
compressibilties of each unit-cell axis determined from the compression data
at each temperature and for each phase found at each temperature measured;
cubic (c), tetragonal (t), orthorhombic (o) and rhombohedral (). For the rhom-
bohedral phase at 175 K the directions of the compressiblities are for X; =~
—0.58a — 0.58b — 0.58¢, X,~—0.7a — 0.7c and for X3~ 0.41la — 0.82b + 0.41c

2nd Order 3rd Order

Temp. (K) Vo (A) B, (GPa)  V, (A) B, (GPa) B’

480 (c) 64.64(1) 136(2) 64.62(1) 152(4) —-3(1)

290 (t) 64.36(1) 124.6(7)  64.36(1) 122(2) 7(2)

290 (c) 64.08(2) 150(2) 64.22(15)  127(23) 10(6)

225 (o) 128.63(1)  116(2) 128.14(1) 109(4) 14(6)

225 (t) 64.09(9) 142(8) — —

175 (r) 64.26(1) 124(2) — — —

Temp. (K) X; K (TPa™ 1) X, K (TPa™ ) X; K (TPa™)

480 (c) 2.29(5) 2.29(5) 2.29(5)

290 (t) 3.95(4) 1.85(1) 1.85(1)

290 (c) 1.91(4) 1.91(4) 1.91(4)

225 (0) 4.01(9) 2.57(9) 1.60(7)

225 (1) 2.45(26) 1.82(3) 1.20(41)

175 (r) 2.74(21) 2.37(18) 2.71(20)
Mater. Adv,, 2021, 2, 6094-6103 | 6097
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cubic phase, in the d-spacing range of the PEARL instrument
this is most evident in 200 and 002 reflections centred around
~1.98 A (Fig. 2). At 2.6 GPa it is clear that there is a splitting of
the reflection indicative of the tetragonal phase, however, at the
next pressure point (2.8 GPa) no such splitting is observed and
hence the data are fit to the cubic structure and the peak is
indexed as the cubic 200 reflection (see Fig. 4). To look at the
nature of this transition the ratio of the axis lengths a and ¢ of
the unit cell (a value of 1 indicating cubic symmetry) can be
plotted as function of pressure (see Fig. 4). There is a smooth
reduction in the c/a ratio, and above ~2.6 GPa the value
suddenly decreases to 1 over a pressure step of 0.2 GPa. The
variation in unit-cell volume with pressure has also been fitted
with a Birch-Murnaghan equation of state in both the

View Article Online
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tetragonal and cubic phase at 290 K the determined values
are detailed in Table 1 and the fit shown in Fig. 3.

Fig. 4 shows the variation in the three Ti-O bond distances
with increasing pressure of both the tetragonal and cubic phase at
290 K. It can be seen that with increasing pressure the three
different Ti-O bonds in the tetragonal phase converge towards a
value similar to that of the singular value of the cubic phase value
of ~2 A. A table of all refined structural parameters derived from
diffraction data described in this work are given in the ESLT

3.3 Compression of orthorhombic phase at 225 K

At 225 K and ambient pressure, BaTiOj; is orthorhombic, Bmm?2
(a non standard setting used to maintain consistency with the
earlier literature) and contains two formula units. The origin of
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Fig. 4 Top left panel: Variation in c/a ratio of BaTiO3 in the tetragonal phase (open triangle) at 290 K with increasing pressure. The c/a ratio goes to unity
upon transformation to cubic symmetry (open circle). The insets show the diffraction pattern and Rietveld fits in the region around 2 A — (A) fit to the
diffraction pattern at 2.5 GPa with tetragonal structure, (B) fit to the diffraction pattern at 2.7 GPa with tetragonal structure and (C) same diffraction pattern
fitted with the cubic structure. Top right panel: Variation in the Ti—O distances within the TiOg octahedra with increasing pressure at 290 K. Up to 2.6 GPa
three distinct Ti—O distances are present in the tetragonal phase (Ti—-O1 (black squares), Ti-O1 (red squares) and Ti—O2 (blue triangles)) and for the cubic
phase only one Ti-O bond distance (open triangles) is found in the undistorted octahedra. In both panels the vertical dotted line shows the phase
boundary between the tetragonal and cubic phase. Bottom right panel: Variation in axial length ratios of BaTiOz upon compression at 225 K. The
orthorhombic ratio (c/b\ﬁ) as open squares, the c/a ratio for the tetragonal phase as open triangles. The c¢/a ratio goes to unity upon transformation to
cubic symmetry (open circle). Dashed vertical lines indicate the phase boundaries. Also shown are the diffraction patterns (and associated Rietveld fits)
from the region around 2 A for the orthorhombic phase labelled (D and E) unfitted mixed phase of orthorhombic and tetragonal, (F) tetragonal phase and
(G) cubic phase. Bottom right panel: Variation in the Ti-O bond distances in the TiOg octahedra in the orthorhombic phase of BaTiOz with increasing
pressure at 225 K.
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the polar space group was set by fixing Ti at the 0,0,0 position,
with Ba at 33,8z and O1 at 0,3,8z, and O2 at § + 8x ,0, ; + 8z,. The
displacement of the O and Ba atoms relative to the cubic phase
are described by the displacement z, for the Ba and by 6z , dx,
and 8z, for the O atoms. Refinement of the atomic positions
permits the Ba atom to move in the z-direction only, and the
O atoms to move around the fixed central Ti atom. In this phase
the TiO¢ octahedra possess three distinct bond lengths with
two long (2.14 A), two short (1.88 A) and two medium (1.99 A)
length bonds at ambient pressure (see Fig. 1). The degrees of
freedom of the O atoms also permits the O-Ti-O bond angles
with the octahedra to no longer be 180° and at ambient
pressure are ~176°. In terms of the diffraction pattern of the
structure it is visually differentiable from the other phases by
the relative intensities of the reflections for example the 020/
202 reflections centred around 1.95 A show a distinctly different
intensity ratio to that of the equivalent (200/002) reflections in
the tetragonal phase at ambient pressure (Fig. 2).

As expected, the volume (per formula unit) of the orthorhombic
phase of BaTiO; at 225 K decreases with pressure (see ESIt).
The variation in unit-cell volume can be described by a Birch-
Murnaghan EoS as detailed in Table 1. The change in axial-
length ratio of the orthorhombic phase is shown in Fig. 4 and
decreases linearly with increasing pressure. At 2.2 GPa there is
a change in the diffraction pattern that cannot be described
by only the orthorhombic phase but as a mixed phase
with coexistence of the tetragonal and orthorhombic phase
(see inset Fig. 4). Beyond this pressure the pattern is described
by the tetragonal phase and the c/a ratio decreases indicating
decrease of unit cell distortion and shown in Fig. 4. At 5 GPa
however, it is possible to fit the data set with either the cubic or
tetragonal symmetry with the same overall quality of fit indi-
cators. Hence in Fig. 4 a value for the c/a ratio of 1.002 is shown
but also 1. As the data can be fitted equally well with a higher
symmetry and visually the fit around the region of the 200
reflection is better. We suggest that the 5 GPa data set is
actually in the cubic phase. However, it should be noted that
this result is governed by the resolution limit of the current
measurement using the PEARL instrument. With increasing
pressure the Ti-O bonds of the TiO¢ octahedra in the octahe-
dral phase tend towards a reduced variance of values (Fig. 4).

3.4 Compression of rhombohedral phase

Below 215 K at ambient pressure BaTiOj; is in the rhombohedral
phase (R3m). The polar direction is along [111] and hence the Ti
is located at 0,0,0, the displacement of the Ba atom described by
2+ 8,3 * OXg,3 + Ox, and that of the oxygen described as 0 + 8x;,1 +
N1, % + dx,, where dx,, ox; and dy, are the displacements which
give rise to the dipole (Fig. 1). The TiOg octahedron contain three
short, 1.92(2) A, and three longer, 2.09(2) A, Ti-O bonds.

In contrast to the work of Hayward et al, the study of the
rhombohedral phase has been approached by cooling at
ambient pressure. In terms of diffraction, this phase is
significantly different to that of the orthorhombic phase at
the same pressure see Fig. 2.>° The sharp 200 reflection is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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observed at ~2 A in contrast to the split 020/202 reflections of
the orthorhombic phase (see Fig. 2).

With increasing pressure the unit-cell volume reduces with
increasing pressure at 175 K (see ESIT). There are limited data points
and hence only a second order Birch-Murngahan equation of state
can be fitted reliably, results detailed in Table 1. Above 2.5 GPa there
is a change in the diffraction pattern and it cannot be described by
the rhombohedral phase. Fig. 5 shows how the diffraction pattern
around the region of the 200 reflection of the rhombohedral phase
evolves with increasing pressure, showing the transformation to the
orthorhombic phase and the corresponding fit. Although the dif-
fraction patterns up to ~2.5 GPa are fitted with the rhombohedral
phase of BaTiO;, with increasing pressure the results of the refine-
ments show no observable trend in bond length behaviour.

The compressive behaviour of BaTiO; was also performed at
120 and 155 K however, in both experiments crystalline metha-
nol was also formed upon compression. The presence of the
crystalline methanol in the diffraction profile hindered refine-
ment of the data as a result of peak overlap, however, it was
possible to determine that no phase transition to the orthor-
hombic phase was observed up to a pressure of 4.8 GPa at 120 K.

4 Discussion

4.1 Compression behaviour of BaTiO;

The bulk modulus of each of the phases of BaTiO; has been
determined and are detailed in Table 1. There are some
interesting anomalies upon compression of some of the
phases. The negative B of the cubic (Pm3m) phase at 480 K
suggests abnormal softening of the elastic modulus with
compression. Similar behaviour has been seen in other materials
for example ZrO,.** We suggest that this softening could
described by one of three possible mechanisms. As described
above and in detail elsewhere'®*' BaTiO; has a local structure
which is disordered, even in the cubic phase, though our crystal
structure parameterisation assumes perfect ordering with no local
distortions. The appropriateness of this approximation depends
on the length scales being considered, which in the present study
may be insufficient to ignore the effects of local distortion.
A gradual change in the local structure in the cubic phase with
increasing pressure may be the cause for the observed softening
of the material. A second explanation is that softening of the
material can be a prelude to a phase transition, however, this
softening is seen throughout the pressure range studied at 480 K.
A third explanation may be that that there are anomalies in the
higher elastic constants in cubic BaTiO; which may result in a
negative B’. Anomalies have already been described for the
tetragonal phase of BaTiO; which is also locally disordered.
Brillouin scattering from the cubic phase®® suggests large pressure
gradients in shear wave velocities with negative curvature, such
anomalous behaviour may well be a result of “soft mode”
behaviour, often observed in high-symmetry phases near the
critical pressure of a second order phase transition.>®

At 290 K we note that 2nd order B, is higher in the cubic
phase, 150(2) GPa, compared to that of the tetragonal phase,
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124.6(7) GPa (see Table 1). This observation is corroborated by
sensitive ultrasonic measurements,”® with values at 290 K of
139.2(3.1) GPa and 195.0(5.0) GPa for the tetragonal and cubic
phase respectively.®" Previous Brillouin scattering measurements
at as function of pressure gave a B, of 139.4 GPa.”® We have also
determined the derivative of the bulk modulus to be ~7 for the
tetragonal phase and the previous study by Fischer et al derive
a value of 10.>' We note that the number of data points
determined in each phase at 290 K in particular the cubic phase
may not be sufficient to support the fit by a 3rd order EoS and
the determined values are only shown for completeness and
comparison. However, the value of B, derived from the third
order fit is closer in value to that derived previously by a X-ray
diffraction study of 135 GPa with a derivative of 6.4 (errors not
provided for either value).*!

The orthorhombic phase appears to be more compressible
than the tetragonal and cubic phases with a bulk modulus of
116(2) GPa compared to the tetragonal phase at 225 K with B, of
142(8) GPa. It should be noted that there are fewer data points
for each phase with decreasing temperature with which to
determine the compressibility of each phase and this may well
affect the fitting of the data to an equation of state. Two
separate theoretical determinations of B, give values of
135 GPa and 97.5 GPa.”*>>*

The bulk modulus of the rhombohedral phase of BaTiO; at
175 K can only be reliably fitted with 2nd order Birch-Murna-
ghan EoS. Fitting with a 3rd order EoS gives a negative value of
B’. This result is likely to be a result of the number of data
points measured and the small pressure range over which the
phase exists. The determined values are in close agreement
with those determined by computational methods who predict
values 126 GPa and 103.5 GPa.>®>* By visual inspection of the
data it may be that some softening of the bulk modulus may
be occurring with increasing pressure, although not as
pronounced as the numerical fitting may suggest, the
individual median compressibilities are given in Table 1 and
can be compared for all phases at each temperature measured.

4.2 Phase transitions of BaTiO;

As previously discussed the ideal value for the tetragonal c/a
ratio at 290 K is 1.01. The c/a ratio is a means to describe the
strain in the system (and in the ESI,} the variation in spontaneous
strain for the transition observed is detailed). The abrupt change
in the c/a ratio from 1.004 to 1 is consistent with a first order
improper ferroelastic transition, caused by a discontinuity in the
order parameter (the polarisation). We also note that there is a
disagreement in the transition pressure relative to that observed
by other methods with the value ranging from 1.6 GPa,”
1.9 GPa,** 2.35 GPa® and ~2.6 GPa (this study). These
discrepancies may be a result of the different measurement
techniques sensitivities to the transition, rates of compression
(which are relatively slow in the current study), sample volume
effects and potentially temperature effects as the Clapeyron slope
of the tetragonal to cubic phase transition is quite steep with a
value of —46 K GPa™'.>* However, our value is in agreement with
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that determined from Raman spectroscopy by Meja-Uriarte et al,
2-2.8 GPa.”?

At 225 K BaTiO; is orthorhombic, but at 2.2 GPa the
diffraction pattern can be indexed as mixed phase containing
both orthorhombic and tetragonal phases, consistent with a
first order transition. The pressure of this transition is in close
agreement with that reported previously of 2.2 GPa (Fig. 2).*
The subsequent transition from tetragonal to cubic symmetry is
also first-order like in nature. The exact pressure at which it
occurs is harder to determine as the differentiation between the
cubic and tetragonal phase becomes limited by the instrument
ability to resolve the 200/002 reflections in the tetragonal phase
from the 200 reflection in the cubic phase (Fig. 4). The evidence
suggests that the tetragonal-cubic phase transition at 225 K
occurs just before 5 GPa and is again first order in nature as the
behaviour of the c/a ratio is similar (Fig. 4) within the pressure
step size used in the current study and if the transition was
second order a more gradual change in c/a ratio would be
observed (over a wide pressure range). It has been discussed in
the literature that the transitions of BaTiO; at pressure become
more second-order like in nature however, we suggest the
transition remains very much first-order like in nature.>® How-
ever, this transition appears to occur at a higher pressure than
that reported previously by Ishidate et al but again may be for
similar reasons to that given above such as errors in reported
pressure, sample volume effects and measurement specific
sensitivities (see Fig. 2).%°

At ambient pressure and 175 K the material is observed to be
in the rhombohedral phase, at 3.6 GPa the diffraction pattern
shows a change in profile, in particular around the reflection
centred around 2.00 A. Fig. 5 shows the diffraction pattern at
175 K at a series of pressures as it transforms from the
rhombohedral phase to the orthorhombic phase. Shown at
2.5, 3.6 and 4.7 GPa are the Rietveld profile fit to the measured
diffraction patterns with both the rhombohedral and orthor-
hombic structures in the diagntostic region around 2 A. At
2.5 GPa there is very little to differentiate the visually fits
between the two phases shown in Fig. 5 however, fitting with
the orthorhombic phase gives a fit with a significant higher
R-factor for the fit of the whole pattern compared to that for the
rhombohedral phase fit. At 3.6 GPa there is no discernible
difference in the overall quality of fit metrics of the Rietveld
refinement of diffraction pattern to either the orthorhombic or
rhombohedral phase and both show similar misfit across the
whole diffraction pattern and the more complex profile sug-
gests a mixed phase region is being observed at this pressure,
with a small improvement in the fit of the orthorhombic phase
across the whole diffraction pattern. At 4.7 GPa it becomes clear
across the whole diffraction pattern that it is best fitted with the
orthorhombic structure as shown in Fig. 5.

The phase diagram of BaTiO; from previous studies is
shown in Fig. 2 with the addition of the data described in this
manuscript. The phase transition borders are in reasonable
agreement with those determined experimentally previously by
Ishidate et al.>” and to a lesser extent that described by Landau
theory work of Hayward and Salje.*® In the current study some
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Fig. 5 Variation in diffraction pattern and associated Rietveld fit of BaTiO3
with increasing pressure at 175 K in region of 2 A. From top to bottom data
collected at 2.5, 3.6 and 4.7 GPa. In each row there is a fit to the data with
the rhombohedral phase (left panel) and the orthorhombic phase (right
panel). In each plot the data is shown as the open circles, the Rietveld fit as
the solid red line and the blue trace the residual of the fit. The vertical
tick marks show the reflection positions for the 200 reflection for the
rhombohedral phase and 020/202 reflections for the orthorhombic phase.
At 2.5 GPa, the similarity in fit at 1.98 A leads us to rely on the fitting metrics
for the overall pattern instead. At the other pressures, the difference in
visual fit quality is clear.

of the phases are found to exist at higher pressures than
suggested by other techniques, however, this is not uncommon
as described above. The fact that we do not observe some of the
phase transitions upon compression at lower temperature does
not indicate they do not exist it is simply we were unable to
compress the sample to the required pressure to induce the
structural transformation at the given temperature.

4.3 Absolute displacements and spontaneous polarisation

The spontaneous polarisation (P) can be determined using the
expression below

P () 2

where z;/ is the apparent charge of atom j and have the value of
+3.6 for Ba, +5.7 for Ti and —3.1 for 0.>® These values differ
from the formal valencies (+2, +4 and —2) as the ions are not
rigid and are polarised in the field as result of their
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displacements.* 4; is the absolute displacement from the high
symmetry position in the cubic phase. e is the coulombic
charge (1.9 x 107"° C) and V. the volume occupied by one
formula unit.

To calculate the absolute displacements (4;) we make the
assumption that the phase transitions are driven by the softening
of a transverse optic mode at the zone centre (as discussed in
detail by Senn et al>*) and hence, it is possible to determine,
relative to the high symmetry form, the absolute displacement in
the direction of the polarisation (4). We assume that the centre of
mass of the unit cell is invariant® for a soft mode transitions and
hence for the sum of atoms (j) displaced with mass () where
Mg, = 137.33, my; = 47.867 and mg = 15.999,

> mid; =0 (2)

The refinement of the crystal structure only yields relative
atomic displacements:

where J; is the relative displacement of atom j, and 4 is the non-
zero sum of these relative displacements. In order to calculate
the absolute displacements (4;) from the relative displacements
(9;) we need to add a constant (K) to all J; termsi

> om0+ K) =0 (4)

where K = —4/3" m;

These calculations require the space groups of the three
distinct ferroelectric phases to be polar and for the tetragonal
and orthorhombic phase the polar direction to be along the c-axis
and for the rhombohedral phase to be polar along the [111] axis.
Absolute co-ordinates for each phase are defined in Table 2.

For the orthorhombic phase Jq,, is perpendicular to the
polar axis and makes no contribution to the calculation of the
relevant centre of mass, there is also a doubling of the pseudo-
cubic unit-cell volume and mass and hence the number of
ferroelectric displacements however, these cancel each other out
in the determination of K. In the rhombohedral phase the polar
axis is along the [111] axis and as a result the determination of
the displacements with respect to the polar axis requires taking
the scalar product of the displacement vector of the site with the
polar axis giving

Sna[3(1 + 2cos 2)]7 = o, 5)
1
(200x + 002)[3(1 +2cosa)]2 = 5,01 (6)
1+2 %
+
(2605 + b0,) (%) = 1 o)

# The constant K is required as a zone centre transition requires the centre of
mass to be undisplaced i.e. _ m;4; = 0 and in the crystallographic measurement
we define an origin arbitrarily along the polar axis and hence when 4 is non-zero
it is necessary to add a constant displacement term to each atom such that the
atom with apparent zero displacement (the origin setting atom) is actually
displaced too.
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Table 2 Absolute co-ordinates for each of the ferroelectric phases of
BaTiOs

Atom X y z
Tetragonal

Ba al2 al2 c/2 + Aga
Ti 0 0 A

o1 0 0 /2 + Aoy
02 0 al2 Ao
Orthorhombic

Ba al2 b/2 Aga

Ti 0 0 A

o1 0 b/2 Ao

02 ald + Apox 0 c/d + Aoy,
Rhombohedral

Ba a2 + Ag, a/2 + Ag, al2 + Ag,
Ti Ari Ari Ari

01 Ao1x 1/2 + Aoy Ao1x

where eqn (6) is the total displacement for all three oxygen sites
and eqn (7) is the displacement of one oxygen atom. The results
of the determined absolute displacements and derived
spontaneous polarisation as a function of pressure for the
tetragonal and orthorhombic phases at 290 and 225 K are shown
in Fig. 6. Unfortunately, as described previously the determined
atomic positions in the rhombohedral phase are not as
precise as required to give absolute displacements of the atoms
with significant enough accuracy and hence spontaneous
polarisation.

An approximate linear decrease can be seen in the sponta-
neous polarisation with increasing pressure for the tetragonal
and orthorhombic phase at 290 and 225 K respectively. The
determined values are in reasonable agreement with those
published before and show that the spontaneous polarisation
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Fig. 6 Top left: Variation in absolute displacements of the atoms with
BaTiO3 at 290 K in the tetragonal phase with increasing pressure. Bottom
left: Variation in absolute displacements of the atoms with BaTiOz at 225 K
in the orthorhombic phase with increasing pressure. In both panels the
black line represents absolute displacement of the barium atom, green of
the titanium atom, and the displacements of the oxygen atoms O1 and O2
by the red and blue lines respectively. Top left: derived spontaneous
polarisation of BaTiOz with increasing pressure in the tetragonal phase at
290 K. Bottom right: derived spontaneous polarisation of BaTiOz with
increasing pressure in the tetragonal phase at 225 K.
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for the tetragonal and orthorhombic phase do not differ
significantly in magnitude at ambient pressure. The discrepancy
between the values compared to those previously determined by
other methods may be a result of the definition of the formal
charge and in previous works attempting a similar method to
that presented here similar discrepancies were observed.'® The
point-charge model only considers the nuclear positions and does
not account for the electronic component of the polarization.
For polar space groups where the origin is not rigidly defined
along the polar axis or plane, as may be the case with a number of
previous studies of BaTiO3, the determined atomic displacements
will be erroneous, potentially confusing interpretation of the
results.

5 Conclusions

The high-pressure behaviour of the archetypal ferroelectric
material BaTiO; has been studied using neutron-powder
diffraction. Each of the four known crystallographic phases (found
in the temperature range 120-480 K) have been compressed from
ambient pressure. Upon compression of the lower-symmetry forms
we have been able to observe transitions to the higher symmetry
forms and have seen that there is significant first order like
behaviour. The compressibilities of each phase have been
determined, along with the variation in strains and polarisability
which gives rise to the ferroelectric properties of BaTiO;. We see a
linear decrease in the strain and polarisability with increasing
pressure within each polar phase compressed. Combined, the
results presented shed new light on the nature of the pressure
driven phase transitions in BaTiO; and the phase diagram of this
archetypal ferroelectric material.
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