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(Å

)
c

(Å
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(Å

3
)

B
a
(z

)
O

1
(z

)
O

2
(x

)
O

2
(z

)
R

p
(%

)
w

R
p

(%
)

χ
2

0
.0

0
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

7
4
5
(6

)
3
.9

8
4
9
6
(1

7
)

5
.6

8
8
0
6
)

1
2
8
.6

2
3
(6

)
0
.0

2
7
(4

)
0
.0

1
3
(6

)
0
.2

5
8
(3

)
0
.2

7
5
(4

)
5
.2

5
4
.1

9
1
.0

0
3

0
.0

1
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

7
4
0
(5

)
3
.9

8
4
8
(2

)
5
.6

8
8
9
(5

)
1
2
8
.6

2
7
(8

)
0
.0

2
0
(8

)
0
.0

2
0
(8

)
0
.2

5
7
(4

)
0
.2

7
7
(6

)
6
.5

1
5
.4

7
0
.6

5
8

0
.0

6
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

7
3
3
(5

)
3
.9

8
5
6
(2

)
5
.6

8
7
6
(6

)
1
2
8
.6

0
7
(8

)
0
.0

2
8
(4

)
0
.0

2
5
(7

)
0
.2

5
8
(3

)
0
.2

7
6
(7

)
6
.9

5
.9

1
0
.5

4
5
9

0
.0

2
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

7
3
8
(4

)
3
.9

8
4
5
(2

)
5
.6

8
7
6
(5

)
1
2
8
.5

8
3
(7

)
0
.0

2
6
(4

)
0
.0

1
2
(7

)
0
.2

5
6
(3

)
0
.2

7
6
(5

)
5
.9

4
.9

3
0
.6

9
9
6

0
.2

5
9
4
)

O
rt

h
o
rh

o
m

b
ic

5
.6

6
9
9

(4
)

3
.9

8
3
8
9
(1

9
)

5
.6

8
2
9
(5

)
1
2
8
.3

6
7
(7

)
0
.0

3
2
(3

)
0
.0

1
1
(5

)
0
.2

5
0
(2

)
0
.2

7
3
(6

)
5
.6

9
4
.6

3
0
.8

6
7
8

0
.5

1
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

6
5
0
(6

)
3
.9

8
1
2
(2

)
5
.6

7
7
5
(5

)
1
2
8
.0

4
7
(7

)
0
.0

2
7
(4

)
0
.0

1
5
(7

)
0
.2

5
9
(4

)
0
.2

7
3
(7

)
5
.6

8
4
.6

3
0
.8

6
0
9

0
.6

4
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

6
2
8
(1

0
)

3
.9

8
1
0
(2

)
5
.6

7
2
0
(1

0
)

1
2
7
.8

7
1
(7

)
0
.0

2
1
(7

)
0
.0

0
9
(8

)
0
.2

5
9
(3

)
0
.2

7
0
(6

)
5
.4

4
4
.5

4
0
.8

2
4
7

0
.7

5
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

6
1
9
(1

0
)

3
.9

8
0
0
(2

)
5
.6

7
1
3
(1

0
)

1
2
7
.8

0
1
(7

)
0
.0

2
3
(8

)
0
.0

0
8
(8

)
0
.2

5
9
(4

)
0
.2

7
2
(8

)
5
.5

8
4
.6

1
0
.8

5
3

0
.9

0
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

6
0
0
(1

3
)

3
.9

7
9
3
(2

)
5
.6

6
7
0
(1

4
)

1
2
7
.6

4
0
(7

)
0
.0

2
3
(1

2
)

0
.0

0
6
(9

)
0
.2

5
5
(5

)
0
.2

7
1
(9

)
5
.7

5
4
.6

0
.8

3
6
3

1
.0

5
(4

)
O

rt
h

o
rh

o
m

b
ic

5
.6

5
7
0
(1

3
)

3
.9

7
8
9
(2

)
5
.6

6
4
0
(1

3
)

1
2
7
.4

8
8
(7

)
0
.0

1
7
(9

)
-0

.0
0
1
(1

)
0
.2

5
9
(4

)
0
.2

6
5
(9

)
5
.5

8
4
.4

7
0
.8

4
6
7

1
.2

2
(5

)
O

rt
h

o
rh

o
m

b
ic

5
.6

5
3
4
(1

0
)

3
.9

7
7
2
8
(1

9
)

5
.6

6
1
3
(1

0
)

1
2
7
.2

9
6
(1

0
)

0
.0

1
7
(9

)
0
.0

0
6
(8

)
0
.2

5
7
(4

)
0
.2

6
6
(8

)
4
.6

6
3
.7

1
2
.1

5
8

1
.4

9
(5

)
O

rt
h

o
rh

o
m

b
ic

5
.6

5
2
(3

)
3
.9

7
5
5
(2

)
5
.6

5
5
(3

)
1
2
7
.0

6
8
(6

)
0
.0

0
6
(1

0
)

-0
.0

0
7
(9

)
0
.2

5
9
(3

)
0
.2

5
6
(8

)
5

4
.0

8
1
.2

9
1

1
.7

7
(5

)
O

rt
h

o
rh

o
m

b
ic

5
.6

4
8
(3

)
3
.9

7
3
7
(2

)
5
.6

4
6
(3

)
1
2
6
.7

4
9
(6

)
-0

.0
0
5
(1

0
)

-0
.0

0
8
(8

)
0
.2

6
4
(2

)
0
.2

3
6
(7

)
5
.0

4
4

2
.1

5
7

2
.1

7
2

M
ix

ed

2
.6

9
(7

)
T

et
ra

g
o
n

a
l

3
.9

6
7
6
3
(1

3
)

-
-

3
.9

8
4
7
(3

)
6
2
.7

2
8
(3

)
0
.5

1
9
(1

4
)

0
.5

0
5
(1

6
)

-
0
.0

2
2
(1

2
)

6
.0

8
5
0
7

0
.9

3
1
8

3
.8

4
(9

)
T

et
ra

g
o
n

a
l

3
.9

6
3
0
8
(1

6
)

-
3
.9

7
5
9
(3

)
6
2
.4

4
6
(3

)
0
.5

5
1
)1

0
)

0
.5

3
4
(1

4
)

-
0
.0

4
0
(1

4
)

5
.5

7
4
.7

5
1
.4

9
5

4
.4

5
(1

0
)

T
et

ra
g
o
n

a
l

3
.9

5
8
6
(2

)
-

3
.9

6
8
7
(5

)
6
2
.1

9
4
(3

)
0
.5

3
6
(1

3
)

0
.5

1
8
(2

)
-

0
.0

3
1
(1

1
)

6
.3

2
5
.2

0
.9

3
3
9

-
-

5
.0

3
(1

1
)

T
et

ra
g
o
n

a
l

3
.9

5
4
5
3
(1

9
)

-
3
.9

6
4
3
(4

)
6
1
.9

9
6
(3

)
0
.5

3
9
(7

)
0
.5

6
(1

4
)

-
0
.0

2
8
(9

)
6
.2

5
.2

4
0
.9

2
5
9

5
.0

3
(1

1
)

C
u

b
ic

3
.9

5
7
6
3
(7

)
-

-
-

6
1
.9

8
8
(3

)
-

-
-

-
6
.2

4
5
.2

4
0
.9

2
3
1

-
-

5
.7

5
(1

3
)

C
u

b
ic

3
.9

5
1
5
9
(7

)
-

-
6
1
.7

0
4
(3

)
-

-
-

-
5
.7

7
4
.6

1
.3

8

4



T
a
b
le

S
4
:

D
et

er
m

in
ed

st
ru

ct
u

ra
l

p
ar

am
et

er
s

fr
om

th
e

re
fi

n
em

en
t

of
B

aT
iO

3
u

p
on

co
m

pr
es

si
on

at
17

5
K

.
F

u
rt

h
er

st
ru

ct
u

ra
l

d
et

ai
ls

pr
ov

id
ed

in

th
e

m
ai

n
te

xt
.

D
es

cr
ip

ti
on

of
th

e
go

o
d

n
es

s
of

fi
t

p
ar

am
et

er
s

R
p

,
w

R
p

an
d
χ
2

ar
e

gi
ve

n
in

re
fe

re
n

ce
S
1

P
re

ss
u

re
(G

P
a
)

S
y
m

m
et

ry
a
(Å
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Å

)
V

(Å
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Figure S1: Representative neutron diffraction patterns of BaTiO3 as a function of pressure and temperature.

In each diffraction pattern the data are represented by open circles, the Rietveld fit by the solid red line and

the residual by the blue trace. The vertical bars indicate the expected positions of reflection and from top to

bottom in each panel represents BaTiO3, lead, ZrO2 and Al2O3 respectively. In the region at high d-spacing

often the strained anvils lead to a misfitting (and hence high residual) and at lower temperatures the pressure

transmitting medium can result in an amorphous background which is more problematic to fit.
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Figure S2: Variation in unit cell volume per formula unit for BaTiO3 at 225 K. The solid squares are for the

orthorhombic phase. The open square symbol represents the mixed phase point (orthorhombic and tetragonal).

The solid circles the tetragonal phase and the solid trianghle the cubic phase. The inserts show the region

around the diagnostic reflections observed around ∼2 Å, and the letters for each insert panel show region in

compression curve from where they were measured.
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Figure S3: Variation in unit cell volume per formula unit for BaTiO3 at 175 K. The open squares are for the

rhombohedral phase. The open circle symbols represent the orthorhombic phase. The solid line is the second

order Birch-Murnaghan equation of state fit to the rhombohedral phase. The bottom left insert shows the

diffraction pattern of the rhombohedral phase close to ambient pressure at 175 K around the 200 reflection.

The top right insert shows the diffraction pattern of the orthorhombic phase at ambient pressure at 225 K in

the region of the 020/202 reflections.
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1 Spontaneous Strain Determination

The lattice parameters for the tetragonal and orthorhombic phases have been converted into spontaneous
strains relative to the cubic phase. This has been performed in accordance to that described by Hayward
et al.S2 In the tetragonal phase there is a tetragonal strain (et) and defined by

et(z) =
1√
3

(2e3 − e1 − e2) =
1√
3

(
c− a′

a′
− a− a′

a′

)
(1)

where a′ is defined as the value of the cubic lattice parameter would have at the pressure and tem-
perature in the absence of the phase transition. At 290 K this can be determined by extrapolation of
the variation of the a lattice parameter in the cubic phase from 2.6–5.8 GPa (as suggested by Carpenter
et al).S3 This extrapolation of the cubic lattice parameter and the variation in the tetragonal strain at
290 K for the tetragonal phase is shown in Figure S5.

In the orthorhombic phase there is tetragonal strain (et), with a principal axis parallel to to the x0
crystallographic direction and is defined as

et(x) =
1√
3

(2e1 − e2 − e3) =
1√
3

(
2
b− a′

a′
−

a√
2
− a′

a′
−

c√
2
− a′

a′

)
(2)

there is also a shear strain e4 and is defined as

| e4 |=
a√
2
− a′

a′
−

c√
2
− a′

a′
(3)

However, at 225 K there is not sufficient data to extrapolate from the two cubic data points at 5
and 5.7 GPa the cubic behaviour in the tetragonal and orthorhombic phase. As a result at 225 K the
spontaneous strains et(x) and e4 have been determined on the basis that transitions have no volume
strain and a′ =

√
[ 3]V . A test of this methodology was performed on the tetragonal phase at 290 K and

the variation in et(x) is only seen in the fourth decimal point when comparing the methods of obtaining
a′. On this basis the variation of the tetragonal strain for the orthorhombic and tetragonal phase at 225 K
with pressure is potted in Figure S5 and as well as e4 for the orthorhombic phase. For the rhombohedral
phase it is not possible to determine the strain - this is as a result that the in the unit cell angle is very
close to 90◦ and hence the strain is very close to if not zero. A measurement of this small distortion is
also instrument resolution limited and the PEARL instrument is only a medium resolution instrument.
A general increase in the rhombohedral cell angle is observed with increasing pressure although relatively
small.
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Figure S4: Variation in unit cell volume per formula unit for BaTiO3 at 225 K. The solid squares are for the

orthorhombic phase. The open square symbol represents the mixed phase point (orthorhombic and tetragonal).

The solid circles the tetragonal phase and the solid trianghle the cubic phase. The inserts show the region

around the diagnostic reflections observed around ∼2 Å, and the letters for each insert panel show region in

compression curve from where they were measured.
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Figure S5: Top: Variation in lattice parameters of BaTiO3 with increasing pressure at 290 K. The solid

squares and circles show the value of the a and c lattice parameters of the tetragonal phase and the solid

triangles the cubic lattice parameter. The solid line a fit to the cubic lattice parameter variation with pressure

and the linear fit is used to determine the expected cubic lattice parameter at lower pressure in the absence of a

phase transition. Bottom: Variation in spontaneous strain in BaTiO3 with increasing pressure. The tetragonal

(et(z)) strain in the tetragonal phase at 290 K is shown as solid squares (et(x)) and for the orthorhombic

phase at 225 K as solid circles. The shear strain (e4) in the orthorhombic phase at 225 K is shown as solid

triangles.
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