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Symmetry of ferroelectric phase of SrTi18O3 determined by ab initio calculations
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Substitution of more than 33% of the naturally abundant 16O in strontium titanate SrTiO3 by 18O causes
the system to become ferroelectric at low temperatures. The ferroelectricity has been observed via susceptibility
measurements, but to date the details of the ferroelectric phase and the phase transition are unclear. Using ab initio
density functional theory and lattice-dynamics calculations, we find that the stable structure of the ferroelectric
phase is orthorhombic with Ima2 symmetry. The Ima2 point group is noncentrosymmetric and the proposed
structure exhibits an electric dipole moment of (0.57 0 0) eÅ. The Ima2 symmetry is consistent with the limited
structural details that are reported using neutron diffraction and Raman spectroscopy.
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I. INTRODUCTION

Strontium titanate, SrTiO3 (STO), possesses a range of
interesting properties, and was the model system used for the
first measurements of phonon soft modes. It also becomes
a superconductor at millikelvin temperatures and can be a
metallic conductor when chemically reduced.

STO is a quantum paraelectric1 and its dielectric constant
saturates at low temperatures because quantum fluctuations
inhibit the transition2 to a ferroelectric phase, and the evolution
of the dielectric constant with temperature3 is therefore
arrested. Ferroelectricity in STO can be induced by applying an
electric field4 or by applying stress.5 It was found6 that STO
becomes ferroelectric at low temperatures when the 16O in
STO is substituted with isotopic 18O, and later it was shown7

that this phase transition is observed when the fraction of
18O exceeds 33%. The critical temperature increases with 18O
content, and when fully substituted with 18O STO becomes
ferroelectric at T = 23 K6 and is denoted as STO18. It is
postulated that the increased mass of oxygen lowers the
frequency of lattice vibrations,7 freezing the soft mode which
would otherwise inhibit the ferroelectric phase transition in
SrTi16O3.

Raman measurements confirmed the phase change by
showing new peaks present in the low-energy region.6 Neutron
scattering experiments8 showed that the new phase has a lower
symmetry and is most likely orthorhombic. At present, the
nature of the phase transition remains under debate, as nuclear
magnetic resonance (NMR) results indicated an order-disorder
mechanism,9 while initial Raman experiments10,11 suggested
an ideal displacive transition resulting from softening of
a Slater-like12 ferroelectric mode. More detailed Raman
experiments suggested that the transition is a soft-mode-
type quantum phase transition involving the coexistentce of
paraelectric and ferroelectric phases13,14 or the percolation of
polar clusters.15,16 Raman experiments17,18 indicated also that
local symmetry-breaking regions appear at low temperatures
in the crystals near the critical concentration of 18O and
these regions are precursors of the ferroelectric phase. It is
theoretically possible19 for the transition to combine displacive
and order-disorder behavior.

Various theoretical models have been employed20–23 to
explain the phenomenon of the isotope-induced ferroelectric
phase transition in STO.

The aim of the present study is to determine as many struc-
tural details as possible for low-temperature crystal structure
of STO18 and to understand the mechanism of the transition.

Starting with the tetragonal unit cell, we performed density
functional theory (DFT) calculations using Vienna Ab Initio
Software Package (VASP)24,25 to determine the total energy
and optimize the crystal structure. We then used PHONON26 to
calculate the Hellman-Feynman forces, and thus the phonon
dispersion curves and vibrational density of states. The phonon
dispersion curves show that the tetragonal phase is unstable,
and by following the atomic displacements of the imaginary
mode we derived a stable and ferroelectric structure, Ima2.

II. METHOD

The procedure must start from a structural optimization that
places the atoms in their potential-energy minima, making
it possible to analyze the system dynamics using the direct
method. This was achieved using the conjugate-gradient
method for structural relaxation, this being the most robust
procedure provided by VASP. In practice, different minimiza-
tion algorithms usually affect the speed of convergence, but
have little influence on the final outcome.

Clearly, when dealing with the energy calculations there is
no difference between 16O and 18O, as the influence of the mass
of the nucleus on the electronic configuration is not included
in the pseudopotentials, but the increased mass of oxygen is
included in the lattice-dynamics calculations.

In all the calculations performed with VASP, projector
augmented wave (PAW) pseudopotentials27,28 were used. The
exchange correlation is included within the general gradient
approximation (GGA) as implemented29,30 by Perdew, Burke,
and Ernzerhof (GGA-PBE). VASP uses Pulay mixing when
updating the potential during the self-consistent calculation of
the electronic ground state.

For the (2 2 2) supercells, the calculations have been
performed with a 4 × 4 × 2 Monkhorst-Pack shifted k-point
mesh and 650 eV energy cutoff. The very high energy-cutoff
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TABLE I. Summary of lattice parameters and atomic coordinates for structure A—the experimental structure of paraelectric SrTiO3 at
T = 1.5 K32, structure B—the calculated structure of paraelectric SrTiO3 obtained with VASP, and structure C—the calculated structure of
ferroelectric SrTiO3 obtained with VASP and PHONON. The lattice parameters and atomic coordinates of structure C have been transformed for
ease of comparison with structures A and B. The actual Ima2 cell can be constructed only after changing the sequence of lattice parameters
from (a b c) to (c b a) and the atomic coordinates from (x y z) to (z + 0.25 y x + 0.25).

Structure A B C

Point group I4/mcm I4/mcm Ima2
a [Å] 5.5134 5.5134 5.5043
b [Å] 5.5134 5.5134 5.5036
c [Å] 7.8072 7.8072 7.8341
Fractional coordinates
O1 (0 0 0.25) (0 0 0.25) (−0.004 0 0.25)
O2 (0.2412 0.7412 0) (0.2261 0.7261 0) (0.7215 0.2247 0)
O3 – – (0.2722 0.2246 0.5)
Ti (0 0 0) (0 0 0) (0.00224 0.00044 0)
Sr (0 0.5 0.25) (0 0.5 0.25) (0.0008 0.5 0.25)
Number of atoms in the unit cell 20 20 20
Total energy [eV] −160.573 019 −160.597 644 −160.599 194

is important for strain determination and therefore cell-shape
optimization. This requires higher cutoff values than any other
property calculated in the structure optimization process.

With PHONON the dynamical matrix was determined using
the direct method,31 and that is where the increased mass
of oxygen was included. For each structure a (2 2 2)
supercell was created and a minimal set of atom displacements
necessary to obtain all elements of the dynamical matrix
was determined. For each direction a positive and negative
displacement was applied. The amplitude of displacement
used in the calculations was 0.03 Å, which yields good
results for most systems. A higher amplitude may decrease
the accuracy of the results, as the harmonic approximation of
the potential only holds within a limited range, while a lower
amplitude limits the precision of the numerical approach due
to rounding errors.

For each of the distorted structures, VASP was used to
minimize the energy of the electronic system and determine
the forces acting on the ions. All calculations were performed
using the same set of parameters, as even a small change
of energy cutoff or a modification of the k-point mesh may
result in a change in the potential shape and therefore move
the potential minima away from the atom positions. PHONON

was used to determine the dynamical matrix from the forces,
followed by the calculation of phonon dispersion curves and
the vibrational density of states.

In addition, we performed molecular dynamics (MD)
simulations, also using VASP. In each of the simulations we
used a (3 3 2) supercell. The k-point mesh included the �

point only and the energy cutoff was reduced to 300 eV. A
time step of 1 fs was used, and each simulation run consisted
of at least 6000 steps.

VASP implementation of Berry’s phase formalism was used
for the determination of the electronic dipole moment. Only
a single unit cell was considered in each case using a k-point
mesh of 8 × 8 × 8, and an energy cutoff of 650 eV. The number
of k points was higher than for a (2 2 2) supercell because
the volume of reciprocal space to be sampled is inversely
proportional to the volume of the system.

III. RESULTS

The starting point of our DFT calculations is the tetragonal
cell obtained by Kiat et al. using Rietveld refinement of x-ray
diffraction data32 (structure A in Table I). These experiments
were performed at 1.5 K, which is advantageous for the DFT
calculations that are formally at 0 K.

The cell parameters were fixed because the change in unit
cell due to thermal expansion to 1.5 K is much smaller than the
uncertainties of DFT. Our DFT relaxation process resulted in
structure B (Table I). The symmetry of this structure remained
tetragonal, with the I4/mcm point group and displacements
of atoms within the unit cell resulted in lowering of the
total energy. In particular, the relaxation process increased the
rotation angle of the TiO6 octahedra as illustrated in Fig. 1.

PHONON was then used for calculating the dispersion
curves and density of states, the former being illustrated in
Fig. 2.There are significant imaginary frequencies present at
the� point of the Brillouin zone, which indicates that structure
B is not stable. By displacing the atoms along the directions
associated with the imaginary mode the total energy of the
system (Fig. 3), plotted against the average amplitude of atom

FIG. 1. (Color online) Illustration of the crystal structure of STO
for the experimental structure A observed at 1.5 K32 and the derived
structure B obtained by minimizing the energy using VASP. Sr atoms
are indicated with green and the TiO6 octahedra are indicated in
red and yellow. Note that the torsion angle of the TiO6 octahedra is
increased after relaxation.
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FIG. 2. (Color online) Phonon dispersion curves calculated for
structure B (black lines) and structure C (dashed red lines) from
the center the Briilloin zone to the zone boundary along the [111]
direction. The negative values correspond to calculated imaginary
frequencies. Structures B is not indicated by the imaginary phonon
frequency at the the � point.

displacement) passed through a new lower minumum. Figure 4
shows the directions of atom displacement associated with
the imaginary mode. The optimal average displacements are
0.024 Å for the oxygen atoms, 0.017 Å for the titanium atoms,
and 0.005 Å for the strontium atoms. Even this structure is
not optimized since the cell shape may change, so a further
structural relaxation was made using a fixed unit cell volume,
but allowing optimization of the cell shape, which resulted in
an orthorombic cell with symmetry Ima2 (labeled C in Table I).
We then used PHONON to obtain the phonon dispersion curves
and the density of states of this new structure, C. (see Figs.2
and 5).

The Berry’s phase formalism was used to calculate the
ferroelectric moment of the three structures (see Table I). The
electric dipole moment is zero for both structures A and B,
while for structure C this is (0.57 0 0) eÅ.
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FIG. 3. Energy per unit cell plotted against the amplitude of
atom displacement. The atoms are displaced along the directions
associated with the imaginary frequency at the � point (see Fig. 4).
The displacement amplitude varies between atoms and therefore the
abscissae axis shows the average displacement per atom. The energy
was calculated using (2 2 2) supercells and the energy values are
lower than in Table I due to the difference in energy cutoff (see the
methods section).

FIG. 4. (Color online) Illustration of the displacements associated
with the imaginary phonon frequency at the � point compared to
their equilibrium positions in I4/mcm tetragonal structure B. The
amplitude of the displacement has been multiplied by a factor of 20
for clarity. The instability leads to a Slater-like translation of oxygen
atoms with respect to strontium and titanium positions. This picture
was prepared with BALLS AND STICKS software.33

IV. DISCUSSION

Our initial relaxation of structure A to structure B resulted
in a distinguishable difference, as illustrated in Fig. 1.
This is probably because the experimental atomic positions
correspond to the thermal average, while energy optimization
places the atoms in the minimum of the potential. To test
this possibility we performed MD simulations at 80 K and
found that the time-averaged positions from this simulation
are indeed closer to those determined by experiment. Clearly,
dynamic effects play an important role in the structure STO.
The experimentally observed structure resembles that obtained
from our DFT calculations and exhibits larger thermal param-
eters than would be expected at this temperature. Structure B
is unstable to the Slater-like phonon mode illustrated in Fig. 4.
This instability leads to a lowering of the crystal symmetry
from I4/mcm to Ima2, which is noncentrosymmetric and can
support a ferroelectric moment that we find to be (0.57 0 0) eÅ.
This confirms that structure C is ferroelectric and qualitatively
different from structures A and B.

Figure 2 illustrates the difference between the phonon
dispersion curves of structures B and C. The increased stability
of C is apparent as the lowest “negative” frequency at the �

point is increased from −6.65 to −0.25 meV, this value being
insignificantly different from zero for calculations of this type.
The orthorhombic space group that we find, Ima2, is also in
agreement with the neutron diffraction data of Noda et al.8 who
found that the space group of the ferroelectric phase should
be one of I4cm, Iba2, I2cm, Fm2m, F2mm, or Fmm2.
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TABLE II. Frequency of the Raman peaks observed by Shigenari et al.34 compared to the calculated Raman frequencies for structure C. For
Raman frequencies higher than 100 cm−1 the calculated frequencies match the experiment well. The first section of the table lists the phonon
modes at the � point, and the second part the phonon modes from the zone boundary of the cubic phase, which appear at the � point due to
folding of the Brillouin zone.

Observed Raman frequency34 [cm−1] Assignment34 Calculated Raman frequency [cm−1] Assignment

17 A1/B2 47 B2

17.5 B1 42 B1

171 A1/B2 167 B2

171 A1/B2 167 A1

171 B1 174 B1

517 A1/B2 510 B2

512 A1

517 B1 514 B1

11 B1 29 B1

17.5 A2 38 A2

44 A1 58 A1

144 A2 + B1 + B2 143 B1

143 A2

149 B2

420 A2 + B1 + B2 416 B2

417 A1

418 B1

418 A2

423 B2

426 A2

They were unable to distinguish between these, there being
no significant difference in the goodness of fit between these
space groups. I2cm is identical to Ima2 involving simply a
permutation of the a, b, and c axes. The distortion of the lattice
that leads to the orthorhombic phase is illustrated in Fig. 4.
The oxygen ions move against the Ti ions in the ab plane,
along the diagonal axis of the octahedra. This Slater-mode-like
translation is observed both in the work of Noda et al. and also
in our calculations.

The phonon modes at the gamma point are Raman active
for Ima2 and these are collected in Table II. The calculated

0

0.02

0.04

0.06

D
en

si
ty

of
st

at
es

[m
eV

−
]

0 20 40 60 80 100
Energy [meV]

0

0.02

0.04

57 62

1

FIG. 5. (Color online) The phonon density of states of SrTi18O3

calculated for (a) tetragonal structure B (blue line) and (b) or-
thorhombic structure C (red line with crosses). The inset shows the
region around 60 meV where the difference between the two is most
pronounced.

phonon frequencies and symmetries are in good agreement
with the experimental results34 in almost all cases, particularly
for the high-energy modes. The frequencies of the low-energy
phonon modes of STO are known to depend strongly on strains
present in the crystal,35 and further, the precision of the phonon
calculations in this region is affected by the inaccuracies of
cell-shape optimization within DFT. The agreement between
the observed and calculated intensities is significantly worse,
which may be related to the luminescence present in the
experiments, but nevertheless, the overall consistency between
our structure C and the available experimental results is good.

An additional way to verify the validity of structure
C, without the need for single crystals, might be by the
measurement of the difference of the vibrational density of
states for the tetragonal (B) and orthorhombic (C) phases. Our
calculations predict generally similar profiles, but there is a
significant difference between structures B and C at about
60 meV (Fig. 5), which should be observable using inelastic
neutron scattering.

V. CONCLUSION

Oxygen isotope substitution in STO leads to a ferroelectric
phase at low temperatures that we show to occur via a Slater-
like phonon mode at the � point of the Brillouin zone of the
tetragonal, paraelectric phase. Using DFT we determined the
structure of the ferroelectric phase of SrTi18O3 to have an
orthorhombic unit cell with the Ima2 space group, which is
noncentrosymmetric and exhibits a ferroelectric moment of
(0.57 0 0) eÅ, along the direction that corresponds to [110] in
the cubic system.
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We have determined the phonon dispersion curves, density
of states, and Raman intensities of the proposed ferroelectric
phase, and where possible compared these with the existing
experimental data. The calculated Raman frequencies are
in good agreement with the results published so far and
the symmetry of the structure complies with the results of
the neutron scattering experiments. Clearly, the most useful
experimental data to confirm our results would require fairly

large single crystals of STO18 (which are difficult to obtain)
for neutron diffraction and the measurement of the dispersion
curves.
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