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Abstract. Strontium titanate exhibits two phase transitions at 5 GPa and 14 GPa. We use X-ray absorption Ti K pre-edge
structure as a probe of the local atomic structure of SrTiO3 under pressure. The pre-edge is characterized by four main
features labeled A, B, C; and C;. Above 5 GPa, the intensity of peak B is decreased while that of the double feature C;-C,
is increased. By increasing the pressure above 14 GPa, peak A shifts towards lower energy and of peak C; towards higher
energy. While the first phase transformation is known to be a transition from the cubic phase to a tetragonal one, the second
phase transformation leads to a crystal structure not yet identified. To analyze these spectral modifications, full-potential first
principles simulations of Ti K pre-edge are performed. The calculations provide a good agreement with experiments and
permits the identification of the four features in terms of orbital hybridization. Trial crystal structures are proposed in order to

account for the pre-edge modifications observed under pressure.
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INTRODUCTION

Although structural phase transitions in the solid state
have been extensively studied in the last decades, the
case of ferroelectric titanate perovskite is still of great
interest in condensed matter physics. For example, Stern
[1] recently explained the respective role of displacive
and order-disorder components in the cubic-tetragonal
phase transition of BaTiO3. More recently, Ti K-edge X-
ray absorption near-edge structure (XANES) measure-
ments under pressure have revealed the disappearance of
the local rhombohedral distortion in BaTiO3 [2].

This paper is devoted to the pressure induced phase
transitions of SrTiOj3 that are investigated by X-ray ab-
sorption spectroscopy in the Ti K pre-edge range. Indeed
this region is a probe of the local Ti environment since
it involves electronic transitions into unfilled Ti d levels
[3]. The interpretation of the experimental spectra is car-
ried out with the help of non “muffin-tin” first-principles
calculations using the method described in [4, 5].

METHODS

Experiments are performed at the LUCIA beamline of
SLS (Swiss Light Source) at the Ti K edge in a mem-
brane diamond anvill cell. A Si (111) double crystal
monochromator is used and the detection is done in
transmission mode with a Si diode. XANES measure-
ments are carried out on SrTiO3 powder sample up to
30 GPa. Further experimental details are given in [6].

XANES calculations are performed using a plane-
wave electronic structure code!, based on density func-
tional theory (DFT) in the local density approxima-
tion (LDA), in which has been recently implemented
the calculation of X-ray absorption spectra in elec-
tric dipole and quadrupole approximations [4, 5]. The
method uses Troullier-Martins norm-conserving pseu-
dopotentials, periodic boundary conditions and compute
the absorption cross section as a continued fraction in
both electric dipole (E;) and quadrupole (E,) approxi-
mations. In all the calculations the plane-wave expansion
is limited by a cut-off of 80 Ry and the continued frac-
tion is computed with a broadening parameter y=0.68 eV.
For supercell calculations, the self-consistent potential is
determined on one K-point, while the cross section com-
putations require 3 x3x 3 K-point grids.

RESULTS AND DISCUSSION

Figure 1 presents three Ti K pre-edge experimental spec-
tra recorded at 1, 11.7 and 30 GPa, showing the effects
of two phase transitions of SrTiO3 occurring at 5 and
14 GPa. The three pre-edge exhibits four main peaks la-
beled A, B, C; and C,. The first phase transformation
is characterized by an intensity decrease and an energy
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shift (+0.4 eV) of peak B, and by an intensity increase of
peaks C; and C,. The second transition shows energy
shifts of peak A (-0.5 eV) and of peak C; (+0.4 eV).
Simulations are needed to analyze these modifications.
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FIGURE 1. Experimental Ti K pre-edge recorded in SrTiO3
at 1 GPa, 11.7 GPa and 30 GPa

First we focus on the cubic phase to understand the ori-
gin of the four pre-edge features. Second, distorted per-
ovskite structures are tested in order to reproduce the
pressure induced changes observed in pre-edge region.
For the ambient conditions phase, the calculations are
performed in the Pm3m cubic structure where Ti atoms
occupy Op symmetry site [7]. Figure 2 displays the the-
oretical pre-edge spectra calculated with or without the
Is core-hole on the Ti absorbing atom. The core-hole
is taken into account within a 3x3x3 supercell (135
atoms), in agreement with Ref. [8]. Figure 2 also shows
the E; contributions separately. The presence of the 1s
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FIGURE 2. Calculated Ti K-pre-edge with and without core-
hole for the cubic ambient phase The total cross section is
labeled E;+E;, and the isotropic E; contribution is multiplied
by a factor 4.

core-hole essentially produces a shift of the E; transi-
tions towards lower energy, as in rutile [9], explaining

the origin of peaks A and B. This energy shift is not large
enough. This discrepancy with experimentis due to DFT-
LDA which is limited in the modelling of electron-hole
interaction [10]. The too small theoretical intensity of B
feature is also in disagreement with experiment.

Peaks C; and C, result from E; transitions, and are
very slightly affected by the core-hole (Figs. 2 and 3). In
figure 3 we compare E; and E, cross sections with par-
tial density of empty states (pDOS) performed without
core hole and using the same code. The cross sections
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FIGURE 3. Theoretical E; and E, spectra calculated com-
pared with ground state pDOS calculations

and the corresponding pDOS have very similar shapes,
i.e. the energy-dependence of the radial transition ma-
trix elements is negligible within pseudopotential frame-
work. Figure 3 then shows that C; and C, features are
due to 1s — p transitions and that the empty p states of
Ti absorbing atom are hybridized with the 3d-gg states of
neighboring Ti via O-p states. Peak B has a very weak E
contribution resulting from the hybridization of p states
of absorbing Ti and 3d-tyg states of neighboring Ti. How-
ever this contribution is not large enough to reproduce the
experimental strength of peak B. If Ti was not in a cen-
trosymmetric site, the mixing between p and 3d-eg states
of absorbing Ti atom would be allowed and then increase
the intensity of peak B. This is illustrated in figure 4 that
exhibits theoretical spectra obtained with Ti displaced
along the [111] direction. According to this figure, the
Ti displacement from the centrosymmetric site should be
around 0.1 A in order to explain the experimental inten-
sity of feature B. Complementary studies are needed to



determine if this off-center disorder could be either static
or dynamic.
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FIGURE 4. Theoretical spectra with various oft-site Ti posi-
tions. AR s the shift of Ti along the [111] direction

The second pressure induced phase transition is known
to be a cubic to tetragonal one. We use the tetrago-
nal crystal structure of the low-temperature phase (space
group 14/mcm) given in [11], where the TiOg octahedra
are tilted (tilt angle ¢=1.12°). Calculations are performed
using a 2x2x2 supercell. Unfortunately this structure
does not explain the intensity increase of C; and C,,
even if B strentgh is decreased and C; slightly shifted
towards higher energy (see figure 5). Greater tilt an-
gles do not improve the agreement with experiment. For
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FIGURE 5. Theoretical Ti K pre-edge for cubic structure
with off-center Ti, for low-temperature tetragonal structure and
for CalrOj3 relaxed structure.

the high-pressure phase, the CalrO3 orthorhombic per-
ovskite structure with space group Cmcm [12] is consid-
ered, mainly because the TiOg octahedron presents two
kinds of Ti-O distances, that are supposed to be responsi-
ble for the shifts of the two E, peaks. A 3x1x 1 supercell
is built after a total energy minimization of the SrTiO3
unit cell with the CalrO3; geometry. The corresponding

cross section shows too important spectral changes but
their trends are in agreement with the modifications ob-
served experimentally (see figure 5). In particular, peaks
A and C; are oppositely shifted and the intensity of C;
and C; are increased.

CONCLUSION

Thanks to first-principles full-potential calculations, we
give an interpretation of the Ti K pre-edge features in
SrTiO3. In the cubic phase, our results are in agreement
with [8, 13]. We find that E, transitions cannot explain
the whole intensity of feature B: E; transitions should
be present, that implies a Ti off-center disordered posi-
tion. The tilt of the octahedron in the low-temperature
tetragonal phase does not explain all the modifications
observed in the 11.7 GPa experimental spectrum. On the
other hand, considering distorted octahedron with 2 Ti-O
distances, as in CalrOj, leads to trends in agreement
with experiments.
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