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Theoretical modeling of antiferrodistortive phase transition for SrTiO3 ultrathin films
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Combining group-theoretical analysis and first-principles density functional theory calculations, we confirm
theoretically the antiferrodistortive phase transition in ultrathin SrTiO3 (001) TiO2-terminated films and
compare it with a similar transition in the bulk. We demonstrate phonon softening at the M point of the
surface Brillouin zone and analyze the change in the calculated electronic and phonon properties upon phase
transition.
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Incipient ferroelectric strontium titanate SrTiO3 (STO)
serves as a prototype for a wide class of advanced perovskite
materials showcasing phenomena such as ferroelectricity,1–3

two-dimensional (2D) electron gas,4 or nonvolatile switching
memory.5 Its bulk properties are well studied, including the
antiferrodistortive (AFD) cubic-tetragonal phase transition at
105 K,6 which includes R-phonon softening with doubling of
the unit cell, its elongation in the z direction, and alternating
rotations of pairs of nearest TiO6 octahedra in opposite
directions. Accordingly, the space group 221, Pm-3m (O1

h),
changes for space group 140, I4/mcm (D18

4h). The idea of
a similar phase transition at the STO surface or in thin
films has a long history (see Refs. 7 and 8), but only
very recently a solid experimental proof of this effect was
obtained by means of ellipsometric measurements on the
STO surfaces.9 The studied temperature dependence of the
refractive index has shown a jump that is characteristic for
second-order phase transitions in the temperature range close
to the AFD transition in the STO bulk. Owing to considerable
experimental difficulties (including the presence of defects
and grain boundaries), very limited reliable information on
the AFD surface transitions is available so far in the literature
(e.g., the symmetry of surface phonons is not known). Our
objective here is to combine a group-theoretical analysis with
first-principles calculations in order to shed more light on this
effect.

The Landau theory10 is a commonly used approach for the
description of second-order phase transitions, both in triperi-
odic [three-dimensional (3D)] and diperiodic (2D) systems. It
assumes the existence of an order parameter, determined by
the components of a vector in the representation space of an
irreducible representation (irrep) of the higher-symmetry G0

phase. Hatch and Stokes11 listed all the isotropy subgroups
G � G0 which leave a partial density distribution function
ρ = ρ0 + �ρ invariant (ρ0 is invariant under G0, and �ρ

denotes the contribution to ρ which appears for nonzero order
parameters). The isotropy subgroup G is defined for the μth
irrep of G0, given that the μth irrep of the G0 subduces the
identity irrep of G. The Landau theory and group-theoretical
analysis indicate that the observed AFD phase transition in
a 3D case (where G0 is space group 221, and G is space
group 140) is caused by a softening of the R4+ phonon
mode. Recently we have successfully reproduced this effect
in first-principles calculations.12

Here we apply the isotropy group formalism to the
investigation of the phase transition for the STO surface.
We consider the (001) surface of cubic STO (the most stable
among the other low-index surfaces)13 by means of nonpolar
TiO2-terminated symmetric slabs, consisting of five planes
(Fig. 1). We study the TiO2 termination because (i) it was
predominantly studied experimentally (see, e.g., Table 1 in
Ref. 13), (ii) it is stronger perturbed with respect to the bulk
(i.e., it shows a much larger change in the surface band gap
compared to the SrO termination)14 and thus is expected to
show the surface-induced effects, and (iii) the distortion of
the TiO5 semioctahedra at the surface clearly manifests the
2D effect. We study the five-layer slab for the following
reasons: (i) We are interested in a comparison of pure surface
effects with the bulk case.12 (ii) Such ultrathin insulating films
are widely investigated both theoretically and experimentally
(e.g., to establish a critical film thickness still possessing
ferroelectricity15 and to elaborate on the transport properties
of nanoscopic heterostructures).16 (iii) This study extends our
previous one17 and serves as a basis for researching the charge
carrier confinement effects in thin perovskite films.

The symmetry of the considered slabs is described by the
diperiodic (layer) group P 4/mmm (61). The atomic occupation
of the Wyckoff positions is given in Table I (1a, 2c, 2d,
2e and 4f are occupied), as well as the phonon symmetry
for these Wyckoff positions. The phonon symmetry of the
slab is defined by the symmetry points of a 2D Brillouin
zone (BZ) for a square lattice, �(0,0), M( 1

2 , 1
2 ), and X( 1

2 ,0).
These points are the projections of the 3D BZ symmetry
points �(0,0,0), R( 1

2 , 1
2 , 1

2 ), X( 1
2 ,0,0), and M( 1

2 , 1
2 ,0). The

site-symmetry approach18 allows us to find the full mechan-
ical representation of the 3D (2D) periodic system using
the induced representations of the space (layer) group and
occupation of the Wyckoff positions. The 2D groups’ irrep
labels are the same as used in Ref. 19 for the space groups,
as the layer group P 4/mmm (61) is a subgroup of space group
P 4/mmm (123), corresponding to a slab of cubic STO (see the
2D-3D group mapping in Table 11.1 in Ref. 20).

In our calculations we used a basis set of linear combination
of atomic orbitals (LCAOs) with d exponents on Sr, Ti, and
O and the PBE0 hybrid exchange-correlation functional in
density functional theory (DFT) (to overcome the problem
of the underestimated band gap in STO). We employed the
CRYSTAL09 computer code21 (see the details on the basis sets
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FIG. 1. (Color online) (001) TiO2-terminated five-plane slab of
STO. The displacement patterns of the imaginary phonon modes at
the � and M points are shown for a single semioctahedron with
dashed and solid arrows, respectively.

and calculation setup in our previous study, Ref. 12, page 4).
We calculated the phonon frequencies within the harmonic
approximation using the direct frozen-phonon method (dis-
placement magnitude 0.006 Å). The atomic structure and unit
cell parameters of a five-layer freestanding slab (cut off from
the cubic bulk crystal) were preliminarily optimized to find the
minimum of the total energy. The optimization criteria (root
mean square) were 0.000 15 and 0.000 60 a.u. for the atomic
coordinate gradients and the displacements, respectively. As a
result, the optimized in-plane lattice constants of a freestanding
slab were obtained as 3.85 Å, which is 0.06 Å smaller than
for the bulk. The effects of thermal lattice expansion at
temperatures around the AFD transition (105 K) are smaller
by an order of magnitude (10−3 Å) and were neglected. The
atomic relaxation at the surface is similar to that found in a

TABLE I. Five-plane TiO2-terminated (001) STO slab [layer
group P 4/mmm (61)]: Occupied Wyckoff positions (given in units
of square plane lattice vectors) and induced representations, as found
using the SITESYMM program (Ref. 19).

�(0,0) M( 1
2 , 1

2 ) X( 1
2 ,0)

Sr 2e( 1
2

1
2 ± z)

a1(z) 1+ 3− 2− 4+ 4+ 3−

e(x,y) 5+ 5− 5+ 5− 1+ 1− 2+ 2−

Ti 1a(000)
a2u(z) 3− 3− 2−

eu(x,y) 5− 5− 3− 4−

Ti 2d(00 ± z)
a1(z) 1+ 3− 1+ 3− 1+ 2−

e(x,y) 5+ 5− 5+ 5− 3+ 3− 4+ 4−

O 2c(0 1
2 0, 1

2 00)
b1u(z) 3− 4+ 5+ 2− 4+

b2u(y) 5− 1+ 2+ 1+ 4−

b3u(x) 5− 3+ 4+ 2+ 3−

O 2d(00 ± z)
a1(z) 1+ 3− 1+ 3− 1+ 2−

e(x,y) 5+ 5− 5+ 5− 3+ 3− 4+ 4−

O 4f ( 1
2 0 ± z,0 1

2 ± z)
a1(z) 1+ 3− 2+ 4− 5+ 5− 1+ 2− 4+ 3−

b1(x) 5+ 5− 1− 3+ 2− 4+ 1− 2+ 4+ 3−

b2(y) 5+ 5− 1+ 3− 2+ 4− 1+ 2− 4− 3+

previous study:22 Oxygen ions move above the Ti ions at the
surface, which leads to a rumpling of �1.5% of the lattice
constant.

Using Table I, we performed a symmetry classification of
phonons, obtained in our first-principles calculations. Taking
into account the cubic bulk STO instability that is concerned
with the R4+ soft mode, we expect an instability of STO
(001) due to a softening of the M3+ or M5+ modes: These
irreps of layer group 61 are subduced by irrep R4+ of space
group 221. To calculate the phonon frequencies at the M point
of the 2D BZ, the surface primitive unit cell was doubled
with the transformation matrix (1 1; −1 1). Indeed, we have
obtained the imaginary M3+ mode (Fig. 1) at the M symmetry
point of the 2D BZ in a calculated phonon spectrum. The
low-symmetry phase corresponding to this phonon softening
is described by the layer group P 4/mbm (63).11 Thus, we
performed an additional structure optimization within the new
symmetry constraints of the layer group 63. The obtained
structure relaxation corresponds to the octahedral rotation,
similar to the bulk case, accompanied with a hardening of
the M3+ phonon mode until 129 cm−1 and a total energy
gain of �3 meV. An estimated rotation angle of the TiO5

semioctahedra at the surface is �0.5º, which is thus less than
the TiO6 octahedra rotation in the bulk.12

As follows from our calculated band structure, the phase
transition from the (high temperature) cubic to (low tem-
perature) tetragonal phase in the STO bulk changes the
indirect (R→�) nature of the optical transition to a direct one
(�→�).23 Similarly, the band gap changes from an indirect
to a direct one upon the AFD phase transition on the surface,
accompanied with a considerable reduction of the surface band
gap (by �1 eV compared with the bulk, as discussed earlier).13

A comparison of the calculated and experimental Raman
phonon frequencies for the AFD bulk (space group 140) and
surface (layer group 63) of STO is given in Table II. The
experimental phonon frequencies are reported at 15 and 10 K
for the bulk and surface phase, respectively. In general, there
is a good agreement between the calculated and measured
frequencies. We found worse agreement between the phonon
frequencies with the experiment for the layer group 61 (i.e., at
temperatures above the phase transition).

TABLE II. Calculated and experimental Raman-active phonon
frequencies (cm−1) [experimental irreps (Ref. 26) were not reported;
the closest are taken].

Bulk AFD STO Surface AFD STO

Expt. Expt.
Irrep Theory (Refs. 24 and 25) Irrep Theory (Ref. 26)

Eg 17 15, 40 Eg 133i 37
A1g 85 48, 52 Eg 48 48
Eg 142 143, 144 A1g 129 129

A1g 153 147
Eg 155 162

B2g 157 235, 229 Eg 180 175
Eg 421 394

Eg 454 460, 447 B1g 439 447
B1g 517 548
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FIG. 2. (Color online) The phonon DOS of bulk (top, 80-atom
3D supercell) and surface (bottom, 26-atom primitive 2D cell) before
and after the AFD phase transition (blue and red lines).

In contrast to the bulk AFD phase, the 2D phase shows
imaginary frequencies at the � point (�5+ and �5− modes,
Fig. 1). They are apparently related to the ferroelectric insta-

bility at the STO surface, as discussed earlier in Refs. 27 and
28. Such ferroelectric phase transitions were indeed recently
studied experimentally in thin films of incipient ferroelectrics
STO and KTaO3 under in-plane strain produced by different
substrates (e.g., Ref. 3). This effect requires further investiga-
tion, which, however, lies beyond the scope of this study.

The calculated phonon frequencies were smeared according
to a normal distribution (smearing width 10 cm−1), in order
to obtain the phonon density of states (DOS, Fig. 2). First, the
phonon frequency distribution shows a minor change due to
the phase transition, both in the bulk (as we noted in Ref. 12)
and at the surface. Second, the peak shifts in the frequency
distribution in the vicinity of 100, 180, and 850 cm−1 are
concerned with the new O vibration patterns allowed in the
topmost slab layer.

In conclusion, we have employed both group-theoretical
analysis and first-principles hybrid DFT calculations to prove
the existence of a second-order AFD phase transition in a
defect-free ultrathin film of STO. We have predicted the
symmetry of the relevant soft phonon modes and obtained
a reduction in the octahedral rotation angle at the surface
compared to the bulk case. Calculating the electronic structure
of the relaxed surface, we have also ascertained an indirect to
direct change of the band gap upon the phase transition, similar
to the bulk case. Finally, we have calculated the surface phonon
spectrum and found the Raman-active phonon frequencies for
the AFD distorted thin film to be in good agreement with
available experiments.
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