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Abstract The phase transition sequence of SrBi2Ta2O9

(SBT) and the local microscopic dynamics near the ferro-

electric transition are investigated using a shell model with

parameters fitted to first-principle calculations. We show

that the complex interplay between polar and nonpolar

instabilities leads to the presence of two phase transitions.

In this way the existence of an intermediate orthorhombic

paraelectric phase, characterized by the rotation of the

TaO6 octahedra, is demonstrated without using any explicit

experimental data as input. The local polarization dynam-

ics does not provide any indication of a relaxation process

near the ferroelectric transition. Finally, dielectric and

piezoelectric coefficients along crystallographic directions

are investigated.

Introduction

SrBi2Ta2O9 (SBT) is a ferroelectric material with many

important technological applications due to its diverse

physical properties which lead to its use in nonvolatile

memories [1], and electromechanical applications at high

temperatures [2]. In order to understand and optimize these

applications, a detailed understanding of the material

properties at the atomic level is essential, and computer

modeling can play an important role here. However, the

atomistic simulation of SBT and other Aurivillius com-

pounds is a theoretical challenge, not only for the com-

plexity of their crystal structures, which is highly

anisotropic, but also for the delicate interplay between

polar and nonpolar instabilities.

SBT belongs to the family of bismuth layered Aurivil-

lius compounds having the formula Bi2O2(Am-1BmO3m?1),

where A = mono-,di-, or trivalent cations such as Na?,

Sr2?, Ca2?, Ba2?, Pb2?, or Bi3?, B = Ti4?, Ta5?, Nb5?, or

W6?, and m = 1–6 [3]. Many of these compounds are

ferroelectric with high transition temperatures. Ferroelec-

tricity in SBT was discovered by Smolenskii et al. [4]. For

m = 2 or 4 (‘‘even layer’’ materials), it has now been well

established that the ferroelectric phase adopts the ortho-

rhombic space group A21am, which may be considered as

derived from an archetypal tetragonal parent phase, space

group I4/mmm. In SBT, for example, three main distortions

from the paraelectric tetragonal structure lead to the fer-

roelectric phase: the ions displace along the orthorhombic

a-axis (the [110] direction of the tetragonal structure), and

TaO6 octahedra rotate around the a and c axes [5]. The first

factor is directly responsible for the macroscopic sponta-

neous polarization along the a direction, which mainly

involves displacements of the Bi2O2 planes relative to the

perovskite-like blocks [6]. Recent ab initio calculations

combined with a structural and symmetry analysis dem-

onstrated that a delicate interplay exists between these

three structural instabilities, and the ferroelectric phase

transition was explained by coupling the ferroelectric soft

mode with another hard vibration associated with the

octahedral tilting at the Brillouin zone boundary [7]. In this

respect, the nature and sequence of phase transitions in

SBT is much more complicated as compared to simple

perovskites.

The nature of the ferroelectric–paraelectric phase tran-

sition in these materials has been uncertain until quite

recently. In early studies using birefringence measurements

[8], it was suggested that some phases of this type
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underwent a two-step transition from A21am, via an

intermediate phase, to tetragonal I4/mmm. Observations

made using electron diffraction at elevated temperature

supported this hypothesis [9] but the exact nature of the

transition remained unclear. Structural studies in poly-

crystalline SBT samples showed the existence of the

intermediate phase (occurring between *350 and 550 �C),

although its space group (Fmmm [10], Amam [11, 12], or

B2cb [13]) was under debate. Further experimental [14]

and theoretical [15] investigations supported the existence

of an intermediate paraelectric phase with Amam symme-

try. Surprisingly, SrBi2Nb2O9 shows a single crystallo-

graphic phase transition [16] from A21am to I4/mmm,

rather than the proceeding via the intermediate phase,

despite being isomorphous with SBT. Intermediate phases

have not been detected in Bi4Ti3O12 which seems to exhibit

a direct phase transition from the high-temperature

tetragonal to a ferroelectric phase. However, it was shown

recently that the ferroelectric transition in BIT involves the

interplay of six different normal modes belonging to four

different irreducible representations, indicating that the

apparent absence of intermediate phases remains to be

explained [17].

The dynamics of the ferroelectric phase transition in

SBT has been investigated by means of different spec-

troscopy techniques. Raman experiments associated the

ferroelectric transition with the softening of a polar phonon

mode. The lowest optical mode of 29 cm-1 at room tem-

perature showed remarkable temperature variations

towards Tc. Based on these findings it was suggested that

the phase transitions in Bi-layered Aurivillius compounds

are of displacive type [18]. A marked increase of damping

near Tc indicated that the nature of the phase transition

shows a crossing over from displacive to order–disorder

type in the neighborhood of Tc [19, 20]. This dynamical

behavior was also suggested from more recent Raman

scattering investigations in SBT single crystals [21].

Surprisingly, terahertz (THz) spectroscopy studies

showed that the soft mode with frequency near 29 cm-1

has shown no anomaly around Tc [22, 23]. Only a weak

gradual softening of this mode was observed during heating

up to 950 K and, consequently, its contribution to the low

frequency permittivity is much smaller than that needed to

account for the reported dielectric anomaly near Tc. An

additional relaxation process below the phonon frequencies

was resolved in the THz transmission spectra. The critical

slowing down of its relaxation frequency would be

responsible for the dielectric anomaly near the ferroelectric

transition temperature. Therefore, it was proposed that the

phase transition in SBT is prevailingly of order–disorder

type [23]. It was also suggested the existence of polar

clusters in the paraelectric phase, whose dynamics should

be in origin of the critical relaxations [24].

Single crystal results are important to determine the

anisotropy of material properties. However, the experi-

mental studies of Aurivillius compounds are carried out

mainly on ceramics and thin films and rarely on single

crystals due to the lack of crystals of sufficiently good

quality. As a consequence, the complete set of dielectric

and piezoelectric coefficients of SBT has not been

determined.

Given this controversial experimental background and

the difficulties intrinsic to high-temperature measurements,

finite-temperature simulations of Aurivillius compounds

are highly desirable. In this paper we investigate the

sequence and the local polarization dynamics of the tran-

sitions in SBT by using a shell-model approach with

parameters fitted to first-principle calculations.

Shell-model approach and computational details

While first-principle calculations have contributed greatly

to the understanding of the electronic structure and struc-

tural instabilities of SBT [6, 7, 25, 26] and related Auri-

villius compounds [17, 27–29], these methods are restricted

to studying zero-temperature properties. Nowadays, the

combination of first-principle calculations with effective

Hamiltonian [30, 31], or shell-model [32, 33] techniques

offers a multiscale approach to investigate the various

functional properties of ferroelectric oxides in terms of

temperature, pressure, composition, and size. Both methods

are able to correctly reproduce the phase sequences in

many ABO3 perovskites although the transition tempera-

tures have relatively large errors.

In the shell-model approach, atomic interactions are

represented by potentials between each pair of atoms in the

system. Electronic polarization of the atoms is imple-

mented via the Dick-Overhauser model [34], in which an

atom is considered as a charged core connected to a

massless charged shell. The equilibrium distance between

the core and shell is a representation of the electronic

polarization of that atom. The interactions between cores

and shells are controlled by interatomic potentials whose

parameters are fitted to achieve the best possible compar-

ison with experiment or ab initio techniques.

The model used in this work contains fourth-order core–

shell couplings (k2, k4), long-range Coulombic interactions

and short-range interactions described by two different

types of potentials. A Rydberg potential V = (A ? Br)

e-r/q is used for the Sr–O, Ta–O, and Bi–O pairs, and a

Buckingham potential V(r) = A e-r/q ? C/r6 is used for

O–O interactions. For more details about the shell-model

approach applied to ferroelectric materials see Ref. [33].

The model parameters were fitted completely to ab initio

results. That is, no explicit experimental data had been used
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as input. The local-density approximation (LDA) calcula-

tions were performed with the LAPW method, as imple-

mented in the WIEN2k code [35]. Exchange and

correlation effects were treated within the LDA using the

parametrization by Perdew and Wang. The muffin-tin

sphere radii Ri = 2.0, 1.8, 2.3, and 1.5 a.u. were used for

Sr, Ta, Bi, and O, respectively. The value of the parameter

RKmax, which controls the size of the basis set for the wave

functions, was chosen to be 7.3 for all the calculations.

This resulted in well-converged basis sets consisting of

approximately 2500 LAPW functions. For the Sr-4s and

4p, Ta-5s, 5p, and 4f, Bi-6s and 5d, and O-2s states local

orbitals were chosen in addition. Integrations in reciprocal

space were performed using the tetrahedron method. We

used a 6 9 6 9 6 mesh which represents 28k points in the

irreducible wedge for the body-centered tetragonal struc-

ture. Convergence tests indicate that only small changes

result from going to a denser k mesh or to a larger value of

RKmax. The input information for the fitting procedure

corresponded to LDA results of the optimized crystal

structure for the orthorhombic and tetragonal phases,

energy as a function of volume and strain (c/a, c/b, b/a),

underlying potential energy surfaces for structural distor-

tions (ferroelectric and ferrodistortive) of the tetragonal

phase, and forces between atoms. The shell-model

parameters, shown in Table 1, were adjusted to the LAPW

results using a least-square procedure.

The phase transition sequence and the dynamical prop-

erties of the material are investigated by molecular

dynamics (MD) simulations using the DL-POLY package

[36]. The runs were performed employing a Hoover con-

stant-(r, T) algorithm with external stress set to zero; all

cell lengths and cell angles were allowed to fluctuate.

Periodic boundary conditions over 7168 atoms were con-

sidered. The time step was 0.4 fs, which provided enough

accuracy for the integration of the shell coordinates. The

total time of each simulation, after 5 ps of thermalization,

was 45 ps.

Results and discussion

The resulting model is able to reproduce correctly the

T = 0 K structure of SBT, and in good agreement with

LDA. It gives an orthorhombic ground state (space group

A21am) with lattice parameters a = 5.46 Å, b = 5.44 Å,

and c = 24.42 Å, while the LDA results are a = 5.49 Å,

b = 5.48 Å, and c = 24.70 Å. As it is well known, LDA

underestimates volume and volume-dependent properties

with respect to experimental values. For SBT the experi-

mental lattice constants are a = 5.52 Å, b = 5.52 Å, and

c = 25.02 Å [37]. So, the LDA underestimation of the

static structural properties will be translated via the

adjusted model to the finite-temperature behavior.

Regarding the internal atomic positions, the relative coor-

dinates of the orthorhombic A21am structure obtained by

the model agree with experimental values better than 2%

(see Table 2). The spontaneous polarization, however, is

underestimated. The model gives a spontaneous polariza-

tion P & 8 lC/cm2 along the a-axis. Although this value

agree quite well with the polarization measured in SBT

ceramics and thin films, it is lower than the value

P = 20 lC/cm2 measured in single crystals [38]. The

absence of ferroelectricity along the [001] is in agreement

with experiments [39, 40].

Table 1 Shell-model parameters for SBT

Atom Core charge Shell charge k2 k4

Sr -2.060 3.346 45.0 6464.8

Bi 8.575 -5.760 269.7 63.3

Ta 10.380 -5.492 1064.8 32.9

O 0.419 -2.274 17.2 1079.3

Short-

range

A B q C

Sr–O 872.043 -67.565 0.362147 0.0

Bi–O 24135.937 -9301.572 0.291147 0.0

Ta–O 4681.849 -689.125 0.290416 0.0

O–O 17585.281 0.0 0.239138 23.226

Units of energy, length, and charge are given in eV, Å, and electrons,

respectively

Table 2 Internal coordinates for the orthorhombic A21am structure

obtained by the shell model (first line) compared with experimental

data from Reference [36] (second line)

Atom Position X Y Z

Sr 4a 0 0.245 0

0 0.256 0

Bi 8b 0.441 0.776 0.199

0.463 0.776 0.199

Ta 8b 0.512 0.752 0.412

0.510 0.748 0.414

O(1) 4a 0.515 0.292 0

0.524 0.289 0

O(2) 8b 0.514 0.707 0.334

0.521 0.699 0.341

O(3) 8b 0.717 0.998 0.251

0.738 0.992 0.250

O(4) 8b 0.742 0.978 0.074

0.755 0.986 0.070

O(5) 8b 0.791 0.972 0.585

0.791 0.980 0.583
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The temperature-driven phase transition sequence given

by the shell model is investigated from MD simulations.

The lattice constants as a function of temperature are

shown in the Fig. 1. Anomalies are clearly discernible in

the plots of a, b, and c parameters versus T, suggesting the

existence of two phase transitions, one at Tc1 * 870 K and

another at Tc2 * 1300 K, the last one signed by a marked

change of slope in the temperature behavior of the lattice

parameters c. In fact, above 1300 K the lattice parameter c

increases faster with temperature. To better characterize

the transitions we define three order parameters which are

related to the main distortions leading to the low-temper-

ature phase from the tetragonal structure: (1) the sponta-

neous polarization (Px) along the a-axis, (2) the rotation

angles of the TaO6 octahedra around the a-axis (Ua), and

(3) the rotation angles of the octahedra around the c-axis

(Uc). The behavior of the three order parameters as a

function of temperature is shown in Fig. 2. At low tem-

peratures (T \ Tc1) the structure is orthorhombic

(a = b = c) and Px, Ua, and Uc are all clearly different

from zero, indicating the presence of the A21am ferro-

electric phase. The lattice parameters show strong anom-

alies at Tc1, despite the fact that the structure is still

orthorhombic up to Tc2. In this temperature range

(Tc1 \ T \ Tc2) the lattice parameter a is slightly different

from b; Px and Uc are very close to zero while Ua remains

finite. This indicates that a transition from the ferroelectric

to an orthorhombic paraelectric phase takes place at Tc1.

This transition involves not only loss of polarization, but

also the loss of the TaO6 octahedral tilt mode around the

c-axis. The orthorhombic paraelectric structure is then

characterized by the rotation of the TaO6 octahedra around

the a-axis. At Tc2, a, and b take the same value, and Ua

vanishes. This is an indication that a transition to a

tetragonal paraelectric I4/mmm phase occurs at this tem-

perature. We conclude that the developed model repro-

duces correctly the non-trivial phase transition sequence of

SBT.

Displacive and order–disorder characters can be distin-

guished by inspecting the distribution of the local polari-

zation vectors in the paraelectric phase just above the

transition. A displacive (locally non-polar) or order–disorder

(locally polar) transition should be characterized by a

single-peaked and a double-peaked structure, respectively.

The distribution of the x component of the local polariza-

tion at 500, 900, 1000, and 1400 K is shown in Fig. 3. The

local polarization has been defined as the polarization of a

single primitive cell of the A21am orthorhombic structure,

containing two SrBi2Ta2O9 molecules per cell. At 500 K

Fig. 1 Thermal evolution of lattice parameters for SrBi2Ta2O9

determined from MD simulations. The vertical lines indicate the

approximate positions of the structural phase transitions

Fig. 2 Thermal evolution of the order parameters for SrBi2Ta2O9

determined from MD simulations. Px is the spontaneous polarization

along the a-axis. Ua and Uc are the rotation angles of the TaO6

octahedra around the a and c axes, respectively

Fig. 3 The probability distribution of the Cartesian component of the

local polarization px at different temperatures
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the system is in the orthorhombic ferroelectric phase and

the distribution presents a single peak centered at the

average polarization of the system at that temperature

(&7 lC/cm2). In both paraelectric phases, intermediate

orthorhombic (1000 K) and high-temperature tetragonal

(1400 K), the distributions show a single peak structure.

This structure remains unchanged even very close to the

Curie temperature Tc1 (see the plot for 900 K), which

indicates a predominant displacive character for the fer-

roelectric transition.

The time evolution of local polarization components is

shown in Fig. 4. At 500 K, the cartesian component px

shows fast oscillations around a finite polarization value,

and y and z components are oscillating around zero, in

concordance with the macroscopic spontaneous polariza-

tion which is developed along the a direction. Just above

the transition at 900 K, the x component shows fast oscil-

lations around zero. This behavior persists in tetragonal

paraelectric phase at 1400 K. In order–disorder ferroelec-

tric perovskites, such as KNbO3 or BaTiO3, the local

polarization dynamics in the paraelectric phase is charac-

terized by the presence of fast oscillations around finite

polarization values which coexist with much slower

polarization reversals. So, the order–disorder dynamics

possess two components with different time scales, while

one component is associated with quasi-harmonic oscilla-

tions around an off-center position, the other refers to a

relaxational motion between equilibrium sites. Clearly this

is not the case observed here, where a fast oscillatory

dynamics around zero polarization indicates a displacive-

like dynamics for the local polarization near the ferro-

electric transition. This supports the idea that the additional

relaxation process observed in the THz transmission

spectra could be of extrinsic nature, as it was originally

suggested [22].

One advantage of our approach is the possibility to

calculate single crystal properties. Single crystal results are

important to determine the anisotropy of material proper-

ties. We used the atomistic model to investigate the

dielectric and piezoelectric properties of SBT through the

calculation of the dielectric constants (e) and piezoelectric

coefficients (d) along crystallographic directions. In order

to calculate them, we compute at each temperature the

changes produced by applied electric fields in the polari-

zation and in strains components, respectively. Figure 5

shows the dielectric susceptibilities along crystallographic

directions e11, e22, and e33 as a function of temperature. We

choose the polar direction along the z-axis, in such a way

that the a, b, and c axes of the orthorhombic phase corre-

spond to the 3, 1, and 2 directions, respectively. The

behavior showed in Fig. 5 is in qualitative agreement with

experimental measurements in single crystals [38],

although in the latter the in-plane anisotropy (e11 and e33)

was not distinguished. The maximum of e33 corresponds to

the ferro–paraelectric phase transition observed at Tc1. No

Fig. 4 Time evolution of a cell polarization at different temperatures.

At 900 and 1400 K only the x component is shown

Fig. 5 Temperature dependence of the dielectric permittivity along

the crystallographic directions for SBT determined from MD

simulations
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anomalies are observed in e11 and e22 at this temperature,

which confirms that the small peak observed experimen-

tally along the orthorhombic c-axis (e22 here) around Tc1

[38] is of extrinsic character. No dielectric anomalies are

observed at the paraelectric–paraelectric phase transition

Tc2. However, the anisotropy of the system in the inter-

mediate phase can be distinguished through the dielectric

behavior. While in the tetragonal phase (T [ Tc2) a and b

axes are equivalent and e11 = e33, e33 is considerable larger

than e11 in the intermediate phase (Tc1 \ T \ Tc2). That

difference arises from the atomic displacements along the b

direction produced by the rotation of TaO6 octahedra

around the a-axis. The anisotropy of the dielectric response

in the a–b plane provides an alternative way for the iden-

tification of the intermediate phase, and it can be used for

the experimental detection of intermediate phases in other

Aurivillius compounds, provided the existence of single

crystals of sufficient quality.

The thermal evolution of the piezoelectric constants

obtained from the simulations is shown in Fig. 6. From

symmetry considerations, there are five independent pie-

zoelectric coefficients for the ferroelectric orthorhombic

phase of SBT: the longitudinal d33, the transverse d31 and

d32, and the shear components d15 and d24 [41]. We observe

that the coefficients are rather small and they increase near

the ferroelectric transition temperature Tc1. At room tem-

perature the theoretical value of d33 is *20 pC/N, while

the reported experimental values for ceramic samples are

between 12 pC/N and 20 pC/N [42, 43]. Regarding the

transverse coefficients, the values obtained from the sim-

ulation are d32 = 4 pC/N and d31 = -0.5 pC/N. One

interesting characteristic of SBT is the relatively large

hydrostatic charge coefficient dh = d33 ? d32 ? d31,

which is comparable to that of conventional PZT ceramics

[40]. Such particular behavior is mainly due to the effective

positive contribution of the transverse coefficients

d32 ? d31, which is correctly described by our atomistic

model. While it is not possible to distinguish between both

coefficients in ceramics, our single crystal calculations

show that the contribution comes from the positive value of

d32 (the strain along c-axis).

Conclusions

We have shown that the combination of first-principle

calculations with shell-model techniques offers a multi-

scale approach to investigate finite-temperature properties

of Aurivillius compounds. In particular, we demonstrated

the existence of an intermediate paraelectric phase in SBT

without using any explicit experimental data as input; this

phase naturally emerges from the simulated phase diagram.

The local polarization dynamics near the ferroelectric

transition does not provide any indication of a relaxation

process. Finally, the dielectric and piezoelectric coeffi-

cients along crystallographic directions were evaluated.
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