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Abstract:    

First principles calculations have been made to theoretically interpret the structural stability of 

SrTiO3 as a function of pressure or strain. We show that the orthorhombic Pbnm structure is 

more stable than the ideal perovskite one due to rotations of TiO6 octahedra at high pressures 

or deformations of TiO6 octahedra at low pressures. Such a study is extended to the structural 

stability of the Ruddlesden-Popper Srn+1TinO3n+1 phases for n=1, 2 and 3, in which the lattice 

constraints are induced by the intercalation of SrO layers in the perovskite structure. 
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I. INTRODUCTION: 

 

 Strontium titanate (SrTiO3) is a typical perovskite dielectric with a wide range of 

technological applications [1, 2]. Because of its special properties related to ferroelectricity [3, 

4], semiconductivity [5-9], superconductivity [10-12], and catalytic activity [2], strontium 

titanate has been extensively studied over the years. Very recently, the high dielectric constant 

and electron spin polarization of SrTiO3 make it attractive for further development of 

tunnelling semiconductor valves and magnetic tunnel junctions for spintronics applications 

[13-18].  

However, there are many problems to be solved on the way to maintaining such 

devices. More particularly, understanding the effects of temperature, pressure, strain and 

substrate constraint as well as the effects of nonstoichiometric chemical compositions on the 

phase transitions of SrTiO3 or parent compounds is a crucial issue in order to achieve 

desirable performance and reliability. At room pressure, SrTiO3 transforms at 110 K from 

tetragonal to cubic. Up to its melting temperature, SrTiO3 is known to remain cubic (space 

group Pm3m) but in contrast, the isovalent SrZrO3 compound is orthorhombic at room 

temperature and undergoes a series of phase transitions as a function of temperature. 

Interestingly, epitaxial SrTiO3 films undergo phase transitions leading to either tetragonal or 

orthorhombic structures [19]. It is also known that excess strontium in SrTiO3 results in a 

structural planar accommodation as Ruddlesden-Popper (RP) phases of general formula 

(SrO)(SrTiO3)n [20]. The presence of these layers, as ordered forms of a homologous series of 

(SrO)(SrTiO3)n, or disordered forms of intergrown RP phase lamellae, were corroborated as 

stable phases by x-ray diffraction and transmission electron microscopy [21-24].  

Despite all the experimental efforts, little is known about the fundamental properties 

of SrTiO3 and (SrO)(SrTiO3)n compounds and a comprehensive knowledge of the 

thermodynamic bulk properties of all these phases is still missing. More particularly, 

theoretical investigations of the relative structural stability of the different RP phases lead to 

contradictory results. Using first-principles-based calculations, Suzuki and Fujimoto [25] 

shows a lower exothermic formation energy for Sr2TiO4 than for Sr3Ti2O7, which is opposite 

to the result obtained by Noguera using a semiempirical Hartree-Fock method [26]. Empirical 

simulations based on a parameterization description of the interatomic interactions give other 
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trends [21, 24]. The formation energy of RP phases are still exothermic but Sr4Ti3O10 is found 

as stable as Sr3Ti2O7 according to Udayakumar et al. [21] or less stable as obtained by McCoy 

et al. [24]. Let us mention that Noguera [26] found an endothermic formation energy for 

Sr4Ti3O10.   

In order to shed light on these open problems, we perform a series of ab initio 

calculations in order to determine the structural competition occurring for SrTiO3 as well as in 

the range SrO-SrTiO3. Our findings will be used to (i) study the phase stability of SrTiO3 

compound at room temperature and as a function of pressure, (ii) establish the ground state 

line at T = 0K in the range SrO-SrTiO3, and (iii) discuss our results in comparison with the 

different experimental data presented in the literature.  

The remainder of the paper is the following: in section 2 we present the method used 

to performed ab initio calculations and the obtained results for SrTiO3. In section 3 we present 

formation energies of the Srn+1TinO3n+1 compounds for n=1, 2 and 3 and the stability of these 

compounds is compared to experimental observations. Finally section 4 summarizes our 

conclusions and presents our perspectives. 

 

II. METHOD : 

 

The density functional (DFT) calculations were performed by the Vienna ab initio 

simulation package (VASP) [27], making use of the projector augmented waves (PAW) 

technique [28]. For the exchange correlation functional, we use the generalized gradient 

approximation (GGA) of Perdew and Wang [29]. In the present PAW potentials, the 3d and 4s 

orbitals as well as the semicore 3p orbitals are treated as valence orbitals for Ti while 5s and  

the semicore 4s and 4p orbitals are used as valence orbitals for Sr. 2s and 2p orbitals are used 

for O. The cutoff energy for the plane wave basis set is equal to 400 eV. In all cases, 

structures were fully relaxed with respect to volume as well as cell-internal and cell-external 

coordinates. Care was taken that for each structure a sufficient number of k points for the 

Brillouin-zone integration was chosen.  

In a first step, we propose to study the structural stability of SrTiO3 compound by  

performing total energy calculations for the ideal perovskite-type crystal but also for two 

other structures of the isovalent SrZrO3 which are known to compete at room temperature 

[30,31].The first one is orthorhombic with the Pbnm space group while the other structure is 

pseudocubic on the basis of a doubled cubic perovskite cell with the P213 space group. In 
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Table I, we report the calculated structural parameters for all structures as well as the 

experimental data of the cubic perovskite structure.  

As mentioned in [31], the distortions which occur in the pseudocubic structure are 

mainly due to rotation of the octahedral around the fourfold axes, which makes the parameter 

γ the most important deviation. As this parameter is found to be equal to zero in our 

calculations, this structure can be considered as similar to the ideal perovskite structure. It will 

be no more discussed in the following. For the orthorhombic structure, the atomic coordinates 

in terms of the displacements u, v, and w from the special positions of the ideal cubic 

perovskite structure are given in Table I. The non-zero values of these parameters indicate 

local distortions which are consistent with octahedral tilting [30] although the tilt angles are 

smaller than in SrZrO3. The variation of the cohesive energy as a function of volume is shown 

in Fig. 1 for both ideal cubic and orthorhombic structures. The main result is that both 

structures display similar cohesive energies (a difference of less than 1 meV/atom) at their 

equilibrium volumes. It is also observed that the orthorhombic structure is more stable than 

the cubic one at lower or higher volumes (higher or lower pressures). Our results obtained at 

lower volumes are in agreement with general rules for predicting phase transitions in 

perovskites due to octahedral tilting. Indeed, as mentioned in [32], if the octahedral are 

completely rigid (as we find at lower volumes), the only way in which the unit-cell volume 

can be reduced is by introducing tilts of the octahedral. It is mainly due to the fact that the 

SrO12  polyhedra are more compressible than the TiO6 octahedra. Therefore, the orthorhombic 

structure which displays a tilt system is more favourable than the cubic one to pressure 

effects. However, at higher volumes, the situation is quite different since our calculations 

display important deformations of the TiO6 octahedra with different values of Ti-O bond 

lengths. In this case, general rules mentioned above cannot be applied and  the behaviour of 

SrTiO3 as a function of pressure enters a new regime. We think that our results may serve as a 

new approach to explain phase transitions in epitaxial SrTiO3 films or by addition of 

impurities which favour octahedral distortions. Another possibility for a local distortion is an 

excess of Sr. It leads to the occurrence of the RP phases and it will be discussed in the next 

section in further details. 

 The calculated density of states (DOS) of TiO2 and SrO references as well as SrTiO3 

in both cubic and orthorhombic structures are shown in Fig. 2a et 2b respectively.  The two 

DOS of SrTiO3 are very similar with only a slight shift of the valance band (VB) towards 

higher energies for the orthorhombic structure. The three peaks of the VB is made up 

predominately of the O-2p states with a minor admixture from Ti 3d states in agreement with 
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other theoretical results [33-35].The first major peak above the conduction band (CB) edge is 

contributed mainly by Ti 3d states. This is followed with a more broadened Sr-4d peak (see in 

Fig 2a DOS of SrO and TiO2 taken as references). The calculated indirect gap is equal to 1.9 

eV for both structures. The experimental band-gap energy is 3.2 eV in the cubic phase [1], 

which implies that our value is underestimated as is typical in GGA calculations for oxides. 

To understand more precisely how the bonding in the orthorhombic structure differs from the 

bonding in the cubic one, we examine the charge density differences between the two 

structures and the atomic one. Fig. 3 shows that the charge-density contour maps look similar.  

However the charge transfer that occurs mainly from Ti and Sr atomic species towards the 

oxygen atoms is much more important in the orthorhombic structure than in the perovskite 

phase. Therefore, the Sr-O and Ti-O bonds are more ionic in the tilt system.  

 

III. Srn+1TinO3n+1 COMPOUNDS: 

 

We first calculated the equilibrium structures of the Srn+1TinO3n+1 compounds for n=1, 

2 and 3. The initial structures were constructed computationally from experimental data and 

then fully relaxed with respect to volume, cell shape and internal structural parameters. In 

Table II, we report the calculated structural parameters for all structures as well as the 

experimental data. As for the perovskite structure, the agreement between the calculated and 

experimental parameters is very nice, the slight overestimation of the experimental data being 

a well-known feature of GGA treatment.  

The formation energies of the Ruddlesden-Popper (RP) Srn+1TinO3n+1 phases were 

calculated according to the following reaction: 

                       SrO+ nSrTiO3       →      Srn+1Ti nO3n+1 

Our results are reported in Table III as well as results obtained in the previous 

theoretical studies. Our calculated formation energies are negative in agreement with the 

general trend obtained in previous results. However our results give much more negative 

formation energies (in excellent agreement with the experimental value of Sr2TiO4 [36]) and 

also they provide a different structural hierarchy. We find a lower formation energy for 

Sr3Ti2O7 than for Sr2TiO4, in agreement with empirical based results [21, 24] but in opposite 

to ab initio ones performed by Suzuki and Fujimoto [25]. Noguera [26] found values which 

are much smaller than ours. Moreover our results show lower formation energy for Sr4Ti3O10 

even if the formation energy difference between Sr4Ti3O10 and Sr3Ti2O7 phases is smaller than 

that between Sr3Ti2O7 and Sr2TiO4. Let us mention that the formation energy of Sr4Ti3O10 
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obtained by Udayakumar and Cormack [21] remains constant (in fact all the structures for n 

≥2 display a constant formation energy) while the formation energy given by Mc Coy et al. 

[24] is smaller than that of Sr3Ti2O7. Quite surprisingly, Noguera [26] found a positive value 

for Sr4Ti3O10. Because of the energy differences of the competing structures are small we also 

have performed a set of calculations using the local density (LDA) approximation since a 

general source of inaccuracy might be due to the approximations for the exchange-correlation 

energy functional. Both sets of calculations give similar results, the largest difference being 

smaller than 5 meV. The DOS of the three RP phases are shown in Fig. 4(a-c). Their shapes 

are roughly similar to that of SrTiO3, the additional structures in both VB and CB being due 

mainly to two kinds of inequivalent oxygen and strontium atoms, those belonging to the SrO 

double layers and those from the SrTiO3 units.  

 Having negative formation energies is a necessary condition to study the 

feasibility of RP structures under thermodynamical equilibrium conditions but it is not a 

sufficient condition. Indeed since these phases correspond to different chemical compositions, 

one must also consider the reactions between them or in other terms to determine the ground 

states of the SrO-SrTiO3 section. First we find that the following reaction: 

       SrTiO3 + Sr2TiO4        →       Sr3Ti2O7 

has an exothermic reaction energy of –0.056 eV. Consequently, Sr3Ti2O7 is more 

stable than the associated combination of Sr2TiO4and SrTiO3.  

The second reaction of interest is: 

       Sr3Ti2O7 + SrTiO3       →      Sr4Ti3O10 

which displays a much smaller reaction energy of –0.016 eV. Such a result indicates 

that RP phases with n greater than 2 can be considered as metastable phases.  

For compositions richer in SrO than Sr3Ti2O7, the following reaction is: 

       SrO+ Sr3Ti2O7            →        Sr2TiO4 

is energetically favourable ( -0.144 eV). 

All our results suggest that equilibria in the SrO- SrTiO3 system may be based on a 

series of three compounds, namely Sr2TiO4, Sr3Ti2O7 and SrTiO3. RP phases with n> 2 may 

form under special preparation conditions or if cation dopants were to be used. The inability 

to extract single phases of RP series for n > 2 and the possible appearance of these phases as 

mixed ones confirms the experimental view. For instance the observation by Tilley [23] of the 

coherent intergrowth of lamellae of different widths of the various RP (n=3 to 8) phases in a 

matrix of Sr3Ti2O7 can be explained by the absence of a thermodynamic driving force for 

ordering the RP structure layers. 
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IV. SUMMARY AND CONCLUSIONS: 

 

Ab initio calculations were performed to shed light on the structural aspects of phase 

 equilibria in the Strontium-Titanium-Oxygen System. For SrTiO3, the results of these 

calculations have revealed a strong competition between the perovskite structure and the 

orthorhombic one which is the first step to understand the occurrence of structural phase 

transitions in strained SrTiO3 films. Our calculations have also offered a theoretical basis for 

the Ruddlesden-Popper phases. We found that only the RP Srn+1TinO3n+1 phases with n=1 and 

2 are ground states in the SrO-SrTiO3 system. We believe that the results presented in this 

paper illustrate the usefulness of first-principles based calculations in elucidating complex 

structural behaviour in non-stoichiometric compounds. 
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Figure  Captions: 

 

Figure 1: Calculated cohesive energy as a function of the volume for the perovskite and 

orthorhombic structures. 

 

Figure 2: Total electronic DOS for: a) for TiO2 (full line); SrO (dotted line)  b)SrTiO3 : 

full line , perovskite structure; dotted line orthorhombic structure. 

 

Figure 3: Charge density difference ρself(r)-ρat(r) between bulk and free atom in a) cubic 

and b) orthorhombic SrTiO3. Both compounds display a depletion of charge on Ti and Sr 

sites and a gain of charge on oxygen sites with respect to the electronic configuration of 

the atoms (the maximum is added under brackets in arbitrary units). The transfer of charge 

is drastically increased as the TiO6 octahedrons are tilted in the orthorhombic structure. 

 

Figure 4: Total electronic DOS for:  a) Sr2TiO4 ; b) Sr3Ti2O7; c) Sr4Ti3O10 
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Figure 4:  
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Table I: Space group and calculated lattice parameters (in Å), oxygen positions (in direct 

coordinates) and crystallographic structures of SrTiO3 (experimental and prototypes), 

compared to experimental values [under brackets]. u, v, w indicate possible displacements 

from the ideal cubic perovskite positions according to space group Pbnm. Oxygen atoms are 

small red balls, Ti are grey balls embedded in the octahedrons of oxygen and Sr are the blue 

balls. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TiO2 

(rutile) 
SrTiO3 

(perovskite
) 

SrO 
(NaCl) 

SrTiO3 

      (orthorhombique) 

P4/mnm Pm-3m Fm-3m Pbnm 
(a=b=4.65) 
[a=b=4.59] 

(c=2.96) 
[c=2.95] 

(a=b=c=3.
93) 

[a=b=c=3.
91] 

(a=b=c=5.21) 
[a=b=c=5.16] 

(a=b=5.66) 
(c=7.98) 
[no exp.] 

±(u,u,0) 
± (u+½ ,½-
u,0) 
(u=0.305) 
[u=0.305] 

(½,0,0) 
[½,0,0] 

(½ ,½, ½ ) 
[½, ½ ,½ ] 

                 u         v          w  
Sr        0.001   0.004    0.0 
O(1)  -0.029  -0.001    0.0 
O(2)  +0.009  0.009  0.015 
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 Table II: Space group and calculated lattice parameters (in Å), oxygen positions (in direct 

coordinates) and crystallographic structures of the RP Srn+1TinO3n+1 phases with n=1, 2 and 3 

(under parenthesis), compared to experimental values [under bracket, Ref. 20]. The defect 

structures can be formed from SrTiO3 by removing a (001) sheet of TiO6 octahedra and 

shearing the layer above by ½[111]. Oxygen atoms are small red balls, Ti atoms are grey balls 

embedded in the octahedrons of oxygen and Sr are the blue balls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sr2TiO4 Sr3Ti2O7 Sr4Ti3O10 

I4/mmm I4/mmm I4/mmm 
(a=b=3.92) 
[a=b=3.88] 
(c=12.66) 
[c=12.60] 

(a=b=3.93) 
[a=b=3.90] 
(c=20.48) 
[c=20.38] 

(a=b=3.94) 
[a=b=3.90] 
(c=28.35) 
[c=28.10] 

(0 0 z) 
(0 0 -z) 
(½ 0 0 ) 
(0 ½ 0) 

(z=0.158) 
[z=0.151] 

 (z1=0.096) 
[z1=0.094] 

 (z1=0.069) 
[z1=0.068] 
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Table III: Cohesive energies (Ec) of the RP Srn+1TinO3n+1 phases with n=1, 2 and 3 and their 

formation energies (Ef) from: SrO+nSrTiO3     →    Srn+1TinO3n+1 

 

 

   

               Ec  (eV/atom)           Ef     (eV)    

         Present work    Ref. [36]   Ref.[21]  Ref. [24]   Ref.[25]  Ref.[26] 

 

SrO  6.097  

  

SrTiO3  8.059 

 

Sr2TiO4 7.527          -0.200         -0.24   -0.11       -0.15        -0.158      -0.04    

  

Sr3Ti2O7 7.753          -0.252     -0.14       -0.21       -0.144      -0.10 

 

Sr4Ti3O10      7.844          -0.269     -0.14        -0.19                         +0.02 
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