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                                                Abstract 
 

          Lead titanate (PbTiO3, PT)  is a very excellent, well-known ferroelectric 
material having large polarization and good piezoelectric properties. Many ferroelectric 
films  have been actively investigated for extensive applications in transducers, infrared 
detectors, etc. In this work, we performed the first-principles calculation based on 
density functional theory within generalized gradient approximation with the Perdew-
Burke-Ernzerhof pseudopotentials to investigate structural stable, band structure, 
density of state, and polarization properties using the PWSCF in Quantum-ESPRESSO 
code of the PbTiO3 (PT) bulk and the Pb(ZrxTi1-x)O3 (PZT) superlattices, which is the 
percentages of doped the Zr for 12.5, 25.0, 37.5, and 50.0. Calculate the optimized 
tetragonal structure for the PT bulk and the PZT superlattices and yield  the results  in 
good agreement with the experiments. The calculated band structure  along the 
symmetry lines of the first-Brillouin zone. The results show an indirect band gap along 
X − Γ  direction between the top of the valence band at point X  and the bottom of the 
conduction band at point Γ . This  value is smaller than the experimental band gap, but 
corresponding any theoretically calculated. The density of state for each compounds 
have the a strong interaction between Ti-3d and O-2p orbitals in the valence band and 
the conduction band is mainly consisted of Ti-3d, Zr-4d and Pb-6p orbitals. Doping of 
excess Zr atoms gives raise the increase of the band gap. The polarizations (Ps) are 
caused mainly by an atomic dislocation in tetragonal phase along [001] direction of Pb, 
Ti and Zr. The polarization was calculated by using the berry phase method. The 
polarization of the PZT superlattices with 0 % is nearly close to that of the PT bulk, 
while the ones with greater more Zr atoms are smaller than that of the PT bulk. With an 
increase in the proportion of Zr, the polarization of the PZT superlattice continuously 
declines due to small misfit strain.The Ps values of the PZT superlattices are 
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alternatively calculated by using an electrostatic method and their results are in good 
agreement with the first-principles method. 
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        1.2  kinetic energy cut-off   k-points mesh  

kinetic energy cut-off   k-points mesh   
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 3.4  2 × 

2 × 2   kinetic 

energy cutoff   50   cut-

off  30 Ry   k-points 

  k-points number 4  3  k-points  4 × 4 × 4    

 

2.  

2.1  Self-Consistent Fields (SCF)   

 a  1  

2.2  Self-Consistent Fields (SCF)   
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2.3  Self-Consistent Fields (SCF)   a 
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2.4   1  

     (

 )    
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    Murnaghan equation of state  
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                    (3.1) 
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5.   

 5.1  Self-Consistent Fields   z  

  

 5.2  non-Self-Consistent Fields 

 berry phase 

 z  

 5.3  Self-Consistent Fields  

 z  

 

 5.4  non-Self-Consistent Fields 

 berry phase  

  z  

  5.1-5.4  
 

                                     
1

j ji ji

ij

P Z u
V

∗= ∆∑                                                 (3.2) 

 

            

                   0

ji ji jiu u u∆ = −  ,  i    j 

                    
jV    =  

                    jiZ
∗   =  i  j 

 

            5.5  

   
 

                                              
0

D E Pε= +                                                   (3.3) 
 

  
 

                                                       D1 = D2                                                               (3.4)
 

                            
1 1 1 2 2 2
E P E Pε ε+ = +                                             (3.5) 

 

 

                                                             
                              

                                  
1 2

(1 ) 0x E xE− + =                                          (3.6) 
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 (3.3) (3.6)                                                      
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1 2
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1 1
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x xε ε
=

+ −
                                           (3.7) 
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Effect of zirconium on electronic properties 
of the Pb(ZrxTi1-x)O3 compounds 

A. Thatribud
*
, T. Pengpan 

Department of Physics, Faculty of Science, Prince of Songkla University,  

P.O. Box 3, Hat Yai, Songkhla, Thailand 

Abstract 
We performed the first-principles calculations based on density 

functional theory by using the PWSCF code within a generalized gradient 

approximation with the Perdew, Burke and Ernzerhof pseudopotentials to 

calculate structural and electronic properties of the Pb(ZrxTi1-x)O3 (PZT) 

compounds with x = 0, 0.125, 0.25, 0.375 and 0.5. For each compound, the 

band structure of the PZT in the tetragonal phase is calculated by choosing k-

points along symmetry lines of its first Brillouin zone. Our results indicate that 

its indirect band gap along the X-Γ direction between the top of its valence 

band at the point X and the bottom of its conduction band at the point Γ is 

smaller than that of the experiments. In calculating the density of states (DOS), 

it shows that in doping more Zr atoms the DOS profiles of both the Ti-3d and 

the Zr-4d states in the valence band shift toward higher energy states more than 

those in the conduction band.  

Keyword: ferroelectric material, density functional theory 
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First-principles computation of ferroelectricity  
in Pb(ZrxTi1-x)O3 superlattices

Abdulmutta Thatribud,C Teparksorn Pengpan 
Department of Physics, Faculty of Science, Prince of Songkla University, PO Box 3, Hat Yai, Songkhla, 

Thailand 90112                                                                                                                              
C E-mail: mtt_turion @hotmail.com; Tel. 081-5984212

ABSTRACT 
We performed the first-principles calculation to investigate structural and ferroelectric 

properties of the PbTiO3 (PT) bulk and of the Pb(ZrxTi1-x)O3 (PZT) superlattices for x = 

0.125, 0.25, 0.375, and 0.5. We initially run a PWSCF code to find their optimized 

tetragonal structure, density of state (DOS), and then to calculate their spontaneous 

polarization Ps. It is found that the DOS profiles show strong interactions between Ti-O 

and Pb-O pairs, which play very important role on the ferroelectric properties. The Ps

value of the PZT superlattice with x = 0 is nearly close to that of the PT bulk, while 

those ones with greater values of x’s are smaller. The Ps values of the PZT superlattices 

are alternatively calculated by using an electrostatic method and their results are in 

good agreement with the first-principles method. 

Keywords: Density functional theory, ferroelectric properties, polarization. 

INTRODUCTION 
     PbTiO3 (PT) is one of the prototypes for studying ferroelectric and piezoelectric properties 

in ABO3 perovskite compounds. It has a critical temperature at 766 K, where below that its 

structure is in a tetragonal form and exhibits ferroelectricity; while above that, in a cubic form 

and does paraelectricity. It is also found that its ferroelectricity is dominantly determined by 

strong interactions between both Pb-O and Ti-O pairs. It leads to further experimental and 

computational researches to improve its ferroelectric property by altering or doping other 

transition atoms to the ABO3 compounds [1-9]. 

     In this paper effects of doping Zr atoms to a PT superlattice are investigated by using a 

PWSCF package, a parallel plane-wave self-consistent code based on density functional 

theory [10].  An optimized structural parameter, a density of states (DOS) profile and a 

polarization are calculated when percentages of doping the Zr atoms are 12.5, 25.0, 37.5 and 

50.0. 

COMPUTATIONAL DETAILS 
A superlattice in the PWSCF code is built in a form of 2 × 2 × 2 unit cells, where each 

unit cell consists of Pb’s at its corners, either Ti or Zr at its center and O’s at its faced-

centers. The code is initially run to find an optimized structure by varying lattice 

parameter a for the cubic form and by fixing the in-plane lattice parameter a and varying 

the out-of-plane lattice parameter c for the tetragonal one. In the PWSCF code, we use 

self-interaction-corrected ultrasoft pseudopotentials implemented with the Perdew-Burke-

Ernzerhof (PBE) exchange correlation functional for all atoms, which treat the 5d, 6s and 

6p electrons of Pb, the 3s, 3p, 3d and 4s electrons of Ti, the 4s, 4p, 4d and 5s electrons of 

Zr, and the 2s and 2p electrons of O in the valence, and also use a 30 Ry basis set cutoff 

and a 4 × 4 × 4 Monkhorst-Pack grid [11]. A spontaneous polarization Ps is later 
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calculated by the berry-phase method [12,13], where the Ps for a given crystal structure 

arises from ion and electron dislocations. The ionic contribution is calculated by summing 

the product of ion positions with their nominal charges. The electronic contribution is 

determined by evaluating phase of the product of overlaps between cell-periodic Bloch 

functions along a densely-sampled string of neighboring points in k-space. 

RESULTS AND DISCUSSION 
Structure characteristics  

The optimized structures of the PT bulk and PZT superlattices in the cubic and the 

tetragonal forms are shown in Table 1. The lattice parameters, a’s, for the cubic and the 

tetragonal PT bulks are slightly different from those of experiments, about 0.25% and 

1.03% for the cubic and the tetragonal ones, respectively. While for the cubic PT and the 

cubic PZT with x = 1 superlattices, aPT = 3.960 Ǻ and aPZ = 4.177 Ǻ, which are in 

agreement with previous computational results [1,14]. Therefore, there exists a misfit 

constraint, η  = (aPZ-aPT)/aPT ≈ 0.0549 for the PZT superlattice with x ≠ 0. Although the 

strain effect on the PZT superlattices is very limited, in doping more Zr atoms to the PZT 

superlattices the polarizations reduce significantly.

Table 1. Optimized structure parameters for the cubic and tetragonal bulks and 

tetragonal  

               superlattices.

Electronic structure 
The DOS profiles of the PT bulk and PZT superlattices are shown in Fig. 1. Fig. 1 (a) for 

the PT bulk and Fig. 1 (b) for the PZT superlattice with x = 0 show that the upmost 

valence band is contributed mostly by O 2p orbitals, while the lowermost conduction band 

by Ti 3d orbitals. Similar distribution profiles of Ti 3d and O 2p orbitals in the energy 

range from -6 to -2 eV and of Pb 6s and 6p and O 2p from -4 to 0 eV indicate strong 

interactions for both Ti-O and Pb-O pairs. Dislocation of either Pb or Ti atom in both pairs 

has important effect on the ferroelectric properties. The DOS profiles of the PZT 

superlattices where x = 0.125, 0.25, 0.375 and 0.5 are shown in Fig. 1 (c), (d), (e) and (f), 

respectively. In the upmost valence band, their DOS profiles of the O 2p orbital are 

relatively high and end very close to the Fermi level; while, in the lowermost conduction 

band, their profiles consist mainly of Ti 3d and slightly of Zr 4d and Pb 6p orbitals. 

Therefore, the Ti 3d orbital significantly effects on electrical and optical properties of the 

PZT compound. Note that in doping more Zr atoms the DOS profile of Ti 3d orbital is 

lessened and shifted towards higher energy range.  

Cubic bulk a (Å) Tetragonal bulk a (Å) c (Å) Tetragonal superlattices c/a 

Exp[15] 3.97 Exp[15] 3.90 4.15 PbTiO3  1.021 

LDA[16] 3.89 LAPW+LO[17] 3.83 4.17 PbZr0.125Ti0.875O3 1.021 

B3PW[16] 3.93 DFT[18] 3.86 4.03 PbZr0.25Ti0.75O3 1.035 

B3LYP[16] 3.96 FP-LAPW[19] 3.94 4.20 PbZr0.375Ti0.625O3 1.032 

PBE(this work) 3.96 PBE(this work) 3.86 4.12 PbZr0.5Ti0.5O3 1.041 
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Polarization behavior

The polarizations of the PT bulk and the PZT superlattices from first-principles method 

are shown in Table 2. Note that, due to extremely small misfit strain, the polarization of 

the PZT superlattice for x = 0, 72.496 µC/cm
2
, is insignificantly smaller than that of the 

PT bulk, 72.952 µC/cm
2
. Both values are close to the experimental one, 75 µC/cm

2
 [20]. 

While the polarizations of the PZT superlattices for higher values of x’s decline 

noticeably. In the first-principles method, the polarization of the superlattice is calculated 

by  

        
1

j ji ji

ij

P Z u
V

∗= ∆∑                                                                                                                                                     (1) 

where 
0

ji ji jiu u u∆ = −  is the displacements of an ion i from its equilibrium position along 

the [001] direction, 
jV  is a volume and jiZ

∗
is the dynamical effective charge of the ion i

in the unit cell j. The effective charges of the atoms have been calculated by finite 

difference method [21]. In our calculations, we neglect dislocation of the anions and take 

an average of the polarizations obtained from all eight unit cells.

     In order to confirm the polarization values of the PZT superlattices calculated by the 

first-principles method, they are alternatively calculated by an electrostatic method. We 

assume that the polarization in the PZT superlattice is approximately constant throughout 

its volume and so is its electric displacement D = ε0E + P [22,23]. With this assumption, 

one has an equal electric displacement condition at a boundary between the PbTiO3 cell 

and the PbZrO3 cell, 

           ε1E1 + P1 = ε2E2 + P2                                                                                                     (2)   

                                    

where E1 and E2 are electric fields, and ε1 and ε2 are dielectric constant of the PbTiO3 and 

the PbZrO3, respectively. One also has a condition that the total electric field must vanish 

at the boundary, i.e., 

        (1-x)E1 + xE2 = 0.                                                                                                                                                       (3) 
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Figure 1.  DOS profiles of (a) the PbTiO3 bulk, (b) the PbTiO3 superlattice, (c) the  

PbZr0.125Ti0.875O3, (d) the PbZr0.25Ti0.75O3, (e)  the PbZr0.375Ti0.625O3, (f) the PbZr0.5Ti0.5O3. 
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  Table 2. Spontaneous polarizations for the PT bulk and the PZT superlattices.

a
Ref.[20]  

From both conditions, one finally yields 

( )( )
0

1 2

,
1 1

P
P

x xε ε
=

+ −
                                                                                             (4)

where 0P  is the PbTiO3 polarization value. From (4), the polarizations P of the PZT 

superlattices can be obtained for different composition ratios (1 )x x− , and their 

polarization ratios 0P P from both the first-principles and the electrostatic methods are 

shown in Fig. 2, which are almost identical. 

Figure 2. Polarizations in the PZT superlattices from first-principles and electrostatic 

methods. 

CONCLUSION 
We use the first-principles calculation to investigate the electronic structure and 

polarization behavior of the PZT superlattices. The conclusions are summarized as 

follows: 

(1) There are strong interactions between Pb-O and between Ti-O pairs. 

Increasing  the Zr/Ti ratio effects on shifting of the DOS profile of Ti-3d

orbital in the conduction band towards higher energy range, which results in 

wider band gap. 

Unit cell PbTiO3

bulk(µC/cm2)

PbTiO3

pure(µC/cm2) 

PbZr0.125Ti0.875O3

(µC/cm2) 

PbZr0.25Ti0.75O3

(µC/cm2) 

PbZr0.375Ti0.625O3

(µC/cm2) 

PbZr0.5Ti0.5O3

(µC/cm2) 

1 72.952 72.496 61.528 47.760 39.184 29.968

2 - 72.496 57.592 47.760 38.688 29.968

3 - 72.496 63.392 52.488 41.320 29.968

4 - 72.496 63.048 52.488 39.760 29.968

5 - 72.496 63.392 52.488 43.584 33.768

6 - 72.496 63.048 52.488 43.400 33.768

7 - 72.496 63.160 52.752 43.696 33.768

8 - 72.496 62.136 52.752 42.808 33.768

Total  Av. 72.952 72.496(~75a) 62.162 51.372 41.555 31.868

P/P0 0.994 0.852 0.704 0.570 0.437
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(2) The polarizations calculated by the first-principles method agree well with 

the ones by the electrostatic method. With an increase of the Zr fractions, the 

spontaneous polarizations of the PZT superlattices decrease significantly.  
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