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Atomic scale simulation techniques based on energy minimization have been 
applied to study the structure and defect chemistry of a range of orthorhombic Y1-xPrxBa2Cu3O6.5 (x=0, 
0.25, 0.5 0.75 and 1) compounds. The technological significance of the Y1-xPrxBa2Cu3O6.5 and related high 
temperature superconductors has been reviewed. The efficacy of the model has been demonstrated 
through comparison of the predictions to previous experimental and theoretical results. A number of 
divalent and trivalent defects have been dissolved into the Cu2+ (or Ba2+) and Y3+ (or Pr3+) sublattices 
respectively. The calculated solution and binding energies demonstrate a systematic variation as a function 
of the praseodymium content. 

RBa2Cu3O7 (R= Y and lanthanides) compounds are of technological importance as high-
temperature superconductors because of their critical temperature (Tc) of about 90 K.  The critical 
temperature is only weakly dependent on the nature of R; however, it should be stressed that Pm is 
radioactive, Ce and Tb do not form the orthorhombic structure [1].  On the other hand, PrBa2Cu3O7 
even though it exhibits the orthorhombic unit cell it is non-metallic and non-superconducting 
(“praseodymium anomaly”) [2]. The amount of experimental work aiming at explaining the 
“praseodymium anomaly” highlights the importance of understanding the conditions under which 
the presence or absence of superconductive properties in compounds of identical crystal structure 
[3-6].  The structure-property relationships are technologically significant because of the application 
of high-temperature cuprate superconductors [3].  For instance, oxygen vacancies are modulating 
the hole doping of the Cu-O planes that in turn are critically important for the superconductivity of 
cuprates. There have previously been a number of excellent atomistic simulation studies of cuprate 
superconductors [7-9]. 

This work has three aims. First to report a consistent and transferable set of interatomic potentials 
that facilitates the atomic modeling of superconductor materials.  The second aim is to use these 
models to predict the structural parameters of a range of Y1-xPrxBa2Cu3O6.5 compounds.  Finally, the 
third aim is to demonstrate how the potential models developed in this study can be applied to 
simulate the defect chemistry of these materials.  This is important as point defects can influence 
the superconducting properties of cuprate superconductors. In this study calculations were 
performed using the GULP10 code. GULP requires manual set up of the crystal structure, whereas 
accuracy depends on the precise fitting of the potential parameters. 

RBa2Cu3O7 exhibits the orthorhombic structure (space group Pmmm, No. 47)11 with a range of 
lattice parameters depending on the rare earth ion. In this orthorhombic structure there exist two 
independent Cu sites consisting of square- planar CuO3 chains and square-pyramidal CuO2 planes 
in the a-b plane. The R3+ and Ba2+ ions provide an effective framework that bounds the copper 
oxide. The RBa2Cu3O6.5 considered has a closely related crystal structure and only differs by the 
partial occupancy of the O(1) oxygen ions. In R1-XPrXBa2Cu3O6.5 there is partial occupancy of the 
R3+ sites by the praseodymium atoms.  

The atomic scale simulation technique is based on the classical Born model12 description of the 
lattice. The interatomic potential functions are defined to simulate the long-range attractive and 
short-range repulsive forces between the ions in the unit cell of the solid. The perfect lattice is 
generated by assigning ions to a unit cell which is repeated through space by the application of 
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periodic boundary conditions as described by the crystallographic lattice vectors. 
Thermodynamically it is a constant pressure calculation as allowing the ions in the unit cell and the 
lattice vectors to relax to zero strain minimizes the total energy of the system. 

The long-range forces are described by Coulomb’s law and usually dominate the lattice energy. 
This study is based on the ionic approximation and the short-range energy terms are approximated, 
by using parameterized pair potential of the Buckingham form. The interaction energy S(rij) 
between ion pairs, i and j, is given by 
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where the terms describe the Born-Mayer repulsion and the dispersion interactions. rij is the 
separation, Aij, ρij and Cij are the potential parameters specific to ions i and j. The parameters used 
in this study were derived by simultaneously fitting to the relevant experimental crystal properties 
and atomic positions of a range of oxides. This methodology enhances the transferability of the 
potential models. The multi-structure fitting procedure has been described and applied in previous 
studies.13-17 The short-range interatomic potential parameters account for the electron cloud overlap 
and the dispersion interactions (Table 1). 

Table 1. Buckingham interatomic potential parameters. 
Interaction A (eV) ρ (Ǻ-1) C (eV Ǻ-6) 
O2-- O2- 9547.96 0.21916 32.0 
Cu2+- O2- 3859.2 0.245 15.5 
Ba2+- O2- 905.7 0.3976 0.0 
Y3+- O2- 1766.4 0.3385 0.0 
La3+- O2- 2078.5 0.3467 15.55 
Pr3+- O2- 2004.6 0.3415 14.2 
Nd3+- O2- 1975.2 0.3404 13.8 
Sm3+- O2- 1941.9 0.34 12.55 
Eu3+- O2- 1888.6 0.34 12.2 
Gd3+- O2- 1855.9 0.339 11.9 
Tb3+- O2- 1838.2 0.3385 14.5 
Dy3+- O2- 1787.4 0.338 10.94 
Ho3+- O2- 1738.7 0.338 11.1 
Er3+- O2- 1694.5 0.338 11.3 
Yb3+- O2- 1624.2 0.338 13.5 
Lu3+- O2- 1533.6 0.339 10.3 

The Dick and Overhauser shell model was used to describe the ionic polarization effects.18 In the 
shell model electronic Polarization is described by the displacement of a mass-less charged shell 
connected to a massive charged core by an isotropic harmonic spring of force constant k [eV Ǻ-2]. 
The O2- ions have a shell charge of –2.04 e, a core charge of 0.04 e and a force constant of 6.3 eV 
Ǻ-2. The cations tend to be contracted leading to a negligible overlap of electron density and low 
polarisability.   

The internal variables have been optimised with respect to the internal energy and the strain 
variables with respect to the free energy (zero static internal stress approximation). The potential 
cut-off radii have been assumed to be 12Ǻ. 

To extend the transferability the potential model derived for the RBa2Cu3O6.5 and R1-

XPrXBa2Cu3O6.5 has also been fitted to a number of rare-earth oxides (R2O3). In previous studies the 
potential model has reproduced the lattice parameters of Sc2O3, Y2O3 and La2O3 to within 0.1% of 
the experimental values. Shannon19 has tabulated the ionic radii of the chemical elements for a 
range of possible coordination environments and oxidation states. In all the figures Shannon’s19 
ionic radii (r) for oxidation number +3 and 8-fold coordination have been adopted.  
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The structure-property relations of PrBa2Cu3O7 are important because of the “praseodymium 
anomaly” and have been subject of a number of crystallographic studies.5 In this study the 
dependence of the lattice parameters, R3+-O(2) and Cu(1)-O(1) distances on the rare-earth radius 
and the Pr content has been investigated systematically for a range of R1-XPrXBa2Cu3O6.5 
compounds. The larger rare-earth atoms increase the a and b unit cell parameters and effectively 
lead the Ba atoms to reposition within the cuprate block. This is enhanced because of the partial 
occupancy of the O(1) atoms that in turn increases the available space within the cuprate block. As 
a consequence the increase in the rare-earth radius results in an increase of the a and b unit cell 
parameters and a reduction of the height (lattice parameter c) of the unit cell.  

A previous experimental study, investigating the relation between the unit cell parameters and the 
R3+radius of R0.5Pr0.5Ba2Cu3O7 compounds (R=Er, Ho, Y, Gd, Nd, Pr and La) has concluded that Pr 
induces distortion in the unit cell, which  is evident in the shortening of the Pr-O bond length. In 
this study the dependence of the R3+-O(2) bond length on the rare-earth radius for a range of R1-

XPrXBa2Cu3O6.5 compositions has been determined and is in agreement with the experimental 
results. Both R3+-O(2) and Cu(1)-O(1) obey the lanthanide contraction rule and are strongly 
dependent on the average rare-earth radius of the unit cell. 

The results suggest that the average rare-earth ionic radius is critically important on the structure 
and energetics of R1-XPrXBa2Cu3O6.5 compounds. The differences in the lattice parameters between 
the R1-XPrXBa2Cu3O6.5 compounds are rectified with the increase of the Pr content. For all 
compounds considered the lanthanide contraction rule has been verified. Energy minimization 
techniques can provide structural data comparable to the experimental determinations and of 
predictive nature that can be complementary to the experimental studies. These methods allow the 
systematic analysis of the complex behaviour and defect chemistry of these materials at the atomic 
level.  

There have been fewer atomic scale simulation studies of superconductor oxides than other 
oxides. The existence of excellent previous modeling studies proves the ability of such techniques 
to contribute to the understanding of these materials. From a computer simulation point of view it is 
a challenge to model these materials mainly due to the complexity of the charge states of the ions.  
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