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Atomistic simulation techniques based on energy minimization have been employed to

study the structural parameters of a series of orthorhombic R;_Pr.Ba,Cu3Og¢. s and re-
lated compounds. The new interatomic potential parameters have been derived by simul-

taneous fitting the properties of a series of oxides such as CuO, R;O3, RBa>,Cus;0g 5 and

R;_PrBa;Cu3QOg.5 a total of 62 compounds. The predicted structural parameters have
been compared with previous experimental and theoretical studies yielding excellent
agreement. The aim of this work is to generate transferable potentials that can be applied
as the basis for future theoretical studies of the defect chemistry of cuprate superconduc-
tors and other technologically important oxides.

Introduction

RBa;Cu307 (R =Y and lanthanides) compounds are of technological impor-
tance as high-temperature superconductors since their critical temperature 7 is about
90 K. It should be stressed that Ce and Tb do not form the orthorhombic structure
[1], Pm is radioactive, and PrBa,Cu30O7 is non-metallic and non-superconducting
(«praseodymium anomaly») even though it exhibits the orthorhombic unit cell [2].
PrBa,Cu30O7 is important as the investigation of the presence or absence of super-
conductive properties in compounds of identical crystal structure and the under-
standing of the conditions under which the phenomenon is not present can be im-
portant. This is evident by the amount of experimental work aiming at explaining
the «praseodymium anomaly» [3]. The structure-property relationships are tech-
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X v nologically significant because of the appli-

YO@YO cation of high-temperature cuprate super-

conductors [3]. For example, oxygen va-

cancies are modulating the hole doping of

the Cu—O planes that in turn are critically

important for the superconductivity of cu-

prates. There have previously been a num-

ber of atomistic simulation studies of cu-

prate superconductors including the struc-

tural and defect properties of R,MCu,0¢ (R =

= La, Nd, Y; M = Ca, Sr, Ba) [4], the ionic

and electronic defects in YBa;Cuz0Oy

(YBCO) [5] and the defect chemistry in
HgBaZCazCu3Og+5 [6]

c RBa;Cu307 exhibits the orthorhombic

structure (space group Pmmm, No. 47) [7]

p  with a range of lattice parameters depend-

Y ing on the rare-earth ion. In this orthorhom-

Fig. 1. The orthorhombic unit cell and  bic structure there exist two independent Cu

atom labelling of YBa,Cu307 [5] sites consisting of square- planar CuOj

chains and square-pyramidal CuO, planes in

the a—b plane. The R*" and Ba®" ions provide an effective framework that bounds

the copper oxide. The orthorhombic unit cell of YBa,Cu3O7 is presented in Fig. 1.
The RBa,Cu30g¢ 5 considered has a closely related crystal structure and only differs
by the partial occupancy of the O(1) oxygen ions. In Ry_Pr,Ba;Cu3Og s there is
partial occupancy of the R*" sites by the praseodymium atoms.

The aim of this work is to introduce a transferable two-body potential model that
can describe the structure of a series of oxides including CuO, R;03, RBa;Cu3Og 5
and R;_,Pr,Ba;Cu3Og¢s. To illustrate the applicability of the atomic scale techniques
the dependence of the lattice parameters and interatomic distances of a series of
R Pr,BayCuszOgs (x = 0.25, 0.5 and 0.75) on the ionic radius of R* and the Pr
content has been determined. Even though pair potentials have limits they are able to
model large numbers of atoms. Consequently the potential models developed in this
study can be applied to simulate the defect chemistry of these materials.

Computational techniques

This study is based on the classical Born model description of the lattice [8].
Thus, the interaction between a pair of ions, E(r;), is given by

99 ni ] Gy
E(r;)= _.] +4; exp(——jJ——g,

Tij Pij ) 1
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where the first term is the Coulomb interaction between a pair of ions, the second
term represents the short-range repulsive interaction and the third term is the van
der Waals energy. In this equation r;; is the separation between ions i and j and 4,
p;j and Cj; are adjustable parameters specific to the given pair of ions. It is impor-
tant to appreciate that a single set of potentials has been derived to model all these
structures in order to support further studies of more complex systems in future.
The Buckingham interatomic potential parameters are reported in Table 1.

Table 1
Buckingham interatomic potential parameters

Interaction A, eV P, A C, eV-A°

00> 9547.96 0.21916 32.0
cu’ 0" 3859.2 0.245 15.5
Ba’ -0~ 905.7 0.3976 0.0
Vo 1766.4 0.3385 0.0
Lao—0> 2078.5 0.3467 15.55
Pr 0> 2004.6 0.3415 14.2
Nd 0™ 1975.2 0.3404 13.8
Sm>—0>" 1941.9 0.34 12.55
Euw —0> 1888.6 0.34 12.2
Gd¥ o 1855.9 0.339 11.9
b 0> 1838.2 0.3385 14.5
Dy’ 0" 1787.4 0.338 10.94
Ho —0* 1738.7 0.338 11.1
Er 0> 1694.5 0.338 11.3
Yb_0* 1624.2 0.338 13.5
Lo 0™ 1533.6 0.339 10.3

In all cases a single unit cell is repeated periodically through the space. The
Coulomb forces are summed using Ewald’s method [9], whereas the short-range
forces are summed explicitly up to a cut-off value of 20 A. For a given set of pa-
rameters, the lattice parameters and positions of ions within the unit cells are
identified through energy minimization. The parameters were selected by fitting
to an extensive set of oxides structures. The code GULP [10] was used for all
simulations. GULP requires manual set up of the crystal structure, whereas accu-
racy depends on the precise fitting of the potential parameters.

Results and discussion

To extend the transferability the potential model derived for RBa,Cu3Og 5 and
R;_Pr,BayCu30¢ 5 has also been fitted to a number of rare-earth oxides (R,03).
In previous studies the potential model has reproduced the lattice parameters of
Sc,03, Y203 and LayO3 to within 0.1% of the experimental values [11-13]. Shan-
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non [14] has tabulated the ionic radii of the chemical elements for a range of pos-
sible coordination environments and oxidation states. In all the figures Shannon’s
[14] ionic radii » for oxidation number +3 and 8-fold coordination have been
adopted.

To demonstrate the efficacy of the computational methodology applied to study
orthorhombic cuprates, the structural parameters of YBa;Cu3Og 5, PrBa;CusOg 5
and ErBa;Cu3Og¢ s have been compared to previous studies. YBa,Cu3Og s has
been selected as YBCO is one of the most studied superconductors. The predic-
tions for lattice parameters, the Y-O and Cu—O distances for YBa;Cu3Og 5 have
been compared with experimental and computational investigations [15] (Table
2). It is evident that the derived parameters are in excellent agreement with the
experimental values. Furthermore, the volume per unit cell of YBayCu3Ogs is
predicted to 0.05%. The equivalent structural parameters of ErBa,Cu3Og 5 have
been compared to experimental results [16] and the Er—O and Cu—O distances
have been predicted to within 0.3% whereas the volume per unit cell to 0.7% (Ta-
ble 3). The structure-property relations of PrBa;Cu3O7 are important because of
the «praseodymium anomaly» and have been the subject of a number of crystallo-
graphic studies. The experimentally determined [17] structure of PrBayCusOg s4
has been compared to the predicted values (Table 4). The derived volume per unit
cell is underestimated by 1.13%, a fact that can be partially attributed to the dif-
ference in the oxygen concentration between the experimental and calculated unit
cell. The Pr-O and Cu-O distances have been predicted to within 0.7%.

Table 2
The determined structure of YBa;Cu30O¢ 5 compared with previous experimental
and calculated data [15]

Parameters Experiment Previous calculated data This study
a, A 3.842 3.797 3.812
b, A 3.878 3.872 3.907
c, A 11.747 11.710 11.747
Cu(1)-0O(1) 1.939 1.936 1.942
Y-0(2) 2.406 2.387 2.404
v, A’ 175.02 172.16 174.95
Table 3
The experimentally determined [16] and calculated structure of ErBa;Cu3QOg 5
Parameters Experiment This study
a, A 3.835 3.785
b, A 3.879 3.877
c, A 11.751 11.831
Cu(1)-0O(1) 1.918 1.924
Er-0(2) 2.378 2.372
v, A’ 174.81 173.61
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Table 4
The experimentally determined [17] and calculated structure of PrBa;Cu3Og 5

Parameters Experiment This study
a, A 3914 3.850
b, A 3.919 3.948
c, A 11.727 11.701
Cu(1)-0(1) 1.960 1.967
Pr-0(2) 2.437 2.456
v, A’ 179.88 177.85

In this study the dependence of the lattice parameters, R3+—O(2) and Cu(l)-
O(1) distances on the rare-earth radius and the Pr content has been investigated
systematically for a series of R;_,Pr,Ba;Cu3O¢ s compounds. The larger rare-earth
atoms increase the a and b unit cell parameters (Fig. 1) and effectively lead the Ba
atoms to reposition within the cuprate block. This is enhanced because of the par-
tial 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. This is confirmed by the experimental results [15—
17] for YBay,Cu3Og 5, PrBa;Cu3Og 54 and ErBa,Cu3Og 5 (Tables 2—4).

The average rare-earth radius influences the structure of the mixed rare-earth
compounds. For example, Yb and Pr have an average Shannon [14] 8-fold ionic
radius of 1.055 A, which is close to the equivalent radius of Gd (1.053 A). The
lattice parameters of GdBa,Cu3O¢s and Ybg sPrgsBayCusOg 5 differ by only
0.1%. The dependence on the average rare-earth radius is also evident on the lat-
tice energy (Fig. 2). For the previous example, the lattice energies of
GdBa,Cu30¢5 and Ybg sPrgsBa,Cu3Og 5 differ by only 0.04%. This structural
relation has been verified for different combinations of rare-earth ions and all Pr
contents.

251
% 252} Fig. 2. Dependence of the
.~ i v lattice energy per unit
%0 —253+ /v/v/,;xj%; cellﬂon the Shannon [14]
5 Ly—" - /o/ radii  (8-fold coordina-
8 254+ /4/‘/ / * tion) and the Pr content
% 4 e * / of the R;_,Pr,BayCuzOg¢ 5
= 255t compounds: m — 0.00, ® —
_ /./ 0.25, A —0.50, ¥ —0.75
—256 = \

099 1.02 1.05 1.08 L1l 114 1.17
Rare-earth radius, A
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Conclusion

The results suggest that the average rare-earth ionic radius is critically impor-
tant on the structure and energetics of RBa,Cu3Og s and R;_,Pr,Ba,Cu3Og¢ 5 com-
pounds. The differences in the lattice parameters between the R;_Pr,Ba;Cu3Og 5
compounds are rectified with the increase of the Pr content. Energy minimization
techniques can provide structural data comparable to the experimental determina-
tions 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.
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ATOMICTUYHI MOAENI ANA R1_xPryBazCuzO7_5 | CYTTYTHIX
oKCcwnAalB

ATOMICTUYHI METOJU IMITAIIITHOTO MOJICIIIOBAHHS, OCHOBaHI HA MPHHIUII MiHiMi3allii
eHeprii, BUKOPUCTaHi IJIs1 BUBYEHHSA CTPYKTYPHHX IMapaMeTpiB POy OPTOPOMOIYHUX

R_Pr,BayCu3O¢ 5 1 moB's13aHuX 3 HUMU criojyK. HOBI Mi>kaTOMHI MOTEHIIKHHI mapameT-
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pHU B3aeMoJii OJepKaHi IS MHUPOKOTO Jiama3oHy okcupuiB, Takux sk CuO, R,0j3,
RBa;Cu30g 5 i Rj_PryBayCu3O¢ 5 (Bchoro 62 cromyku). OmeprkaHi 1aHi 3HaXOASITHCS B
IOOpOMY Y3TOKEHHI 3 ITONEPEIHIMA pe3yIbTaTaMi eKCIIEPUMEHTATBHUX 1 TEOPETHIHUX
JociKeHb, MeTa 1aHol poOOTH — MPOTrHO3YBaHHS PEIIITOYHUX MOTEHI[IAIIB B3aEMO/IIT,
10 MOXYTh OYTH HaJaJli BUKOPHUCTAHI K OCHOBA JUIsl TCOPETUYHOTO BHBUCHHS Je(EKT-
HO{ XiMil HaIIPOBITHUX KYTPATiB Ta IHIIMX TEXHOJIOTTYHO BKIMBHUX OKCH/IIB.
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