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A wide range of cation dopant substitutions in YBa,Cu,;0; is investigated using computer-
simulation techniques. Attention is focused on site selectivity and possible charge-compensation
mechanisms. The calculated solution energies show strong systematic variations as a function of
dopant ion radius. Our results suggest that Ni?*, Zn?", and Cd?* preferentially substitute for Cu?*
in the plane, whereas the alkaline-earth ions Ca?* and Sr** dissolve in the crystal at the Ba?* site.
We consider two extreme cases of localization for trivalent dopant substitution of copper with the
compensating oxygen interstitial. The calculations predict that A1** and Fe** occupy the Cu(2) site
for the delocalized model and the Cu(1) site for the more localized model. Substitution of rare-earth
ions, such as La**, is energetically most favorable at the barium site. Correlations between particu-

lar bond distances and T, are also discussed.

I. INTRODUCTION

Numerous investigations! ~!° have been made on the
effects of incorporating dopants into the oxide supercon-
ductor YBa,Cu;0,. A greater understanding of the su-
perconducting and structural properties of the doped ma-
terial is important, not only to elucidate the nature of
possible mechanisms, but also because these potentially
deleterious phases are commonly formed during synthesis
of composites and thin films.

In the case of the complete substitution of Y>* by the
magnetic and isoelectronic rare-earth ions,"!° that is,
RBa,Cu;0, (where R=La, Nd, Sm, Eu, Gd, Ho, Er, and
Lu), there is no substantial change in the superconduct-
ing transition temperature (7,). The RBa,Cu;0, super-
conducting materials are also found to crystallize into the
same orthorhombic structure’*~?? as YBa,Cu;0,, which
is shown in Fig. 1, indicating our site notation. Similarly,
when barium is replaced by other alkaline-earth cations!’
the structure remains essentially identical, with a general
trend towards a continuous decrease in 7,. However, for
addition of 3d transition elements, which occupy the
copper sites, T, is depressed considerably with the magni-
tude of the effect dependent upon the concentration and
the character of the dopant ion.>%7 1171416 Most not-
ably substitution of the closed-shell (3d '°)Zn?* produces
an anomalously large T, suppresion. In addition, some
non-magnetic ions, such as AI’" and Ga’™, that replace
copper are found to reduce T, with increasing substitu-
tion.* ¢ .

An important structural feature of YBa,Cu;0; is the
existence of two crystallographically independent copper
sites, consisting of square-planar CuOj; chains, [Cu(1)],
and square-pyramidal CuO, planes in the a-b plane,
[Cu(2)]. The relative importance and specific roles of
planes versus chains are still debatable. In evaluating the
influence of substituting ions into YBa,Cu;0; it is ap-
parent that the precise lattice location is important. Ex-
perimentally, in some cases, the preferred site for dopant
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FIG. 1. Unit cell of the YBa,Cu;0, orthorhombic crystal
structure (after Refs. 20—22), indicating our site notation.
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ion substitution has not been clearly established, in par-
ticular for the Cu(l) and Cu(2) positions. This partly
arises from difficulties in performing accurate experimen-
tal work on samples whose oxygen stoichiometry may be
poorly characterized.

Recently, theoretical methods have been developed
that successfully describe properties of local defects in
oxide materials.”>~2°> These methods, though conceptual-
ly simple, have demonstrated impurity effects in relation
to ion size, charge, and compensation mechanisms.
Based on these examples, the methods have been extend-
ed to ceramic oxide superconductors, where good
descriptions of structural and defect properties, and pho-
non dispersion curves have been found. We now sys-
tematically extend our recent investigations of ionic and
electronic defects in YBa,Cu;O; (Ref. 26) and the
La,CuO, system,?’ by examining the energetics of dopant
incorporation into the YBa,Cu;0, material. In our pre-
vious study?® of YBa,Cu;0,, a two-body potential model
was developed that successfully reproduced the crystal
structure and correctly predicted the most favorable site
for oxygen vacancies. This paper focuses on the preferen-
tial site location of substituting ions within the copper,
yttrium, and barium sublattices and the possible correla-
tion with ionic radius. We note that the simulation
methods employed are well suited to probe the energetics
of dopant substitution as they model, accurately, the re-
laxation of lattice atoms surrounding the defect species.

II. THEORETICAL METHODS

Since more detailed descriptions of the methods and
their applications to other systems are presented else-
where,?>?° we will give a brief account of the model used.
The simulations are based on a Born model representa-
tion of polar solids, which requires specification of two-
body, central force potentials representing the short-
range interactions. The interatomic potentials are com-
monly described by an analytical function of the Buck-
ingham form:

d),-j(r,-j):Aijexp(—‘rij/pij)—cij/rg- ’ (1)

where the exponential term represents the Pauli repulsion
that arises from overlapping wave functions on different
atoms. It is usual to associate the attractive r ~® term
with van der Waals forces. In practice, however, ‘this
term will include contributions from other attractive
forces such as small covalent terms. Without a satisfac-
tory treatment of ionic polarization it is not possible to
describe correctly the response of the crystal to the elec-
trostatic perturbation caused by a charge defect. Polar-
ization is simulated effectively by the shell model,?® which
describes the ionic dipole in terms of the displacement of
a massless electron shell from a core in which the mass is
concentrated; the core and shell being coupled by an iso-
tropic harmonic spring. Note that the non-Coulombic
forces act only between shells, thus including the vital
coupling between short-range forces and polarization by
the remainder of the lattice. This coupling is of impor-
tance in the simulation of both elastic and dielectric
properties of the crystal, and was previously neglected in
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simpler point-ion models. Energy minimization of the
perfect lattice is achieved using an iterative procedure,
involving first and second derivatives of the lattice energy
with respect to internal and bulk strains. An important
feature of the defect calculations concerns the determina-
tion of the relaxations of lattice ions surrounding the de-
fect. These are calculated by an explicit energy minimi-
zation for a spherical region immediately surrounding the
defect (region I), that contains typically 200 ions. The
response of the remainder of the crystal (region II) is ob-
tained using a continuum treatment based on the Mott-
Littleton approximation,? since the forces exerted by the
defect in the more distant lattice are relatively weak.
These simulation techniques are incorporated into the
CASCADE (Ref. 30) and HADES (Ref. 31) computer codes.

In attempting to assess the relative energetics of
dopant substitution we use the same potentials for
YBa,Cu;0; as in the previous treatment of Baetzold.?
As in this latter study, all copper ions are considered in
the 2+ charge state, with the hole uniformly distributed
on the oxygen ions at O(1) and O(4) positions. Alterna-
tively charge distribution models?® were not as successful
at either reproducing the structure or deriving stable po-
tentials. With regard to the dopant ion-host ion interac-
tions, the potentials were derived empirically by fitting to
observed crystal properties of the relevant binary oxides,
and have been successfully applied to a study of impuri-
ties in BaTiO; (Ref. 32). The perfect-lattice potentials
employed for YBa,Cu;O, are based on the fully ionic
model. The validity of using such potentials is supported
by the success of defect calculations for a wide range of
oxide materials.>~ 3> Moreover, support is provided first
by the close agreement obtained between calculated and
experimental bond distances?® of YBa,Cu;0;; the largest
deviation is less than 0.03 A.. Second, the potential model
yields calculated phonon dispersion curves that exhibit
full stability; that is, no imaginary frequencies are ob-
served.’® It should be stressed, as argued previously,3”
that the validity of a potential model is assessed primarily
by its ability to reproduce experimental crystal proper-
ties. Indeed, in practice it is found that models based on
formal charges work well in simulating physical proper-
ties even for some semicovalent compounds, such as sili-
cates.’®> Note that with additional experimental data,
particularly dielectric and elastic constants, it will be pos-
sible to either test or further refine our potential model
for YBa,Cu;0,;. With regard to calculations presented in
this paper, we should add that most substitution experi-
ments are carried out at elevated temperatures where the
materials exhibit nonmetallic behavior. For such systems
the techniques have been shown to be reliable.

III. RESULTS AND DISCUSSION

The principal dopants or impurities in YBa,Cu;0; are
divalent and trivalent cations. We consider both types of
dopant substituting on the Cu?>t, Y3*, and Ba?" sublat-
tices. Our discussion will ignore the effect of defect in-
teractions leading to possible aggregation; the results
presented therefore refer to systems at very low dopant
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concentration. The simulation approach is based on the
calculation of the energetics of dissolution in the oxide.
In the examination of preferred sites of substitution it is
assumed that these can be predicted on energetic argu-
ment alone; that is, we neglect the contribution of defect
entropies to the free energy of solution. Given this as-
sumption, the energies of solution are obtained by com-
bining appropriate cohesive energies with lattice energy
terms accompanying the formation of the substitutional
species.

A. Substitution for copper

We first consider the dissolution of divalent impurities
into the Cu?* sublattice, which can be represented by the
defect equation:

MO+ CuZ,—M%, +CuO. 2)

(Note that in the Kroger-Vink notation® used in this pa-
per, vacancies, interstitials, and substitutionals are denot-
ed as V,, Cu;, and M, respectively). Since this mode
of solution involves isovalent substitution, charge com-
pensation is not necessary. This is consistent with ther-
mogravimetric data,’ which find no significant change in
oxygen stoichiometry with increasing divalent (Ni, Zn)
doping. The calculated energies of solution, AE, for the
two nonequivalent copper sites are listed in Table I,
where our sign convention is such that a positive value
indicates an endothermic process.

The calculations suggest that the transition-metal cat-
jons Fe?t, Co?™, Ni**, Zn?", and Cd?" preferentially
substitute for Cu(2). Most notably, the highly favorable
solution energies for NiO and ZnO are in line with the
observation that these oxides dissolve readily in
YBa,Cu;0,. The results in Table I generally agree with
diffraction studies™’ that find Ni’" and Zn?" on the
Cu(2) plane. Note that experimentally, Fe and Co are
considered to be in the 3+ charge state, which will be ex-
amined later. It should also be noted that as well as cat-
ion substitution, there is also the possibility of dopants
entering the crystal lattice at interstitial positions, which
is still under investigation.

It has been proposed that the Cu(2) plane plays a more
important role in superconductivity mechanism than the

TABLE 1. Calculated energies of solution (positive values in-
dicate an endothermic process) (in eV per dopant ion) for di-
valent cation substitution for copper.

MO+ Cuk, =M%, +CuO
MO AECu(l) AE‘Cu(Z)
MgO 1.20 0.18
CaO 1.28 1.15
SrO 2.28 2.94
FeO 0.91 0.02
CoO 0.85 —0.10
NiO —1.86 —3.19
ZnO —1.96 —3.18
CdO —0.82 —1.23
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Cu(l) chain. This is supported by the observation of
high-T, superconductivity in the Tl- and Bi-based sys-
tems, which contain copper-oxygen planes but no chains.
The substitution of Cu(2) is, therefore, expected to pro-
duce a significant change in transition temperature (7T,)
with increasing dopant concentration. Indeed, large
depressions in T, have been observed®*>7 for transition-
metal ion incorporation into YBa,Cu;0,. Our results
also clearly indicate the importance of the Cu(2) planes.
In Fig. 2(a) the calculated energies of solution are plot-
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FIG. 2. Calculated energies of solution as a function of
dopant ion radius for copper substitution (a) divalent ions, (b)
trivalent ions. The lines are guides to the eye.
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ted versus the ionic radius of the dopant ion; a strong
correlation between the two is found, with an energy
minimum observed at Ni>*. Very similar behavior has
been observed from impurity studies®? of the perovskite-
structured BaTiO;. Such variation with dopant ion size
is explained in terms of the relaxation of the surrounding
ions, and suggests that changes in local structural order-
ing are important in the observed depressions in T, as op-
posed to long-range effects. In general, various mecha-
nisms have been proposed to explain the reduction in T,
with dopant incorporation. These include magnetic pair
breaking, changes in oxygen stoichiometry,
orthorhombic-tetragonal phase transition, local disorder-
ing effects, and reduction in the carrier concentration.

The simulation program used in this study provides de-
tailed information on the relaxed positions of host-lattice
ions in the immediate vicinity of the dopant ion. The
most significant movements are illustrated in Fig. 3, for
the example of Zn?* replacing Cu(2). . This indicates a
displacement of the dopant ion of 0.05 A along the c-axis
direction, away from the Cu(l) site, which in turn leads
to a less puckered plane. The oxygen O(4) on the apical
site shows the largest displacement, moving 0.09 A away
from the dopant ion. Thus, the substitutional dopands
cause small changes in the local symmetry. We should
add that no significant movement from the undoped posi-
tions is found for nearest-neighbor barium and yttrium
ions.

In Table II, the calculated M2*—0O(4) bond distances
together with the adjacent Cu(1)-—O(4) bond distances
for the 3d dopant ions (M>*) are summarized. In gen-
eral, we observe a small change in the Cu(1)—O(4) dis-

Q\O,;@Loom
Cu(2)

f) 0(4)

O Cul u/ 0(5)

FIG. 3. Motion of ions near a divalent transition-metal ion
substituting at the Cu(2) plane site. Approximate displacements
are as follows: Cu(1) 0.07 A; M>* on Cu(2) 0.05 A; O(1) 0.03 A;
0(2) and O(3) 0.002 A; O(4) 0.09 A.
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TABLE II. Calculated bond distances (in A) for divalent
dopant substitution on the Cu(2) site.

M2t M—0@4) Cu(1)—04)
Fe 2.4416 1.8430
Co 2.4500 1.8434
Ni 2.3469 1.8614
Cu? 2.3095 1.8741
Zn 2.4275 1.8514

*Undoped lattice.

tances, but a significant deviation for the distances be-
tween dopant ion and O(4). From neutron powder-
diffraction experiments,’ correlations of certain average
bond lengths with T, have been discussed. Therefore, to
illustrate the behavior of our computed bond distances
we plotted both the M2t —0(4) and the Cu(1)—O(4) dis-
tances versus T, shown in Fig. 4. First, a trend towards
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FIG. 4. (a) Plot of variation of T, vs M?*—0O(4) bond dis-
tance. (b) Plot of variation of T, vs Cu(1)—O(4) bond distance.
Observed values of T, are from Ref. 2.
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decreasing T, with increasing M2*_—_0(4) and decreasing
Cu(1)—0(4) bond distances is found. We recognize, how-
ever, that the observed value of T, is strongly dependent
on the precise dopant concentration. Nonetheless,
diffraction measurements’ have similarly found T, de-
creasing systematically with decreasing Cu(1)—O(4) bond
distance, for both the Co-doped and oxygen-deficient ma-
terials. It has been suggested that the Cu(1)—O(4) bond
distance is an important parameter reflecting the local
electronic properties.” Our calculations are in accord
with this picture and suggest that the depression in T, is
closely related to the local structural and electronic envi-
ronment. Second, it is interesting to note that, even
though Zn?" has an ionic radius close to that of Cu?", a
relatively large increase in the M2+t—O(4) bond distance
is calculated [Fig. 4(a)]. Experimentally, Zn>* is ob-
served®>714 to have the most deleterious effect on T,. In
contrast we find the smallest change in the two bond dis-
tances considered, for the case of Ni?T (Table II). We
also note that T, is suppressed markedly faster for Zn?"
(Ref. 14) than for Ni*" (Ref. 13). For the latter case T,
drops fairly smoothly to 66 K after x=0.20 Ni substitu-
tion in YBa,(Cu,_,M,);0,, whereas T, is below 10 K
after only x=0.05 Zn substitution. Interestingly, since
Cu?" and Ni*t have similar electronic properties and
ionic radii, it has been speculated that high-temperature
superconductivity might be found in analogous nickel-
oxide materials.

Our previous study?® of electronic defects in
YBa,Cu;0, computed large polarization energies associ-
ated with the localized small polarons Cu3" and O~;
these energies indicate strong electron-lattice interac-
tions. The interaction between the polarization fields of
these polaronic species was subsequently investigated as a
possible hole-coupling mechanism to form bipolarons.
All the configurations considered?® were found to be
weakly unstable, with binding energies typically in the
range 0.3-1.0 eV. As discussed by Catlow et al.?’ and
deJongh,* it is possible that bipolarons may be stabilized
when antiferromagnetic exchange energies and elastic
strain terms are taken into account, to overcome the in-
tersite Coulomb repulsion that opposes such pair forma-
tion. We have extended these calculations by testing the
effect of nearest-neighbor 3d divalent dopant ions on the
bipolaron binding energies. Our preliminary results®® in-
dicate insignificant change in the calculated binding ener-
gies. Therefore, these findings do not provide support for
a small bipolaron model.

For trivalent impurities substituting at Cu?* sites there
are two alternative charge-compensating defects—

oxygen interstitials or copper vacancies. The corre-
sponding defect reactions are

M,0;+2Cug,—2M , +0O;' +2Cu0O (3)
or

M,0;+3Cug,—2M, +V{E, +3Cu0 . 4)

The former process involving oxygen incorporation is
calculated to have the lowest energy26 and is, therefore,
predicted to be the majority compensating mechanism.

- M,0,
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This result is in accord with thermogravimetric measure-
ments® that show an increase in oxygen content with in-
creasing A", Fe’", and Co®" dopant concentration,
and in particular finds that each added Co atom pulls in
0.5 oxygen atom. Note that oxygen uptake accounts for
the observed® increase in unit-cell volume even though
APT, Fe3", and Co" are all smaller than Cu?*. We re-
call that the charge distribution in our potential model
has assigned a 2+ charge state to Cu(1). This model is
consistent with a number of photoemission studies*! ~4*
that indicate no Cu®” in the ground state of YBa,Cu,;0,.
Some discussions, however, have suggested that Cu(1) is
in fact trivalent. It is tempting to claim that substitution
of Cu®" by trivalent dopants would not require charge
compensation and, therefore, the increase in oxygen con-
tent would not be observed.

The calculated energies of solution for the trivalent
ions Al, Sc, Fe, Ga, and Bi are presented in Table III and
displayed graphically in Fig. 2(b). Examination of these
energies reveals that the trivalent dopants are predicted
to favor substitution at the Cu(2) site. The computed
solution energies for AT, Sc3t, and Fe’ ' are exotherm-
ic. However, AE for Bi** substitution is sufficiently high
to allow this process to be eliminated. Our predicted
preference for the plane site does not accord with x-ray
and neutron-diffraction analyses,*> which suggest that Al
impurities occupy the chain site. In addition, extended
x-ray-absorption fine-structure (EXAFS) data!? suggest
that Fe occupies distorted Cu(l) sites with a small occu-
pation of the Cu(2) site. This latter study'? also found
evidence for association of dopant atoms into chains
along the (110) direction, indicating a type of Fe-Fe
short-range ordering. According to Mdéssbauer experi-
ments,>1® the Fe dopant is distributed over both copper
sites, but substitutes predominantly for Cu(1). However,
there has been considerable debate concerning the site as-
signment of the observed quadrupole doublets and isomer
shifts for ’Fe in YBa,Cu,0,.

The entries in Table III represent two extreme cases of
localization of the trivalent impurity with the compensat-
ing oxygen interstitial ion. We consider two neighboring
impurity ions on the Cu(1) chain site, adjacent to the in-
terstitial oxygen ion in one case. In the other case the im-
purity ions in the plane are separated from the interstitial
oxygen ion. Our calculations indicate that the lattice po-
larization and ion relaxation favor the separated model.
These calculations do not address chemical effects such as
whether the coordination ligands are sufficient to main-
tain a particular oxidation state of the impurity. Thus we

TABLE III. Calculated energies of solution (in eV per
dopant ion) for trivalent cation substitution for copper.

M,0;+2Cug,=2Mg, + 0} +2Cu0

AEc,) AE¢yy)
AlL,O; 0.10 —1.66
Sc,04 0.75 —1.44
Fe,0, —0.31 —1.84
Ga203 —0.25 NC?
Bi,0; 4.23 4.22

#Calculation not converged.
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must use the calculations in relation to experiments in or-
der to distinguish which of the two extreme cases is
operative. It is important to add, however, that when the
more localized model is considered, the dopants are pre-
dicted to favor the chain site. Finally, since an increase
in oxygen content is predicted to result from trivalent
dopants on the copper sublattice, it seems likely that this,
together with the related effect of oxygen (dis)ordering,
are important factors in the suppression of superconduc-
tivity in YBa,Cu;0;.

B. Substitution for yttrium

Incorporation of divalent ions into the yttrium-based
lattice can be represented by the defect equation

2MO+2Y;—2M,+ V5 +Y,05 , (5)

with extrinsic oxygen vacancies being created to preserve
charge neutrality. The calculated energies of solution, re-
ported in Table IV, are high and positive, suggesting that
the levels of these divalent impurities on yttrium sites will
be negligible even at high temperatures, as expected. In-
terestingly, the plot of AE versus ionic radius, in Fig.
5(a), shows an energy minimum close to the ionic radius
of Y3* (r=0.90 A).

In the case of rare-earth substitution for Y*™, the ap-
propriate defect equation is

M,0,+2Y;—2M}+Y,0, . 6)

Examination of Table V and Fig. 5(b) again reveals a
strong correlation between the solution energies and the
size of the dopant, with AE increasing smoothly with in-
creasing ionic radius. These findings are consistent with
Raman spectra15 for the fully substituted systems,
R Ba,0;0,, that observe modes attributed to Cu(1)-0O(4)
and Cu(2)—O0(2,3) vibrations, exhibiting highly correlat-
ed variations in vibrational frequency with ionic radius.
The calculated energies change by approximately 20%
from Lu®", which has the smallest radius, to La", which
has the largest. The highest value is computed to La,Os;
a result that is compatible with the observation!® that
among the trivalent rare-earth ions La®t is the most
difficult to substitute for Y>*. In fact, diffraction stud-
ies®!® have found that La®" is partially substituting for
Ba’". This observation is not surprising considering the

TABLE IV. Calculated energies of solution (in eV per dopant
ion) for divalent cation substitution for yttrium.

2MO +2Y;=2M,+V; +Y,0,
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TABLE V. Calculated energies of solution (in eV per dopant
ion) for trivalent cation substitution for yttrium.

M,0;+Y;=2M;+Y,0;

MO AE

MgO 8.29
CaO 7.12
SrO 12.89
FeO 7.87
CoO 8.14
NiO 5.51
ZnoO 5.50
Ccdo 5.33

M,0; AE
La,0; 3.53
Nd,0; 3.21
Eu,0; 3.05
Gd,0; 3.03
Ho,0; 291
Lu,03 2.91
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FIG. 5. Calculated energies of solution as a function of
dopant ion radius for yttrium substitution (a) divalent ions, (b)
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size of La’>* (r=1.06 A), which is both the largest in the
rare-earth series and intermediate between that of Y3*
(r=0.90 A) and Ba?>" (r=1.36 A). We note, however,
that the magnitudes of AE for all the rare-earth oxides
are high. These results suggest that the levels of rare-
earth dopant on the yttrium sublattice will be low, unless
stabilization due to clustering occurs at higher dopant
concentrations. Further, the solution energies listed in
Table V are energetically unfavorable in comparison with
the corresponding values for substitution on the barium
site (Table VII). Our calculations, therefore, predict site
preference for the latter, a point to which we return later.

C. Substitution for barium

The defect reaction for the dissolution of divalent ions
onto the barium sublattice is

MO+ Ba},—M?%, +BaO . 7

The calculated energies of solution are reported in Table
VI and plotted versus ionic radius in Fig. 6(a). Once
again a trend between AE and ion size is evident. Experi-
mentally, Dou et al.'’® have suggested a linear relation-
ship between 7T, and the ionic radius of alkaline-earth
dopants on the barium site. In general, our calculations
predict that the 3d elements substitute site selectively for
copper, whereas the larger alkaline-earth dopants, Ca?*
and Sr’”T, substitute for barium. These results are not
surprising when considering that the ion size and orbital
structure of the divalent 3d ions are close to that of Cu™".
From our analysis of ion positions after relaxation, we
find large displacements (Ca 0.4 A) of the substituting
alkaline-earth cations, along the c¢ axis towards the
copper-oxygen plane and away from the Cu(l) chain.
The off-center position is stabilized by the resulting polar-
ization energy of the lattice.”> A summary of the calcu-
lated Cu—O(4) and M—O(4) bond distances, in the vicin-
ity of the alkaline-earth dopant ion, are given in Table
VIII and plotted versus ionic radius in Fig. 7. The main
effect of alkaline-earth substitution is to change the
Cu(2)—O0(4) distance, which becomes shorter with de-
creasing ion size. By comparison, the Cu(1)—O(4) dis-
tance remains almost constant across the series. Further-
more, apart from Mg?* and M—O(4) distance also
remains close to the undoped lattice value. As expected,

TABLE VI. Calculated energies of solution (in eV per dopant
ion) for divalent cation substitution for barium.

MO+Baj, =M}, +BaO

MO AE
MgO 2.49
CaO 1.03
SrO 0.97
FeO 2.10
CoO 2.07
NiO 2.43
ZnO 2.30
Cdo 1.34
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TABLE VII. Calculated energies of solution (in eV per
dopant ion) for trivalent cation substitution for barium.

M,0;+Baj, =2Mj, + O/ +2Ba0O

M,0, AE
L3203 0.98
Nd,0, 111
E\l203 1.22 .
Gd,0, 1.30
Ho,0, 1.45
LUZO3 1.66

the largest deviation is for Mg?*, owing to the large
difference in ionic radii between the substitutional and
host cations. It is interesting to note that the solution en-
ergy for Mg?* substitution for Ba?™ is unfavorable, and
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TABLE VIII. Calculated bond distances (in A) for alkaline-
earth substitution on the barium site.

M2+ M—0@4) Cu(1)—0) Cu(2)—04)
Ba® 2.7305 1.8741 2.3095
Sr 2.7653 1.8805 2.1727
Ca 2.7728 1.8844 2.1183
Mg 3.0025 1.8814 2.0531
*Undoped lattice.

is in fact predicted to dissolve in the crystal at the copper
site. The trends exhibited in Fig. 7 therefore suggest that
the smaller size of these cations perturbs the local struc-
ture, causing a slight disruption in the copper-oxygen
plane substructure near the barium site. This behavior
could explain the observed changes in superconducting
properties, although it is unclear whether structural
changes are directly linked to the reduction in T,.
Indeed, an alternative explanation has recently been pro-
posed® in terms of the polarizability of the Ba?™ and
Sr’" jons. Ronay and Newns* suggest that the small
change in T, with alkaline-earth substitution is due to a
“polarizability shift,” which affects the two-hole coupling
mechanism.
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FIG. 7. Calculated M—O(4), Cu(1)—O(4), and Cu(2)—O(4)
bond distances vs M2" jonic radius, where M denotes alkaline
earth.
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For rare-earth substitution of barium we find an in-
crease in the oxygen content to be the most favorable
mode of charge compensation, as opposed to a reduction
in the formal copper valence

M,0;+Ba},,—2Mpy, +0O/ +2Ba0O . (8)

Again, a correlation with ion size is observed, similar to
the behavior on the yttrium site, although in this case
La®* has the lowest solution energy [Fig. 6(b)]. As noted
earlier, examination of the solution energies in Tables V
and VII indicates that for these rare-earth oxides, isolat-
ed cation substitution at the barium site is energetically
favored over the yttrium site in YBa,Cu;0;. This would
consequently lead to incorporation of additional oxygen
into the structure, with increasing rare-earth concentra-
tion, at a predicted rate of 0.5 oxygen-dopant ion, from
Eq. (8). Solid  solutions of the  system
R (Ba,_,R,)Cu;0,,5 have been investigated'® and the
findings discussed in terms of an ion size argument. Our
results similarly suggest that dissolution is largely depen-
dent on ion size, being most favorable for La’* and
becoming more difficult with decreasing ionic radius.
This behavior accords with experiment,'® which finds the
solubility limits on the barium sublattice decreasing in
the order La, Nd, Sm, Eu, Gd to Dy. Note that the
rare-earth ions towards the Lu end of the lanthanide
series are comparable in size to Y3t (r=0.90 A), and a
degree of mixing among the yttrium and barium sites
might be expected to occur.

In conclusion, we have shown that the application of
atomistic simulation techniques can provide a useful sys-
tematic treatment of dopant phenomena in the
YBa,Cu;0,; ceramic oxide. While there may remain
some uncertainties in the calculated solution energies for
this complex system, our study clearly demonstrates the
ability of the method-to distinguish between alternative
modes of dopant substitution and compensation mecha-
nisms. The results discussed in this paper have first indi-
cated the importance of ion size effects in the site-
selective occupancy of dopant ions. The calculations
have produced trends as a function of ionic radius that
are generally consistent with the available experimental
data. These findings indicate the sensitivity of the intera-
tomic potentials to small change in ion size and provide
support for the general validity of the methods used. TItis
worth noting that we have not employed unrelated pro-
cedures for parameter mixing, but transferred potentials
for the dopant ion interactions from corresponding
binary oxides. From our analysis of local ion displace-
ments immediately surrounding the dopant ion, we find a
trend towards decreasing T, with increasing M2T—QO(4)
(where M=Fe, Co, Ni, Cu, and Zn) and decreasing
Cu(1)—O(4) bond distances. This picture is consistent
with neutron-diffraction measurements® that have simi-
larly shown T, decreasing with decreasing Cu(1)—O(4)
bond distance, for Co-doped and oxygen-deficient
YBa,Cu;0,_5. Our study, therefore, suggests that the
superconducting properties are closely related to the lo-
cal structural and electronic environment. From the cal-
culated energies of solution, substitution at the Cu(2)
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plane site emerged as the most probable mode of substitu-
tion for divalent 3d cations such as Ni*T and Zn2",
whereas the alkaline-earth dopants Ca?* and Sr?* would
selectively substitute for barium, in agreement with ex-
periment. Contrary to common models, it is predicted
that AI’* and Fe3" dissolve in the crystal preferentially
at Cu(2). This can be rationalized in terms of our discus-
sion dealing with two extreme cases of localization of the
trivalent dopant and the compensating oxygen interstitial
ion. It is important to add, however, that if a more local-
ized model is operative, the Cu(1) site would be favored.
Nevertheless, our results indicate an increase in oxygen
content with increasing trivalent ion concentration, as is
observed experimentally. Finally, the calculations sug-
gest that substitution of rare-earth ions is energetically

M. S. ISLAM AND R. C. BAETZOLD 40

most favorable at the barium site, in particular for La3™.
Note that in this study we have considered systems at
high dilution. At higher dopant concentrations, howev-
er, the association of dopants or their charge-
compensating defects with the possibility of long-range
ordering or the formation of clusters may play an increas-
ingly crucial role in defect stabilization and hence in the
effective solution energies that are computed. These de-
fect interactions obviously are subjects for further study.
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