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DOPANT EFFECTS IN THE 1-2-3 
SUPERCONDUCTOR 

M. SAIFUL ISLAM 

Department of Chemistry, University of Surrey, Guildford GU2 5XH, UK 

(Received March 1993, accepied March I993) 

This paper will review recent atomistic simulations of the dopant properties of the YBa2Cu3-0, (1-2-3) 
superconductor. The simulation techniques are essentially those used previously to study a rtch variety 
of ceramic oxides. Divalent ion substitution for Cu is examined in relation to site-selectivity and changes 
in local structure. Doping on the Ba sublattice by rare-earth ions (e.g. La3+)  and the alternative charge- 
compensating defects are also considered. Finally, the formation of Fe-0 clusters in the Cu( 1) basal plane 
is addressed in some detail. 
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1 INTRODUCTION 

Since the discovery of high temperature superconductivity, a major focus of many 
studies has been directed towards the effects of metal doping on the YBa,Cu,O, - 
(" 1-2-3 ") family of compounds [l--241. A particular concern has been the substitu- 
tion of the two distinct Cu sites (plane and chain) as a means of gaining insights 
into the origin of this exciting phenomenon. In all cases of Cu substitution, a 
deleterious effect on high T, behaviour is observed, with some metal ions inducing 
a structural transition. Such a strong influence on doping is not surprising since it 
is well established that La2 CuO, exhibits superconducting properties only when it 
is doped with Sr or Ba with the creation of compensating defect-holes. 

It has become increasingly clear that consideration of local structural features is 
crucial in order to fully understand the rich variety of dopant-related behaviour. 
Such features include the site-selectivity for substitution, the type of charge- 
compensating defects, distortions about the dopant ion and possible cluster forma- 
tion. However, the experimental analysis of local structure has proved to be 
extremely difficult (in common with other ceramic oxides [25]), and is partly due 
to problems of inhomogeneity and the sensitivity of oxygen stoichiometry to 
processing conditions. 

Consequently, these issues have been investigated by computer modelling techni- 
ques, which are now an established tool in the study of polar solids; indeed, there 
is considerable evidence of their ability to  model accurately structural and defect 
properties at the atomic level. A number of studies using these techniques on high 
T, superconductors have been reported [26-371. In this article we concentrate on 
their role in examining the problems posed by doping in the YBa2Cu,0, system, 
which includes recent studies of defect clustering. 

101 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
3
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1 02 M.S. ISLAM 

2 SIMULATION METHODS 

The lattice simulations are based on energy minimization procedures and 
Mott-Littleton methodology embodied in the CASCADE [38] suite of programs. 
Since more detailed descriptions of the methods and their application to other 
systems are presented elsewhere, [39] we will give a brief account of the model 
used. 

The simulation methods are based upon the specification of an interatomic 
potential model which expresses the total energy of the system as a function of the 
atomic coordinates. For ceramic oxides, the calculations are commonly formulated 
within a Born model representation, with the total energy partitioned into long- 
range Coulomb interactions and short-range pair (and three-body) potentials. 

In the present investigation the same potential parameters are used as in our 
previous defect and oxygen transport studies of YBa,Cu,O, [30,35], in which all 
the cations are assigned formal integral charges. This has the advantage of allowing 
a clear distinction between isovalent and aliovalent dopant substitution. With regard 
to the dopant-host interactions, the potentials were derived from the appropriate 
binary oxides and have been successfully applied to impurity studies of other 
ceramic oxides [40]. 

A vital feature of the defect simulations is the treatment of lattice relaxation 
around the dopant substitutional or defect cluster. The effect is generally large 
because the charged defect provides an extensive perturbation of the surrounding 
lattice. The celebrated Mott-Littleton approach [41] divides the crystal into two 
regions, so that ions in the central inner region (I) immediately surrounding the 
defect are explicitly minimized, while the remainder of the crystal is treated as a 
polarizable dielectric continuum. The explicit simulation of region I uses efficient 
energy minimization methods which make use of first and second derivatives of the 
energy function with respect to ion coordinates. In this way the simulations can 
calculate the energetics of dopant substitution, as well as predict local ion 
displacements during lattice relaxation. We should add that most substitution 
experiments are carried out at elevated temperatures where the materials exhibit 
nonmetallic behaviour. For such systems the simulation techniques have been 
shown to be 'reliable. 

3 RESULTS AND DISCUSSION 

To demonstrate the role of modelling methods in the study of dopant effects in 
YBa,Cu,O, we focus on three main topics, which have been extensively 
investigated in recent years. 

3.1 Divalent ion substitution for Cu 

Numerous studies have been carried out on transition metal substitution for 
copper that have resulted in single-phase materials but dramatic decreases in T,. 
The rich variety of behaviour, as well as much of the conflicting experimental con- 
clusions, arise from the relative energetics of the occupancy of the two inequivalent 
copper sites (shown in Figure 1). It is generally believed that, of the two sites, the 
Cu(2) plane is crucial to superconductivity. In evaluating the influence of 
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1-2-3 SUPERCONDUCTOR 103 

Figure 1 Unit cell of YBa2Cu,07. 

substituting ions it is, therefore, apparent that identifying the precise lattice location 
is important. 

The simulation approach is based upon the determination of the relative 
energetics of dissolution in the oxide. The calculated energies of solution are 
obtained by combining appropriate lattice (cohesive) energies with energy terms 
accompanying the formation of the substitutional species (M &,). We first consider 
the incorporation of divalent dopants (e.g. Ni, Zn) into the Cu2+ sublattice, which 
can be represented by the defect equation: 

MO + Cu& + MCu + CuO 

The resulting energies for the two copper sites are plotted as a function of dopant 
ion radius in figure 2. From this we conclude that the transition metal ions Ni, Zn 
and Cd preferentially substitute for the Cu(2) plane site, although the energies for 
Cu( 1) are also favourable. Not surprisingly, the alkaline-earth ions (Ca, Sr) are 
predicted not to substitute for Cu. The solution energies for NiO and ZnO are in 
agreement with the observation that these oxides dissolve readily in YBa2Cu,0,. 
Moreover, our results accord well with structural studies [2,5,6] which find that 
Ni or Zn ions occupy primarily the Cu(2) sites. Both Ni and Zn would, therefore, 
be expected to have a depressing effect on T, by “disrupting” the CuOz supercon- 
ducting planes. 

In addition to the calculation of solution energies, the simulation codes generate 
valuable information on the final atomic positions following lattice relaxation. The 
local distortion accompanying substitution for the Cu(2) site is illustrated in Figure 
3. This indicates significant shifts in the position of the dopant ion and the O(4) 
bridging oxygen along the c-axis, causing small changes in the local symmetry. 
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Figure 2 Calculated energies of solution as a function of dopant ion radius for divalent substitution 
for copper. 

Figure 3 Local displacement of ions for divalent ion substitution at the Cu(2) plane site. 
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Cu(1)-0(4) bond distance (A) 

Figure 4 Plot of variation of T, vs Cu(l)-O(4) bond distance (observed values of T,. from [ I ] ) .  

From neutron powder diffraction experiments, correlations of certain average 
bond lengths with T, have been discussed [4]. Therefore, to illustrate the behaviour 
of our computed bond distances we plotted the calculated Cu( 1)-O(4) distances 
versus T, shown in Figure 4. A trend towards decreasing T, with decreasing 
Cu( 1)-0(4) bond distance is found. We recognise, however, that the observed 
value of T, is strongly dependent on the precise dopant concentration. None- 
theless, diffraction measurements [4] have similarly found T, decreasing 
systematically with decreasing Cu( 1)-0(4) bond distance, for both the Co-doped 
and oxygen-deficient materials. It has previously been argued that the super- 
conductivity in the 123 compound is related to charge-transfer effects between the 
Cu(1) “charge reservoir” layer and the Cu(2) conduction plane (43,441. On the 
microscopic scale the reduction in the Cu( 1)-0(4) distance (which is accompanied 
by a lengthening of the Cu(l)-Ccu(2) distance) could be expected to lead to such 
electronic effects with a corresporidingly strong effect on T,. 

3.2 Rare-earth substitution for Ba 
Rare-earth ions towards the lanthanum end of the lanthanide series are large enough 
to substitute on the barium site. For example, studies of partial substitution of 
La3+ for Ba2+ in YBaz - ,La,CuC), have observed an orthorhombic to tetragonal 
transition near x = 0.4 [lo-121. Measurements of the oxygen content by ther- 
mogravimetry and iodometric titration [ l l ,  121 also indicated that La substitution 
produces an increase in oxygen content in excess of the 0, stoichiometry. An 
important feature of the rare-earth doped compounds is their similar T, behaviour; 
this suggests that, as for the Y site, magnetic moments on the Ba site have no 
significant effect on superconductivity. 

The basic problem posed by rare-earth doping on the Ba site concerns the 
nature of the compensation mechanism for such aliovalent substitution, in par- 
ticular, whether the charge-compensating mechanism involves extra oxygen (as an 
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Table 1 Calculated energies of solution (in eV per dopant ion) for trivalent 
rare-earth substitution for barium. 

O3 
NdZ O3 
Eu2 O3 
Gd2 O3 

Lu203 

Ho2 O3 

0.98 
1 . 1 1  
1.22 
1.30 
1.45 
I .66 

3.67 
3.81 
3.91 
3.99 
4.15 
4.36 

d. bCharge-cornwnrallon by oxygen interntttals and reduciion In Cu valence. respectively 

02- interstitial) or a reduction in the formal Cu valence. From our calculations we 
find an increase in oxygen content to be the most favourable mode (Table l), 
represented by the equation: 

M203 + BaX,, + 2M,, + 0," + 2Ba0. 

This would consequently lead to intercalation of additional oxygen into the Cu(1) 
layer (at a predicted rate of one 02- per two dopant ions) which accords with 
experimental findings. 

The calculated solution energies are also illustrated as a function of dopant radius 
in Figure 5 ;  a correlation with ion size is observed with the most favourable energy 
for La3+. We should note that the relative magnitude of solution energies includes 
contributions from a variety of terms. However, solid solutions of the systems 
R(Ba2 - R,)Cu307 + have been investigated and the findings discussed in terms of 
ion size factors [ 121. Our results similarly suggest that dissolution is largely depen- 
dent upon ion size, being most favourable for La3+ and becoming more difficult 
with decreasing ionic radius. This behaviour accords with experiment which finds 
the solubility limits on the barium sublattice decreasing from La to  Dy. We should 
note that the rare-earth ions towarcs the Lu end of the lanthanide series are com- 
parable in size to  Y 3 +  ( r  = 0.90 A ) , and a degree of mixing among the yttrium 
and barium sites might be expected to occur. 

3.3 Fe Clustering 

The extensive studies of YBa2(Cu, - ,Fex),07 have revealed that Fe3+ substitutes 
primarily, if not exclusively, at the Cu(1) chain site; such doping results in a decrease 
in T, (as with Ni and Zn), but also an increase in oxygen content and an 
orthorhombic to tetragonal phase transition [2,5]. 

For Fe substitution there has been much conflicting interpretation of local struc- 
tural data, particularly from "Fe Mossabauer measurements. These difficulties are 
largely due to the insertion of oxygen into the oxygen-variable Cu(1) layer and hence 
the various types of coordination possible. Moreover, several investigations have 
found evidence for the clustering of dopant ions, revealing more complex aspects 
than earlier work [13-18). For example, electron-diffraction results of Bordet et al. 
[13] were discussed in terms of linear Fe clusters in the Cu(1) layer having a width 
of a few cations. A variety of other diffraction and X-ray absorption techniques 
have been applied to this problem and generally report the formation of Fe clusters 
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Figure 5 Calculated energies of  solution a:5 a function of dopant ion radius for rare-earth substitution 
for barium. 

with incoming oxygen, such as dimers, tetramers or zig zag type configurations 
[ 14-18]. Some of these studies, together with recent ion channelling experiments 
1191, have shown that Fe is displaced off the Cu(1) position resulting in a distorted 
coordination. In this context, it is also known that Fe doping leads to the appearance 
of microdomains and tweed microstructures [20-231. 

These results clearly indicate that the changes in superconducting properties are 
closely related to perturbations in the local structure. However, little quantitative 
information on the types of cluster configurations and relative binding energies has 
emerged. Our concern in the present study is to understand how Fe3+ dopants on 
the Cu( 1) layer might associate with their charge-compensating defects at the 
microscopic level. For this task the atomistic simulation methods are well suited as 
they model accurately the Coulomb and relaxation energies, which are the predomi- 
nant terms in any localized clustering process. 

From our previous studies [36] of trivalent dopant substitution, the following 
defect reaction involving charge-compensation by oxygen insertion was predicted 
to be the most favourable: 

Fe,O, + ~CU,,,  --* 2 Fe& + 0," + 2CuO 

This shows that two Fe ions would introduce one additional oxygen ion into the 
Cu(1) layer, which is in accord with observed estimates of oxygen occupancy 
[14, 161. It is well established that interactions between aliovalent impurity ions and 
their charge-compensating defects can lead to the formation of distinct defect 
clusters, largely due to Coulombic forces. Consequently, we have identified various 
two-dimensional cluster configurations comprised of nearest neighbour Fe3+ 
substitutionals and oxygen interstitials on the Cu( 1) basal plane. 
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? a  

b 

Figure 6 Fe substitutional - oxygen interstitial clusters in the Cu(1) layer (a) dimer (b) square tetramer 
(c) zig zag tetramer. 

The simplest neutral cluster that may form is one containing two neighboring 
impurity ions and an oxygen ion at the O(5) interstitial position between them. This 
M-0-M linkage or dimer configuration is shown in Figure 6. For the more com- 
plex neutral tetramer, consisting of four impurity ions and two oxygen interstitials, 
we identified square and tig zag geometries (Figure 6). Finally, we considered two 
large clusters shown in Figure 7, which we refer to as hexamer and double-chain 
configurations. 

The simulation approach is based on the calculation of cluster-binding energies 
with respect to  the constituent defects. In Table 2 the calculated energetics of the 
Fe-oxygen interstitial clusters are presented. Examination of the results reveals that 
the clusters are bound with large binding energies indicating a high degree of 
stability. This strongly suggests that there will be a greater tendency toward cluster- 
ing and a less random distribution at  higher dopant concentrations, in agreement 
with experimental evidence. 

The relatively high values for the binding energies may indicate that the isolated 
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1-2-3 SUPERCONDUCTOR 109 

Figure 7 Fe substitutional - oxygen interstitial clusters in the Cu(1) layer (a) hexamer (b) double-chain. 

Table 2 Calculated energetics of clusters of Fe3+ and oxygen interstitials in the Cu(1) layer. 
~~ ~~ 

Total defect Binding energy a 

energy (eV) (e V/dopant) 
~ 

(2Fe&,O:) dimer 
(4Fecu20r) tetramer 
Square 
Zigzag 
(6Fe& 40;) hexamer 
(7Fe>,,40;1) double chain 

- 61.77 

- 123.49 
- 120.27 
-206.33 
- 226.69 

-2.91 

- 2.90 
-2.10 
- 3.19 
-3.03 

a Negative value indicatrr system is bound. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
3
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



110 M.S. ISLAM 

Table 3 Relaxed positions and mean displacements of ions in the double-chain cluster. 

Ion Normal latrice sire’ Final relaxed position Displacement {A) 
Fe3+ (0 0 0 )  ( 0.04 0.01 0) 
O(1) (0 0.51 0 ) (-0.10 0.50 0) 
o(4) (0 0 0.48) (-0.02 0 0.51) 
a s )  (0.5 0 0 ) ( 0.5 -0.03 0) 

0.15 
0.37 
0.13 
0.13 

:Aiomic coordinates in lattice unils (a,,). 
Normally unoccupied site in YBaZCu,O, 

oxygen interstitial energy is unfavorable in the pure material; this is consistent with 
the fact that compositions greater than x = 7 for undoped YBazCu,O, are not 
easy to attain. In other words, we see that the presence of trivalent impurities 
encourages interstitial site occupancy and stabilizes oxygen insertion. Of the 
tetramer geometries examined the high symmetry square configuration is found to 
be the most energetically favorable, with very similar stability for the dimer. Further 
enhancement of the binding energy occurs with the edge-shared hexamer which has 
a slightly larger value than for either the simple dimer or tetramer. Aggregation is, 
therefore, thermodynamically favored by a process that retains the basic square 
tetramer unit but increases the total number of dopant ions in the phase. 

The alternative “corner sharing” of tetramer units lead to the double-chain con- 
figuration shown in Figure 7, which is also calculated to have enhanced stability. 
This result is consistent with the interpretation of EXAFS data by Bridges ez al. [ 151 
who support the formation of chains of Fe (or Co) along < 110) direction. 

Note that clustering does not necessarily preclude the presence of isolated 
substitutionals, since cluster species will be in equilibrium with single defects as well 
as other cluster types. The different cluster configurations and sizes could explain 
the broad hyperfine distributions seen in the Mossbauer spectra of these materials. 

We now focus on the local dopant environment: within the clusters the dopant 
ions tend to have higher coordination then they would if they were isolated. Our 
results, therefore, suggest that at higher dopant content, the oxygen coordination 
of Fe will increase with the predominance of five- and six-fold coordination. 

Finally, the relaxed positions and mean displacements of selected ions for the 
double-chain model are summarized in Table 3. These results reveal a substantial 
movement of lattice ions associated with dopant incorporation. Interestingly, we 
find large off-centre displacement of the Fe3+ ion generally in the ( 1  10) direction 
leading to a noncentrosymmetric coordination. This is in agreement with neutron, 
EXAFS and ion-channeling experiments which suggest an off-centre model with a 
distorted Fe environment. The successful prediction of this subtle effect thus pro- 
vides further confirmation of the validity of the interatomic potentials used. 

The general picture that emerges from our results is that Fe and extra oxygen will 
associate t? form clusters with substantial short-range order. These distinct clusters 
(of 10-20 A dimensions) are likely to be related to the observed microdomains and 
tweed structures, which are estimated to be of the order of the superconducting 
coherence length. Therefore, Fe-0 dopant clusters may act as additional flux pin- 
ning centres or weak links in the 123 samples. 
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4 SUMMARY 

We have shown that the application of atomistic simulation techniques can provide 
a useful systematic treatment of dopant-related phenomena in the YBazCu, 0, 
(1 -2-3) superconductor. In general, the present study demonstrates the importance 
of local structural features which are difficult to probe by purely experimental 
techniques. Our discussion has drawn attention to three main features. 

(i) Substitution at the Cu(2) plane position emerges as the most favourable 
lattice site for divalent 3d cations such as Ni2+ and Zn2+.  We also calcu- 
late a shortening of the Cu(l)-0(4). bond. This may be indicative of 
“charge-transfer” effects between the Cu( 1) and Cu(2) layers, the impor- 
tance of which has been suggested previously. 

(ii) The calculated solution energies suggest that substitution of rare-earth ions 
is favourable at the Ba site (especially for La3+) with charge-compensation 
by oxygen insertion. 

(iii) A strong tendency for Fe-0 clustering (rather than a random distribution) 
is found with the trivalent dopant stabi1i:ing the insertion of oxygen. The 
formation of distinct clusters (of 10-20 A dimensions) and the magnitude 
of the off-centre displacements may be related to flux pinning centres, as 
well as promoting the appearance of tweed microstructures. 

There remain various dopant properties of superconducting oxides which the 
present paper has not addressed. The surface segregation of impurities may be 
investigated with our simulation approach, as may be the mechanisms of dopant 
ion diffusion. Further studies are underway exploring these topics. 
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