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ABSTRACT

The suppression of superconductivity by the substitution of divalent cations such as Sr or
Ca at Y and Ba sites in YBa2Cu^Ch-d and the substitution of Pr for La in LaCaBaCu? Oi-d
has been examined by oc susceptibility and infra-red spectroscopy. The latter has been found to
be particularly useful in obtaining information at the microscopic level regarding the influence of
substitution at the planes and at the chains. The studies give support for the model of enhancement
of superconductivity by charge fluctuations in the chains. The systematics of the changes in the
electrical resistivity in La\-xPrxCaBaCu-}Oi-d is examined in terms of the percolation models
and the existence of a minimum sheet resistance for superconductivity. The role of the various
substituents in stabilising the structure and also in the mechanism for superconductivity is examined
in terms of a model for the structure of the superconducting AmCvnOv copper oxides on the basis
of AX-} close-packing and the uniaxial magnetic interaction model.
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The structure of the layered perovskite AmCunOy superconductors has been modelled
on the basis of two kinds of AO3 close-packing which generates, after the removal of
oxygens, the oxygen deficient perovskite and rock-salt structures . These two kinds of
packing may be represented by pseudospins. The layered perovskites as well as the long
period superstructures in intermetallic alloys may then be modelled on the basis of an

uniaxial magnetic interaction model in which there are domains of ferromagnetic
(associated with perovskite structure) as well as antiferromagnetic (rock-salt structure)
regions and domain boundaries. The three spin sites thus generated may then be
associated with three kinds of A ions which have been designated as AF (pure
perovskite), AR (rock-salt) and AP (domain boundaries).

It has been shown that the empirical coordination number dependent ionic radii2 or
quantum-mechanical angular momentum dependent pseudopotential orbital radii3 may
be used to distinguish between the A ions. The AF ions in AFO2 layers (termed as
fluorite or CaF2-like layers) are Ca and Y, the AR ions in ARO (rock-salt) layers are
Pb,Tl,Bi as well as Cu (in YBa2Cu3O7 or Pb2Sr2(Ca,Y)Cu3O8) while the AP ions at the
domain boundaries are usually Ba,Sr,La. Most of the high-temperature superconductors
may then be written in terms of the simple formula (AP)2(AR)m(AF)n-2Cun-lO2n+m+2+d.
The superconductors with Tc greater than 60 K always have n>2 and in addition have at
least one ARO layer. Compounds such as La2-xCai+xCu2O6 which have no ARO layers
are not superconducting. This signifies an important role for the ARO layers in ensuring
superconductivity in the C11O2 layers.
Part of this reason may arise from a
structural constraint imposed by the ARO
layers. We discuss below the structure of
YBa2Cu3O7 from this viewpoint. In
doing so we shall also show how the
coordination number dependent ionic
radii of the various cations as tabulated
by Shannon may be used to understand
the limits of stability of the structure.

The structure of YBa2Cu3O7 may be
understood from an idealised tripled
perovskite cell. The dimensions of the
unit cell arc given by the Cu-O-Cu
distance which is 2 times the 0 - 0
distance. The choice of the a parameter
defines therefore the diameter of the
oxygen species if we assume a (a) (b)
close-packing of oxygen ions. We
assume the Cu-O-Cu distance to be close
to 3.88 A which is close to the value
found in compounds such as Sr2CuO34,
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La8-xSrxCus020+d6 e t c so t h a t t h e
diameter of the oxygen ion is 2.73 A. In F l g , ( a ) ^ ^ ^ Q 0 5 0 p l a n e o f ^

F i g . l a w e s h o w t h e 0 , 0 . 5 , 0 idealised tripled perovskite cell of the formula
cross-section of the idealised tripled unit A3B3O7; (b) shows the actual cell of YBa2Cu3O7
cell using the actual ionic sizes of B a in «s™8 xxwl ionic radii of ref. 2.
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ten-fold coordination (1.52 A) and Y in eight-fold coordination (1.03 A) as well as 1.37
A computed for the ionic radii of oxygens. We see that the Ba ion is too big while the Y
ion is too small. The oxygen ions will then tend to move away from the Ba ions. The
chain oxygens (Oi) are fixed rigidly on the b axis while the bridging O4 oxygens are
fixed on the c axis since they are surrounded on all sides by Ba ions. The oxygens in the
CuO2 planes can be displaced however. In Fig. lb we show the new positions after the
displacement keeping the dimensions of the unit cell fixed. The sizes of the Ba and Y
ions are now commensurate with the space available to them. One may make a simple
estimate of the limiting size of the ion at the Y site and we find it to be close to 1.1 A
which is just below that of P r ions in eight-fold coordination (1.12 A). This limiting
size is consistent with the fact mat La ions are not easily substituted exclusively at the
Y site and always seems to require the substitution of some of the Ba ions by La ions as
well. We believe that such a limiting size is also consistent with the localisation of holes
on Pr in PrBa2Cu3O7 since it would help the Pr ions to reduce its size by increasing its
average oxidation state . Ions such as Y + which have a smaller radius may induce an
orthorhombic distortion (a<tx3.88 A) because of the resultant decrease in the unit-cell
volume.The above model accounts naturally for the predominant substitution of La or Pr
ions at Ba sites and Ca ions at Y sites in Lai.xPrxCaBaCu3O7.

If we substitute S r + ions ( 1.26 A in eight-fold coordination) at the Y site then the
limiting size for the ion at the Ba site is 1.40 A. This accounts for the fact that Y cannot
be substituted by Sr ion in YBa2Cu3<>7 but may be substiuted by Ca2+. However, since
the size of Sr ion in ten-fold coordination is 1.36 A we may visualise a solid solution
Yi-xSrxBa2-2ySr2yCu3O7 (y£x) which implies that a susbtitution of Y by Sr becomes
possible when at least the two Ba ions in the same unit cell are substituted by Sr ions. We
find that solid solutions with x= y= 0.25 is indeed possible. The ac susceptibility of these
compounds suggests that Sr substitution at Y site is associated with a local destruction of
superconductivity.

The pressure of the large Ba ions on the oxygens in the O1O2 planes is possible
because of the presence of the CuO chains. We believe that these chains are to be
associated with the ARO layers such as the T1O layers in TlBa2CaCu2O7. The pressure
on the Q1O2 planes ensures the presence of oxygen vacancies between the Q1O2 planes
even after doping in the planes. In the absence of susch ARO layers as in La2SrCu2O6 or
La2CaCu2O6there seems to be a tendency for a reorientation of the [G1Q4] square-planar
units perpendicular to the O1O2 planes. This is apparent in compounds such as
La2-xSn+xCu2O6 where an attempt is made to dope holes by the substitution of La by Sr.
Substitution of Ba by Sr or Ca or Y by Sr may lead to a similar effect

The pressure due to Ba leads to very short Ba-O distances. For example, the Ba-CM
distance is only 2.74 A compared to the value of 2.92 A calculated from ionic radii. This
pressure on the oxygen could be responsible for the short O11-O4 distance that is
observed . On the other hand Ae pressure on the oxygen could also be responsible for the
creation of holes on the O4 oxygens since this would reduce the size. Replacement of Ba
by smaller ions such as La or Sr would relieve the pressure on the 64 oxygens. We
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Fig. 2. Infra-red spectra of Lai-xPriCaBaCmCh-d
system after background subtraction and
normalising for maxima and minima. The values
of x in the different sets are indicated against the
curves.

believe that such an effect manifests itself
in the infra-red spectra of LaCaBaCu3O7
(Fig. 2).

The assignment of the phonon bands
in the infra-red spectra is a matter of
controversy. Recently the 590 cm"1 band
in single crystals of YBa2Cu3Oe (a = 3.86
A) has been attributed to the in-plane
vibration mode while the 640 cm'1 band
has been attributed to the Cui-O4
vibrations9. The band at 590 cm'1 shifts
to 550 cm'1 in PrBa2Cu3O6 (a = 3.89 A)
and to 580 cm*1 in PrBaCaCu3O6 (a =
3.87 A). This is in agreement with its
assignment to an in-plane mode as is the
fact that the intensity of this mode
decrease sharply when Y (or Pr) is
substituted by Ca in YBa2Cu3O6 (or
PrBa2Cu3O6). Such an assignment also
fits in very well with the plot of the
highest observed infra-red frequency vs
Cu-0 distance in a large number of

s in
copper(II) oxides6'1" (Fig. 3 ). The plot
can therefore be used as a titration curve
for obtaining C u - 0 " distances.

When PrBaCaCu3O6 is oxidised a
cm which shifts to 700 cm" in

A for such a
new broad band appears around 670
LaCaBaCu3O7-d.The titration curve gives a Cu-O distance less than 1.
frequency. It seems reasonable to us to explain these results in terms of two environments
for the Cui-Qt linkage. In the La- or Pr-rich environment there is no pressure on the 04
oxygen because of the smaller size of La and also because the higher oxidation state on
La favours a higher negative charge on the O4 ion. The high frequency band is consistent
with a (Cui) +(O4) linkage. The lower frequency in the case of Pr compared to that
of La may be attributed to a decrease in m.

As mentioned earlier size constraints enable us to understand the substitution of Ba by
La or Pr and Y by Ca in Lai-xPrxCaBaCu3O7-d. We find that the dependence on the Pr
content for the suppression of superconductivity in this system is nearly the same (critical
value of x at which Tc is zero is close to O.6)7 as in the Yi-xPrxBa2Cu3O7-d system11

despite the fact that the Pr ions are in different locations. Our infra-red results (Fig. 4)
show clearly that the character of the CU1-Q4 linkage in PrCaBaCu3O7 is affected both in
relation to YBa2Cu3O?-d as well as LaCaBaCu3O7-d. The effect of the hybridisation of
Pr with Q12-O or Cui-0 in YBa2Cu3O7-d is expected to be different from that in
LaCaBaCu3O7-d. The chains are therefore important in the mechanism of
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Fig. 3. (a) Plots of the maximum observed infra-red band below
1000 cm*1 with the shortest Cu-0 distance for several
compounds (data) as plotted in Ref. 10. (b) plots of the infra-red
bands associated with in-plane vibrations in this communication
against the in-plane Cu-O distance.

Fig. 4. Infra-red spectra of (a) YBa2Cu3O6.i2 (full lines) and
Yo.gCao.2Ba2Cu3O6.08 (dashed line); (b) PrBa2Cu3O6.i (full
line) and Pm.gCao.2Ba2Cu306.i; (c) PrCaBaCu3O6.i (full line)
and PrCaBaCu3O6.85



superconductivity in these compounds so that one must consider the unit cell as a whole.
The dependence of Tc on x fits well with the predictions of the Abrikosov-Gorkov
theory1 in both the cases (Figs. 5, 6). We however feel that the Abrikosov-Gorkov
theory is valid only in the limit of large mean free path. In these systems Tc tends to zero
in the insulating phase characterised by a negative temperature coefficient of resistivity
(TCR). The dependence on x is more characterised by the electrical resistivity value than
on the concentration. We find that in most polycrystalline samples TCR changes sign
when the resistivity is less than - 10 ohm cm.. In thin films TCR changes sign and Tc>
0 when the in-plane resistivity is less than 10 ohm cm. This value is consistent with the
conductivity expected for a stack of sheets each having the minimum metallic
conductivity as predicted by scaling theory. The difference between polycrystalline
samples and thin films in the two cases is then best understood in terms of an anisotropy
in electrical conductivity behaviour. A survey of the literature also shows that Tc in thin
films or single crystals is a maximum when the resistivity is lower than - 10 ohm cm.
This latter value is consistent with all the sheets having a minimum sheet resistance of ~
h/(2e) for superconductivity to appear in a single sheet We therefore conclude from the
electrical resistivity results that the superconducting transition is best characterised by an
anisotropic conducting system in which superconductivity depends on metallisation in
the planes.

The above picture could account for the concentration at which Tc goes to zero in
Pr-substituted samples in terms of a percolation model. Since we are at the
insulator-metal transition the mean free paths are expected to be of nearest-neighbour
distance. In a square-planar array the critical site-percolation threshold for
nearest-neighbour interactions is 0.59. If we assume that the substitution of Pr is random
and that Pr localises the electrons in its unit cell then we imagine that when the
concentration of Pr is less than 41 % the unit cells of YBa2Cu3O7-d or LaCaBaCu3O7-d
would form a percolating path and that two-dimensional superconductivity is possible.
For Pr contents greater than 59 % there will be a percolating path of the insulating Pr
phase and there is localisation over long range. For Pr contents between 41% and 59 %
there will not be a connected path of either superconducting or insulating unit cells. The
superconducting or insulating behaviour is therefore over short regions. The transition in
this region could involve semiconducting regions. The mechanism in this region is not
clear but since it involves mixed phases the transitions are expected to be broad in this
regions as actually observed.

The infra-red spectra of the Lai-xPrxCaBaCu3O7-d system (Fig. 3) shows clearly that
the spectra as a function of x has a different behaviour in three broad regions which are
0<x<0.3, 0.4<x<0.6 and 0.7<x<1.0. These regions correspond closely to the regions in
the percolation model. The spectra seems to indicate that in the two extreme limits the
vibrational spectra and therefore the elastic effects or lattice dynamic behaviour
resembles that of the unit cells which are percolating, and that in die intermediate regime
there is a mixed phase behaviour.
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Fig. 5. Variation of resistivity with temperature as a function of x in La1.1PrxCaBaCu3O6.8S

O
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Fig. 6. Variation of Tc ( from zero resistivity) as a function of x in Lai-iPr*CaBaCu3O6.85 (filled
circles). Full line gives the fit from Abrisokov-Gorkov pair-breaking theory. Inset shows the
experimental points and the fit obtained with Yi
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