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ABSTRACT

The effect of Pr substitution in suppressing Tc i ^ ^ d
YojjCao-^Ba^C^QiIwinas ' ) e c n studied. Infra-red spectroscopy and a model based on ionic
radii considerations were used to examine the location of Pr ions and the influence of Pr and
Ca ions on hole localisation on chains and planes. For this purpose the series PrBa2.
xCajCu-jO^ was also studied. The main conclusions are that Pr ions play a role in
suppressing Tc by exchange scattering and to some extent by the hole filling mechanism
involving the formation of Pr4"*1. The Pr ions in La].IPr!lCaBaCu3O7_d exisi in both the Y
and Ba sites. The magnitude of the resistivity at the insulator-metal transition for Ihe
polycrystalline samples is consistent with an anisotropic superconductor in which
superconductivity accompanies metallisation. The rate of suppression of Tc is similar as in
Y|.IPrllBa2Cuj67^ but it is suggested that a percolation model may explain the results
more adequately than the Abrikosov-Gorkov theory.
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INTRODUCTION

Superconductivity in YBa2Cu3O7 is known to be strongly suppressed on the
substitution of Y by Pr [ 1 -3j. The localisation of holes on Pr3+ is closely related to the
localisation of the conduction electrons by its magnetic exchange interactions with the outer
4/electrons of Pr3+ ions [2], The exchange scattering of the conduction electrons is believed
to result in a breaking of the Cooper pairs and thence in a suppression of superconductivity.
This suppression may also be attributed to the localisation of holes on the praseodymium
ions. In chemical terms the localisation may be understood quite simply as an oxidation of
Pr3+ ions to Pr"+ by a (CuO)+ species. Neumeier et al [4] have recently shown that the
influence of such a localisation may be partially counteracted by the creation of additional
holes by a simultaneous substitution of Y3+ ions by Ca2+ ions. Tang et al |2e] have
emphasised that the influence of Pr ions in suppressing superconductivity depends critically
on the system studied.

The strong localising influence of Pr ions is in some contradiction with earlier
studies which show that presence of Pr ions far in excess of the nominal (CuO)+

composition does not completely suppress superconductivity [5,6]. This puzzling aspect
suggests the possibility that in compounds in which there is only a partial substitution of Pr
there may be chemical inhomogeneities such that there may be superconducting (Pr
deficient) and normal (Pr- rich) regions. The metallic superconductor lo localised insulator
transition on Pr doping discussed above could then arise from a percolative kind of
transition dealing with the connectedness of the Pr-deficient or Pr-rich regions. These
regions could even be of unit-cell dimensions. In this sense the results of Neumeier et al do
not rule out unambiguously the presence of a Ca-rich Yj.^CajJ^CujC^.d phase which
could have transition temperatures |7] higher than the so-called enhanced temperature
observed in the corresponding Y]^.yCajPiyE^C^O-^ system.
Another difficulty associated with the problem of localisation in the Y].,PrxBa2CujO7

system is that there is a considerable increase in the lattice parameter on increasing x 11-3|.
The average lattice parameter in the ab plane increases from 3.86 A when x - 0 to 3.89 A
when x = 1. An examination of the lattice parameters of other superconductors [8,9{ shows
that all the so-called hole superconductors have an average basal plane laltice parameter
less than 3.87 A so thai the localisation may also be associated with an increase in the laltice
parameter.

We have carried out several studies to examine in detail some of the above aspects.
First of all in order to examine whether Ihe insulator-metal-semiconductor transition with
decreasing Pr conient arises out of a geometrical reason we have examined the effects of
substitution of Pr for La in the superconductor [10] LaCaBaC^C^. This system is
attractive as we find that there is no appreciable change in the lattice parameters or crystal
symmetry as a function of ihe substitution . Moreover, since the Ca2+ ion has a smaller ionic
radius [111 than that of the La'+ or even Ihe Pr'+ ion, there is some reason to expect [8,10j
iliai ihe €a ions will occupy the Y si|es while the larger rare-earth ions will occupy the Ba2+

sites. This represents an additional feature in the sense that one may study the effect of Pr3+

sandwiched between two C11O2 planes as in PrBa2Cu3O7^ or in close proximity to the CuO
chains in PrCaBaCu3O7^j. If the exchange model is correct then one may expect marked
differences regarding the critical concentration of Pr at which superconductivity disappears.

In order to examine the possible effects of Ca substitution we have also studied the
system PrBa2.xCaxCu3O7_<| and the system Pri.xCalBa2Cu3O7^. In Ihe former the
substitution of Ca causes a decrease in the lattice parameters which may be compared with
the results available on increasing pressure in the Y].,PrxBa2Cu3O7Kj systems. In the Pri_
jCa^aiCujC^.d system we may examine the effect of Ca substitution on the creation of
holes in the Cu-O band vis-a-vis that on the Pr3+ ion.

We expect in each of the cases discussed above to have sizeable differences in the
Cu-O hybridisation for example and thence on the frequencies of phonon modes (12] as a
function say of lattice parameter. More importantly we feel that in the picture of
"inhomogeneous" systems with Pr-rich and Pr-poor regions, there may be distinguishable
vibration modes. We have therefore studied the infra-red spectra to examine such local
effects as well as those associated with the so-called charge transfer from the chains to the
planes on oxygen intercalation [13,14] and which could affect the frequencies of the
individual modes.

We have used the opportunity to examine also the so-called insulator-metal
transition as signalled by a change in the sign of the temperature-coefficient of resistivity
and also in the magnitude of the resistivity. This aspect was briefly mentioned in relation to
this problem by Soderholm etai [1]. Bringing about localisation by Ihe introduction of Pr
ions seems a far better way to study this problem than say by the removal of oxygen in
YBa2Cu3O7_d system. In the latter case oxygen removal has to be carried out at relatively
low temperatures and each sample has to be treated differently. This may nol ensure
liomogenisation. In the case of Pr substilution the samples are treated at high temperatures
and given the same heat treatment so that comparisons could be made withoul worrying
about the influence of different preparation conditions.

We report in this communication some of the resulis obtained from electrical
resistivity and far infra-red absorption studies on the systems discussed above. The
discussion of the results consists of three parts dealing first with the chemical aspects,
secondly with the significance of the magnitude of resistivity below which
superconductivity appears and finally with the suitability of a percolation model in
accounting for the critical concentration of Pr at which superconductivity disappears.

EXPERIMENTAL

The PrBa2.xCaxCu3O7.d, Lai.xPrxCaBaCu3O7.d as well as some of the other
compounds studied were prepared as ceramic samples using the standard procedure
employed in the literature. The starting materials were Pr^O] |, BaCO3 or BaO2, L a ^ ^
(preheated to 1000° C and cooled), CaCO3 and CuO. All of them were better than 99,9%
purity. Except for the reaction period there was no noticeable difference between the
samples prepared using BaCO3 or BaOj- The samples were weighed out according lo the



required sloichiometry, ground thoroughly under isopropanol, dried and then preheated at
900° C for twelve hours. The material was then ground again and pelleiised. It was then
subsequently fired at temperatures ranging from 900 to 95O°C for several days with
intermittent firing and grinding. Single phase nature was tested by X-ray diffraction studies.
The oxygen content of these samples were determined by iodometric titrations using
flowing argon gas. We have noticed that, unlike the compounds in the YBajCujC^ series,
the members of the La1.xPrxCaBaCu307.d series have oxygen stoichiometries and lattice
parameters that are not dependent (within our experimental resolution) on whether the
substances are cooled in air or in a pure oxygen atmosphere.

The electrical resistivity studies were carried out using a Leybold closed cycle He
refrigerator. The infra-red studies were carried out on KBr pellets using a Brucker IFS 88
Fourier transform infra-red spectrometer.

RESULTS

Lattice Parameters.

The lattice parameters of P r l ^ . j C a ^ O ^ O ^ and La,_xPrxCaBaCu3O7_d are given
in Table I. The lattice parameters of the other compounds are close to those reported already
in the literature |9J. The PrBa2.xCaICu3O7K| with x £ 0.8 were good single phase material.
The Lai.xPrsCaBaCu3O7Hj had some extra lines some of which could be indexed on the
basis of an enlarged unit cell reported earlier [ 10,15], The origin of other additional lines
are not clear. The intensity of these lines were always rather small, however. The oxygen
content of the samples as determined by iodometric titrations are also given in Table 1.

Electrical Resistivity Studies.

The electrical resistivity of the PrBa2.xCaxCu3Oj$$ as well as Lai.
xPrxCaBaCu3O6 85 samples are shown in Figs. 1 and 2, respectively. The electrical
conductivity of PrBa2Cu306 9 2 is seen to be increased on Ca substitution by nearly an order
of magnitude even at room temperature. The temperature coefficient of resistivity (TCR) is
nevertheless negative like that of a semiconductor and the system is not superconducting for
any value of x.

The members of the La|.xPrxCaBaCu3O7.,] show a strong dependence of the
superconductivity transition temperature, Tc, as a function of Pr content j usi as in the Y,_
,PrxBa2Cu3O7K] system. Indeed the relative change in Tc as a function of x in the two
system are nearly identical (Fig. 3) with Tc becoming zero for Jt _ 0.6. It is also interesting
that in both the systems TCR changes sign at the concentration at which Tc goes to zero.
The superconducting transition is therefore seen to be linked first of all to the problem of
metallisation. The ac magnetic susceptibility behaviour of these compounds are very similar
to thai of the Y|_xPrxBa2Cu3O7_,j system with the susceptibility decreasing rapidly as x
increases. A detailed report on these systems will be reported shortly.

We compare in Fig. 4 the electrical resistivity of the Lno.8CaO.2Ba2Cu3°7 d (Ln =
Pr, Y) samples annealed in oxygen (d = 0.1) and argon {d = 0.92). The Ln = Y samples are
superconducting when treated in either oxygen or argon which is consistent with the reports
in the literature |8). The Ln = Pr samples on the other hand are semiconducting in both
cases. The substitution of Ca at the Ln site causes a marked decrease in the electrical
resistivity which is consistent with the creation of holes in the CuO2 planes.

Infra-Red Absorption Studies.

The infra-red aborption spectra of the Lai.j.PrjBaCaCujOy.d, PrBa2.xCa1Cu3O-^|
and Ln0 K

<^a02Ba2Cu3O7.(i samples are shown in Figs. 5 - 7. All the spectra are free of
absorption lines due to the impurity copper oxide phases that have been reported for these
compounds [ 15J. The infra-red spectra of the Lai_xPrxBaCaCu3O7.,j series in Fig. 5 show a
qualitative change in the nature of the spectra between 4000 and 800 c m ' with the
semiconducting samples showing a pronounced maximum around 2500 cm1. The region
around 800 to 400 cm*1 also shows a change in the slope of the background (shown by
dashed lines) around x = 0.4. The most prominent change in this region is a relative increase
in the intensity of the band around 530 cm"1 which correlates well with the increase in the
dc resistivity (Fig. 2). The changes in the frequency of the bands are most pronounced in the
La-rich region.The spectra in this region after subtracting out the background as well as after
normalising for the maxima and minima are shown in Fig. 6. We see that the normalised
spectra are nearly superimposable in three distinct regions corresponding to 0 5 x £ 0.3,0.4
<, x <, 0.6 and for 0.7 5 x <, 1.0, respectively.

The spectra of PrBa2Cu3Og 07 and YBa2Cu3O6 Qg in Fig. 7 show a large change in
the frequency of the most intense band which shifts from - 550 cm"1 in the Pr sample to ~
590 cm'1 in the Y sample. The spectra are comparable with those reported earlier in the
literature. The frequency of the most intense band in PrCaBaCu3O6.i3 is in-between the
two cases. The shifts in frequency of the most intense band in these samples are in the same
direction as expected with an increase in force constant with decrease in the a parameter. On
substituting Pr or Y by Ca (shown by dotted lines in Fig. 7) there is a marked relative
reduction in the intensity of the bands at 550 cm"1 and 590 cm"1, respectively. The infra-red
spectra of PTCaBaCu3O613 and PiCaBaG^Og 92 are also compared in Fig. 7.

DISCUSSION

Structural Aspects.

Before discussing the experimental results on the resistivity and infra-red
measurements it is perhaps worthwhile to obtain an understanding of the structural aspects.
It is straightforward to believe that LaCaBaCujG^.,] is derived from YBa2Cu3O7_d by at
least a predominant substitution of Y3+ by Ca2* and Ba2+ by La3* ions. As discussed by
Ganguly, (81, this may be based not only on the comparable ionic sizes of Y3* and Ca2+

ions but also from quantum mechanical arguments derived from the location of various MO
binaries in the phase diagram of Zunger [16] derived from pseudo-potential orbital radii.
Given a size constraint one could anticipate the larger [11] La3+ ions 10 prefer the Ba2+sile
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with the smaller Ca2+ ions occupying the Y site. However, this may be resisted by entropy
considerations which require mixing. Charge constraints, 18], such as ihe build-up of excess
Coulomb repulsion in a layer by having the higher valenl ion may also contribute to a
randomisation of the La and Ca ions. Such a randomisation may become especially
important when the sizes are similar as in the case of the Ca and Pr ions [ 111. The X-ray
intensities obtained by us in the case of PrCaBaC^C^.,! are consistent with a scrambling of
Pr and Ca between the Y and Ba sites as found earlier in LaCaBaCu3C>7_<1, for example, by
de Ixeuwef a/ |!5].

The structure of YBa2Cu3O7 (9] itself is understood rather well [8.17J if one
considers the ionic radii of the various ions in various coordinations. In Fig. 8a and 8b we
show the ideal and actual tripled oxygen deficient pcrovskite celt. In Fig. 8c we show a
0,0.5,0 cross section of the cell in Fig. 8a with the actual size of the ions in various
coordination. It is seen that the Ba ions are too big and that the Y ions are too small for their
respective sites. By displacing the oxygens in the CuOj planes and keeping the oxygens in
the chains as rigid we may move the Ba ions to a new equilibrium position in which they are
just in contact with the O, and O2$ oxygens. By assuming the radius of the oxygen ions to
be nearly 1//5 times the a parameter and choosing the ionic radius of Ba2+ ion in ten-fold
coordination (1.52 A) one may arrive at a rough estimate of the limiting size of the ion at the
Y site. This is found to be - 1. 1 A which is much higher than that of the Pf*+ ion (0.96 A)
or Y3+ (1.03 A) and just below that of Pr3* ion (1.12 A) in eight-fold coordination. The
lattice parameter of PrBa2Cu307.d (3.89 A) is much higher than that of the corresponding Y
compound and just larger than that of the Nd compound. This is consistent with the Pr ions
being predominantly in the Divalent state.

The pressure due to the Ba ions on the oxygen ions in the CuO2 planes causes a
buckling of the CuO2 planes. The displacement of the oxygen ions in the CuO2 planes
should induce a movement of the Cu2 ions away from the Ba ions. This would be resisted
by the Coulomb repulsion between the Y and Ba ions. When the Y3+ ion is replaced by
Ca2+ the reduction in the Coulomb repulsion between the Ca and Cu ions could enable the
Cu2 ions to be displaced along with the oxygen ions in the CuO2 planes thereby reducing Ihe
buckling as well as the Cu2~^u2 distance. This is indeed seen to be the case in other
compounds [9] such as BijSrjCaCu^g or Tl2Ba2CaCu2Og where Ca ions are sandwiched
between the CuC>2 planes.

The other important feature is that the average Ba-O distance in YBa2Cu3O7 is 2.S6
A |91 compared to a distance of 2.92 A expected from the ionic radii [11] of the Ba2+ ions in
ten-fold coordination and O2" ions. The distance between the Ba2+ and the bridging O4 ion
is especially short being only 2.74 A. The pressure on the O4 oxygens by the Ba ions as a
reason for the presence of a short CupO4 distance has been discussed by Ganguly and
Srcedhar 117| on the basis of orbital ordering mechanism. There is therefore pressure on the
oxygen ions, especially those at the Ol and O4 positions. It has been suggested |8] that the
pressure on the oxygen ions coordinating the CU| ton may be minimised by creating holes
ttti the rt*yB«h rktmtitwl twirtftg er the holes mi Ihe oxygon lesds to th« formation of
"peroxide"-like ions which decompose easily and thereby accounts for the easy intercalation

and (tisinlercalation of oxygen in YBa2Cu3OT. The creation of holes on oxygen sites reduces
the formal oxidation state on the Cu ions and such a reduction would be particularly
noticeable on the Cu| ions.

The replacement of one Ba2+ ion by a La3+ ion as in LaCaBa^O;.,] helps to
relieve the pressure on the oxygen. The average (Ba,La)-O distance is now expected lo be
2.78 A which is smaller than the average Ba-O distance. The creation of holes on oxygen
siles will not be favoured in this case and as a result the formal oxidation state of copper
would increase. One may expect therefore more Cu3+ character. Replacement of La by
Pr3+ ions may cause a partial reduction of Cu3+ to Cu2+ accompanied by the formation of
Pi4**1 ions. This could reduce the extent of hybridisation between the copper and oxygen ions
as well as the strength of the Cu-O bond. As we shall see later such an effect may manifest
itself in the frequencies of the Cu-0 phonon modes.

Variation in Lattice Parameters.

The lattice parameters obtained by us for LaCaBaCujOg $4 is the same as that
reported by earlier workers. The lattice parameters in the La|.xPrxCaBaCu3O-;Ki system is
found lo be fairly insensitive to the value of x. This is consistent with the similar ionic radii
of Pr3+ and La3+ ions. The lattice parameters of the YBa2Cu3O7.d is not changed
significantly (7] on substitution of Y by small amounts of Ca in Y1_:lCa],Ba2Cu3O7_<]. We
find the same insensitivity in Pro gCaQ -J&».^U^O-J^. This is to be expected for Y3* or Pr3+

ions since they have ionic radii [11] ciosc to that of the Ca2+ ions. The insensitivity also
argues against the creation of Pr** ions for every Ca2+ ion. The average size (1,04 A) of the
Ca2+ (1.12 A) and Pr*+ (0.96 A) ions is close to that of Y 3+ ions (1.03 A). If Pr*+ ions were
formed the average size of the unit cell in Pr0.8Caa2Ba2Cu3O7-d should correspond to that
of Pr06Y04Ba2Cu3O7j which is close to 3.87 A [31. The conclusions from the variations in
the lattice parameters is therefore contrary to the conclusions of Neumeierer ai [4] who
expect the creation of Pi4* ions by the substitution of Y3+ ions by Ca2+ ions.

On the other hand the lattice parameters are found to change initially quite sharply
when the large Ba is replaced by the smaller Ca ions in PrBa2_,[Ca,Cu3O7_(| (Table 1). Such
a decrease is expected even if the Ca ions were to go to the Pr sites and the Pr ions to the Ba
sites. We believe that the subslitution of Ba by Ca gives rise to two parallel processes. In
the first of these the initial substitution takes place with the Ca ions preferentially replacing
the Pr ions at the Y sites and the displaced Pr ions then substituting for Ba ions. Such a
process avoids the accumulation of like charges within a layer as discussed earlier. At higher
levels of substitution the entropy considerations take over with the Ca ions or Pr ions going
both to Ihe Y as well as Ba sites.

We see thai the Vegard's law is not strictly obeyed with the a as well as the c
parameter showing saturation. The interpretation of such a saturation is not straightforward.
Since the infra-red spectra change somewhat continuously in this range we do not interpret
the saturation as an indication of reaching the limits of solubility. A deviation from Vegard's
law is also seen (18) in the La2.xSr,Cu04 system and is perhaps more a property of
intercalation in layered compounds [19], A non-Vegard's behaviour has been confirmed in



other layered systems such as l^.^Ba^NiO,) ]20| as weil. Vegard's law is not obeyed in
solid solution involving superconductors in many instances. In general it has been observed
[ 19,211 that for rigid layers the c axis changes in a non-linear manner when the ions in-
between the layers are substituted by other ions with considerable size difference.The
violation of Vegard's law has been related to the rigidity of the layered system [21] the more
rigid the layer the larger the deviation. In our case the rigidity may be associated with the
extent of hybridisation between the copper and oxygens in the planes. However, the part
played by the chains is not clear so that an application of models based on rigidity of layers
is not straightforward. A more detailed examination of the violation of Vegard's law in
layered oxides is being pursued.

Infra-red Studies.

We pay special attention in this study only to the features due to the phonon modes
and ignore for the present the background absorption due to conduction electrons. A
discussion of the infra-red results depends heavily on the assignment of the various bands
f 12], We base our discussions of the infra-red results on two major assumptions:

(i) We believe first of all that in such transmission experiments screening effects by
conduction electrons diminish greatly the intensity of the bands. This is most obvious in
three-dimensional perovskite oxide systems [22, 23] as a function of metallisation when the
intensity of all the infrared bands due to localised phonon modes becomes negligible
compared to that of the background due to the conduction electrons. This happens when the
resistivity decreases below 10*1 ohm cm [22] which is much higher than the value at which
the temperature coefficient of resistivity changes sign in these systems. The bands that are
prominent in anisotropic conductors (which are metallic in the planes and insulating
perpendicular to them) are therefore likely to correspond lo out-of-plane vibrations 124], By
the same arguments, they could also correspond to in-plane vibrations of unit-cells which
have localised electrons.

(ii) We also believe that the bands above 450cm"1 are primarily due to stretching
modes associated with copper and oxygen and that the frequencies or the force constants of
these modes are determined by the formal valence state of copper and oxygen as well as the
distances involved. We have plotted in Fig. 9a the highest frequencies in some square-
planar copper compounds containing formally divalent copper ions versus the shortest Cu-O
distance |25J. We see that when the Cu-O distance is below ~ 1.95 A the frequency is
around 500 cm"1 and varies only slowly with distance. The frequency increases
dramatically when the Cu-O distance falls below 1.94 A and increases quickly to 680 cm'1

in La2CuO4 or Ca2CuO3 when the Cu-O distance is close to 1.90 A |9). The highest
frequency of the infrared active modes then become a good indicator of the copper-oxygen
distance for a given oxidation state on the copper or oxygens.

Based on the above assumptions and the litrarion curve in Fig. 9a, the band around
590 cm'1 in YBa2Cu3O6 Qg corresponds to a Cu-O distance of 1.93-1.94 A and is best
assigned in terms of the in-plane stretching of the CuO2 planes which have the
corresponding Cu-O distance. The band around 640 cm"1 may be assigned to the (Cu])1+-

(O4)
2~ stretching. Such an assignment is consistent with the recent assignments of Bauer et

a! |26| based on single crystal studies of YBa2Cu3O6. The assignment also finds support
from the result in Fig. 7 in which the relative intensity of the 590 cm'1 band decreases
sharply in Yo gCap^Ba-^ujOg ng which has a higher conductivity than YBa2Cu3O6 Qg (Fig.
4) but nearly the same lattice parameters (Table 1). The decrease in the intensity is
consistent with an increase in the number of charge carriers by the doping of Y by Ca as
well as a possible metallisation in at least some of the CuO2 planes.

The infrared band around 540 o n 1 in PrBa2Cu3O607 may be attributed to the in-
plane stretching mode with the proviso that the band has shifted to a lower frequency
because of an increase in the a parameter and is consistent with the expectation from the
titratiort curve in Fig. 9a. The relative decrease in the intensity of the 540 cm 1 band in
Pr0,gCaQ 2Ba2Cu3O6 j (Fig. 7) may be also attributed to an increase in the number of charge
carriers and an increased conductivity. These results clearly suggest that substitution of Ca
by Pr does lead to doping in the C u ^ planes which increases the conductivity. From the
changes in the intensity of the bands in the 590-540 cm"' range relative to that of the 640
cm*1 band it would seem that the number of charge carriers generated is not very different in
the two cases. The conclusion from the infra-red studies.therefore is that at least prior to
metallisation the Pr3* ions do not have a strong influence on the creation of holes and pan of
the reason for the reduced conductivity in PrBa2Cu307Kl must be attributed 10 an increased
lattice parameter.

The infra-red spectra of the members of the PrBa2.xCaxCu3O^f(j system shows a
shift in the frequency of the band around 540 cm 1 which is fairly consistent with the
changes expected due to a change in the lattice parameters (Table 1). This is evident for the
x = 0 and 1.0 compositions in Fig. 9b. The 640 cm"1 band does not show such a shift which
is consistent with it being associated with the Cu r O 4 vibration along the c axis since the c
parameter does not change drastically (Table I).

The most striking difference in the spectra of PrCaBaCu3O6 (3 and PrCa BaCu3O6 9 2

is the appearance of a new and rather prominent band around 670 cm~' with a negligible
intensity of the band around 640 cm'1. This band at 670 cm'1 shifts to nearly 700 cm"1 in
LaCaBaCu3O<j 34. A frequency of 700 cm"1 corresponds to a Cu^-O2" distance around 1.87
A which is close to the Cuj-O4 distance. We therefore conclude that the band at 700 cm"1

in LaCaBaCu3O6 g4 is associated with the Cu r O 4 stretching. The weak shoulder at 640 cm"
1 may then be associated with the Cui I+-O4

2" vibration in oxygen deficient-unit cells as
assigned by Bauer et al [26] or a Oi|*+-(04)- stretching in oxygen-rich unit cells. The
results with the oxidised samples are consistent with an increase in the formal charge state
of the CU] ion or the O4 ions when the Ba ion is replaced by a smaller ion. As discussed
earlier, replacement of Ba by smaller ions is expected to relieve the pressure on the O,
oxygen so that the creation of holes on the Ox site is not favoured. The Oi ion has now a
more O2" character with a consequent increase in the oxidation state of Cu | also and thence
through the CupO4 Coulomb binding energy on the force constant. In this sense the 640 and
700 cm"1 bands indicate the presence or absence of Ba-rich environment around the O4 ion.

10



The shift in the frequency from 700 cm 1 to 670 cm1 on substituting La by Pr would
indicate an oxidation of Pr by the (Cu rO4) unit. This could further reduce the hole character
on the O4 ion and thence the charge transfer to the planes thereby rendering the system more
insulating and in this case non-superconducting.

The bands around 550 and 590 cm 1 in the series La,.xPrxCaBaCaCu3O7_d (Fig. 5)
corresponds 10 Cu-0 distances between 1.93 and 1.95 A (Fig.9) and thence must be
associated with vibrations in the ab planes. The relative intensity of the band around 550
cm 1 increases compared to that at ~ 590 cm 1 with increasing x or increasing resistivity
(Fig. 2). Because of this correlation with resistivity we assign the 550 cnr' band to the
vibrations in the Cu2-O2 planes. The band at - 590 cm'1 is likely to be assigned to
vibrations in the Cu r O planes. Because of buckling of the CU2-O2 planes the CU2-O
distance is expected to be larger than the Cu j-O distance so that there is no inconsistency in
the assignments. The presence of 550 cm"' even in the metallic x = 0 composition (Fig. 6)
indicates that not all the planes are metallic in this system.

A striking (and for the purpose of this paper perhaps the more important) result is
the remarkable similarity of the spectra of the La, .IPrxCaBaCu3O7^ system (Fig. 6) in the
three composition regions 0 s x 5 0.3, 0.4 <, x <, 0.6 and 0.7 £ x £ 1.0. This decomposition
into three different regions reflects the different character of the unit cells in the La-rich and
Pr-rich regions. The spectra near x = 0.5 may be almost completely reproduced by a mere
addition of the two x= 0.3 and 0.7 compositions. The spectra do suggest that in the range
0.4 < x < 0.6 the system behaves as a mixture of La-rich and Pr-rich regions.

Electrical Resistivity Studies.

Nq(nre of the Insulator-Metal Transition.The Laj.xPrxCaBaCu3O7^ system behaves
in the same manner as the Y1.xPrJBa2Cu307j system [3] with the superconductivity
appearing only when the temperature coefficient of resistivity (TCR) at least at high
temperatures is positive like that of a true metal. The value of the resistivity (- 2 x 10"2 ohm.
cm) at which TCR changes sign in the polycrystatline samples of La1.,Pr,CaBaCu3O7.(j
studied here is at least an order of magnitude lower than that (~2 x lO"-* ohm cm) at which
thin films of superconductors [27,28] or three-dimensional perovskite oxides (29] or other
oxides [30) change the sign of TCR near the insulator-metal transition. The results of Peng
et al [3b] also show a change in TCR near 2 x I0"2 ohm cm in poiycrystalline sample of Yj.
xPrxBa2Cu3O7jj. However, Jee et al |3a| report a change in TCR at the resistivity value
close to 2 x 10"* ohm cm for the same system suggesting that the resistivity behaviour as far
as metallisation is concerned is similar to that [29,30] in three-dimensional systems. The
experience of this laboratory with Y \.^rrfia.-fixiTp-j_4 [31] is more in agreement with the
results of Peng et al [3b] with a change in sign of TCR taking place when the resistivity is
around 2 x 10"2 ohm cm.

We believe lhat the value of the resistivity at which TCR changes sign in
ptfyrrystaUine •sampt*>: ttitihi b* important >n undcrMai*Hi«a the ri»eeho'<>*m tif
superconductivity in the sense of whether metallisation takes place in n three dimensional
sense or whether metallisation takes place first in the planes and then perpendicular 10 the
planes. lirsl of ;ill we noie lhat the change in sign of TCR is not necessarily a criterion lor
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metallisation as was stressed by Molt [32). The true criterion for metallisation is the
existence of a finite conductivity at 0 K. At low temperatures quantum interference effects
are important and inelastic scattering which destroys such effects can actually lead to a
negative TCR. The limiting value of the resistivity at which metallisation sets in with a
finite conductivity at 0 K is difficult to define both from the standpoint of theory as well as
from an experimental viewpoint. In the high-temperature limit quantum interference effects
may be considered to be absent. In this limit, TCR is found 10 change sign both in
composition-controlled as well as in temperature-induced insulator-metal transitions at the
universal value of 2 x 10*3 ohm cm. This value is explained rather quantitatively by Mott's
theory [32] of minimum metallic conductivity based on the idea of Anderson localisation
and the concept of a minimum mean free path of the order of interatomic spacing, a.
According to this theory the loffe-Reget limit for the conductivity given by

0)

(2)

(3)

(4)

f = 2 x 10"* ohm cm

is reduced by a factor C3 due to localisation by disorder to give

2 x 10"Johmcm.

The value of C3 in three-dimensional systems is found to be close to the universal value of
0.03. The difference between equations (3) and (1) may be well accounted for by the critical
value, gQ ( = 1/ir1) of the dimensionless conductance factor, g, in the scaling theory [33].
The resistivity value fin^Sd) corresponding to the value of n^^Qd) in this case is given by
(4) and is indeed the value at which the TCR changes sign in most oxide systems as a
function of the composition-controlled insulaior-metal transition 129,30]. Thus in the high-
temperature limit the change in sign of TCR from negative to positive at a value given by
Eqn. 4 indicates the disappearance of quantum interference effects or localisation effects in
the system [32,34].

In layered systems, ihe anisotropy of the electrical conductivity renders the above
arguments not strictly applicable. According to scaling theory [33] there is always
localisation in two dimensions and there can be no metal in a truly two-dimensional system.
The family of layered superconductors are metals and the question inevitably arises as to
whether the anisotropy in the system is such that there is metallisation in the directions
parallel to the planes and localisation effects are present for conduction perpendicular 10 the
planes. Our interpretation of the infra-red spectra (first put forward |24] in the case of La2.
xSrxCuO,4) is based on the assumption that metallisation in the planes in the sense of
absence of localisation effects and with a positive TCR precedes thai perpendicular to the
planes. The several measurements with single crystals show such an anisolropy bui these are
complicated by the presence of mhtwogencities especially in direction!) perpendicular to the
pluncs.
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We may assume that a weak coupling between the planes permits metallisation
within the planes and that the insulator-metal transition in a stack of sheets occurs when the
individual resistances of these sheets correspond to that given by scaling theory or Mott's
theory of minimum metallic conductivity. According to the latter, the value of <^nin(2d) is
given by

C2(«2/«) (5)

and that for a stack of such sheets with a separation a between the sheets, (r
rnin(2d)a, should

be given by

(6)

In terms of the scaling theory [33J the factor C2 is close to that of C3 and one may
anticipate the metallisation to take place at roughly the same value of resistivity as in the
three-dimensional system. For (he in-plane resistivity in thin films [281 of several systems
such as YBa2Cii3C>7 as well as T^f^CaC^Og, TCR changes sign around 2 x 10'3 ohm cm
in agreement with the above expectations. Our experiments [31] with as-grown single
crystals of Yi.xPrJ,Ba2CujO7.(j show the same behaviour for the in-plane resistivity as far as
the change in sign of TCR is concerned. Homogeneous oxygenation of these compounds are
being carried out to find the correlation between the anisotropy of single crystals and the
electrical resistivity of a polycrystalline pellet. The only example we know in which the
TCR changes sign at a higher value of the resistivity is for the ab plane resistivity in
oxidised l ^ C u O ^ j samples |35] which show a change in sign of TCR around a resistivity
of nearly 10"' ohm cm which is two orders of magnitude higher than expected. Since mixed
phases of La2CuC>4 and La2CuO4+d may coexist [36] the interpretation of this result has to
await further characterisation of the single crystals.

The most straight-forward qualitative explanation for the discrepancy between the
resistivity values at which TCR changes sign in the polycrystalline samples in the layered
superconductors and that in three-dimensional systems or thin films is that the metallisation
perpendicular to the planes appears after there is metallisation within the planes [37). The
polycrystaltine sample in a sense is a composite of different resistivities and the total
resistance is then expected to be higher. The exact amount of increase could be a function of
the anisotropy as well as the orientation in sintered pellets. It is interesting to note, however,
that the value of - 10 2 ohm cm at which TCR changes sign in the polycrystalline samples
corresponds almost exactly to the high-temperature extrapolated value of the In p vs 1/T
plots of several S1O.ABO3 layered perovskite oxides such as LaSrAli_xNi,O4, La].
,Srj+ICoO4 or LaSrFe^NixC^. In the corresponding three-dimensional ABO3 systems
such as LaFej^NijC^ or La(.jSr^CoOj the high-temperature extrapolated value is close to
2 x I 0 3 ohm cm [29,30].

From the empirical point of view, we consider the change in sign of TCR at - 10 2

ohm cm in La].;(PrxCaBaCu3O7_<] as an indication that there is considerable anisotropy in
electrical conductivity and that probably metallisation within the planes precedes thai in the
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direction perpendicular to the planes. We are pursuing the insulator-metal transition in other
layered and three-dimensional copper oxides to examine in more detail the value of the
resistivity at which TCR changes sign in polycrystalline samples.

The magnitude of the resistivity in the thin films may be used as a criterion for the
onset of superconductivity. In thin films there is a critical resistance for sheets below which
they become superconducting. The estimates for the critical resistance is between A/2e2 and
h/4e2 [38, 39]. We can thus estimate the critical conductivity, <^ril(SC), above which
superconductivity appears for a staclc of sheets when they are separated by a cm each with
the critical resistance given by

trcril(SC) (7)

where Cj may have the lowest value of 0.5. The value of (TCIJI(SC) is seen to be greater
than that of C^in(3d) or 0Sin(2d)a b v a factor of 0.1/G or gJCy The resistivity
corresponding to Eqn. 7 should be of the order of 10"* ohm cm. A survey of the literature of
the electrical resistivity [40] shows that in thin films as well as in single crystals the
maximum value of Tc is obtained when the resistivity becomes less than 2 x 10 4 ohm cm
(see Fig. 10) in agreement with the expectations of Eqns. 7.

The above analysis enables us to conclude that Tc reaches a maximum when all the
layers are superconducting so that the behaviour is effectively three-dimensional. It has been
recently shown [41] that in the superconducting o-Mo79Ge2] system individual
superconducting layers have a lower Tc than a stack of such sheets separated by normal Ge-
rich a-Moi.xGex. Secondly, in the same experiments it was shown that Tc in such stacks
increases with the conductivity of the normal material between the stacks. More recently
[42] it has been shown that for single unit-cell layers of YBa2Cu3O7 sandwiched by n layers
of semiconducting PrBa2Cu3O7.<|> Tc decreases almost linearly with n. A unit-cell thick
layer of YBa2Cu3O7 has a Tc of nearly 10 K even when separated by four unit-cell thick
layers of PrBa2Cu3O7.d. This effect may be attributed [ 41 ] to a cross-over from 1 wo-
dimensional single-film behaviour to increasingly three-dimensional bulk behaviour. Finally
it may be worthwhile to note that in all superconducting copper oxide systems investigated
so far the resistivity value of polycrystalline samples of the parent undoped phase is less
than ~ 10"3 ohm cm which is consistent with a three-dimensional metallisation.

Influence of Praseodymium Ions.

The initial decrease in resistivity when Pr is susbslituted by Ca in PrBa2Cu3Og07

(Fig. 4) as well as changes in the infra-red spectra (Fig. 7) suggest that the substitution of
Ca causes an injection of charge carriers in the CuOj planes even in the presence of Pr. The
failure to achieve metallisation as in the case of the Pro8CaQ2Ba2Cu306 ] sample may then
be attributed to an increased lattice parameter and/or to the localisation of charge carriers
due to magnetic interaction with Pr ions. Certainly the results rule out the possibility of
localisation of all charge carriers created by Ca doping on Pr by the oxidation of Pr3+ to
Pr*+. This has been stressed by Tang et at \2e}.

14

T



The initial decrease in the resistivity of PIBA^CUTP^^ on the substitution of Ba by
Ca may be attributed to the pressure effect brought about by a decrease in the lattice
parameters (Table 1) thai increases ihe mobility of the charge carriers on copper or oxygen
through an increase in the Cu-O-Cu valence bandwidth. These results are reminiscent of the
increase in the conductivity and superconducting transition temperature with increasing
pressure [43] in the initial stages of substitution of Prfor Y in Y1.xPrxBa2Cu3O7.(j.
However, in the Pr-rich region (as in our case) the effect of increasing pressure [43] is to
increase the resistivity. The decrease in resistivity in the initial stages of substitution of Ca
for Ba in PrBa2Cu3O7_<j may therefore signal a scrambling mechanism with the substitution
of the more basic Ca taking place at the Pr sites thereby decreasing the localising influence
of Pr on the conductivity in the CuO2 planes. This means that the magnitude of the
exchange interaction between the Pr ions and the Cu-O band is decreased when the Pr is at
the Ba site relative to Pr at the Y site. This may be important as we shall see later.

The subsequent increase in the resistivity with increasing x in
(when the rate of change of lattice parameter is constant) is consistent with the possible
influence of Pr on the CUJ-O^J linkage as more and more Pr ions occupy the Ba sites. As
discussed in connection with the infra-red data the presence of Pr at the the Ba sites could
reduce the formal oxidation state on the CurC>4 moiety. The data in Fig. 4 in a In p vs 1/T
shows a decrease in the pre-exponentiat factor as well as a decrease in the activation energy
which is consistent with a liberation of charge carriers (presumably by effect on the holes on
Pr). Subsequently the pre-exponential factor is again suppressed showing a localisation of
holes.

The above discussion is in broad agreement with the conclusions of Neumeier et al
[4] that the Pr3+ ions could bring about both a localisation through magnetic exchange
interactions and by a chemical effect of being oxidised to Pr4+ by the hole-filling
mechanism. Both of these must be related to the hybridisation of Pr ions with the CuC>2
planes. We are not able to determine quantitatively as yet the relative magnitude of these
effects.

Suppression of Superconducting Transition Temperatures.

The changes in the electrical resistivity as a function of x in Laj
system is qualitatively and quantitatively very similar to that in the Yi^P
system. The plot of Tc vs x in the latter system closely follows [3a] the Abrikosov-Gorkov
pair breaking curve [44] with a critical concentration close to x = 0.6. The similarity of the
Tc vs jr plot in the La,.,PrICaBaCu3O7.<1 system implies that the critical concentration in the
two cases are nearly the same. This would imply that the strength of the pair-breaking
mechanism in both situations are similar and perhaps independent of the location of the Pr
ions.

In the Yi.,Pr)tBa2Cu3O7_(j system the Pr ion is expected to be prominently in the Y
site while in the La^PrjCaBaC^O^j system it is at the Y and Ba sites. The extent of
hybridisation of the Pr ions with the C11O2 planes as well as chains are iherefore expected 10
be different in the two cases. As a result ihe dependence on x of the electrical transport
properties and (he superconducting transition temperatures are also expected to be different.
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The nearly similar behaviour suggests that the charge transfer to the planes is through the
chains so that the electrical resistivity is affected in both cases and that the pair-breaking
mechanism invoked is similar in the two cases. This is not in agreement with our discussions
on the decrease in resistivity on the substitution of Ba by Ca in PrBa2.,Ca]lCu3O7.d system.

The mechanism of Abrikosov and Gorkov [44] has been generally adopted by
several workers to account for the pair-breaking mechanism on Pr substitution. The basic
mechanism involves an exchange interaction between an electron and an impurity magnetic
moment. The scattering causes a decrease in the average dimensions of the Cooper pair to
distances of the order of the mean free path. This problem is complicated by the problem of
Kondo scattering from magnetic impurities [45]. The relevant scale in this problem
becomes the Kondo temperature. In its barest essentials the Kondo temperature is the
temperature below which a virtual bound state is formed between the conduction charge
carrier and the localised moment. In chemical terms a hole bound to a Pr'+ site should
translate in the present case to the problem of the creation of Pi4* ions especially since the
mean free path is of the order of interatomic spacings. If this temperature is much higher
than Tc then the perturbation theory used to derive the dependence of Tc on the
concentration breaks down. Physically this means that the decrease in Tc has to be
attributed to changes in the normal state properties and not to a Cooper-pair-breaking
mechanism in the superconducting state. Several experiments suggests the pre-existence of
Pr*+ ions above Tc (see for example ref. 4 and references therein) although the
spectroscopic evidence [3d] as well as other studies [3e] suggest the presence of only Pr3+

ions. As mentioned earlier our studies do not reveal Pr4+ states if formed.

Even if we assume the validity of the Abrikosov-Gorkov model the experimental
results are inconsistent with the other predictions. For instance the Abrikosov-Gorkov model
[44] concludes that there is a "critical mean free path" which is roughly two orders of
magnitude larger than the mean free path determined by the conductivity of the normal
metal. Taking the lowest possible value of the mean free path as that of unit cell dimensions
(clearly a value where the Abrikosov-Gorkov theory will not hold) the critical concentration
at which superconductivity disappears should be less than 20 % which is quite in
disagreement with the observations [46].

An alternate model that appeals to us is based on a more local picture. In this picture
we assume that we may consider itinerant or localised electron behaviour in each unit cell.
We then assume that the unit cells with La have itinerant electrons and those with Pr have
localised electrons. We assume a random distribution of La and Pr in what is diffraction-
wise a homogeneous solid solution. We then examine the connectivity of the unit cells
containing the two different rare-earth ions. Following our arguments relating to the
magnitude of the resistivity we assume that the important conductivity is that within the
planes and that the relevant geometry is that of a square-planar array. The site percolation
threshold is then the relevant parameter in the connectivity problem. This value is 0.59 [471
for a square-planar array. We may therefore assume that for x < 0.41 the unit cells
containing La are connected and the system resembles that of LaCaBaCujC^.^ while forx >
0.59 the unit cell containing Pr are connected so that the system resembles that of
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PrCaBaCu3O7.(|. In the region close to 0.41 < x < 0.59 there is no percolation of cither of
the unit cells and in effect a mixed phase behaviour is expected. The infra-red spectra in
Fig. 6 certainly supports this mode! { at least for values of x somewhat far from the site
percolation threshold) of three distinct regions. It is not clear to us at this stage whether the
size of the domains in the mixed phase are in the macroscopic (greater than coherence
length) or microscopic (unit-celt dimensions).

The metallisation process may be linked to the connectedness of unit cells containing
La. Superconductivity appears in the metallic state. The superconductivity transition is
therefore expected to be sharp in the region x £ 0.4. The nature of the resistivity changes for
the x > 0.4 samples which are at the border line of the insulator-metal (superconductor)
transition is not inconsistent with the nature of the resistivity changes associated with the
connectedness transition in other percolating systems of thin-film superconductors [39]. We
do not expect the classical percolation threshold to hold for the superconductivity transition
because of constraints on the size due to coherence length and also because of proximity
effect.

This model is dependent only on the geometry and is therefore expected to hold for
both the Y].xPrxBa2Cu3O7K, as well as LaCaBaCu3<>7j systems as indeed observed. Such a
model based on connectedness could support some of the features in earlier studies. For
example in Y I ^ P T ^ I ^ C ^ O ; , , ] the similar pressure dependence [43J of the electrical
resistivity for x < 0.7 could be related to the connectedness of Y cells. The absence of a
specific heat anomaly [3b] in the same system for x £ 0.3 is again consistent with the
absence of a long-range connectedness.

The relevance of the percolation model in the insulator-metal transition in three-
dimensional perovskite oxides has been pointed out by Ganguly [30], For example in
various La^Sr^BOj systems (B = Co, V, Mn) metallisation appears [29,30] at a value of x
between x = 0.25 and 0.3 which is close to the site percolation threshold of ~ 0.3 for a cubic
system. The validity of a percolation model does not indicate whether the metallisation is
concerned with individual B sites or with the individual unit cells with metallisation over
unit cell dimensions being visualised as a sort of current circulating around the edges of the
unit cell. The latter picture finds support in the L a ^ S ^ C c * ^ system where Srdoping in the
insulating LaCoO3 renders the system into an itinerant electron ferromagnet for x ^ 0.3 |29|.
The formation of giant ferromagnetic moments in Lan^gSroojCoOj has been explained [48]
in terms of a itinerancy of the holes on the eight cobalt ions surrounding the dopant Sr ion at
the corners of the quasi cubic unit cell. The validity of the percolation model in (he present
case would imply that one has to consider the delocalisation of the hole in the square planar
copper-oxygen plaqueltes involving copper ions at the comers of a (topological) square.
More experiments are needed and are being planned with finer tuning of x to justify the
above percolation picture.

CONCLUSIONS

The suppression of superconductivity by Pr ions in the family of Yf^CujOy
compounds have been studied in the system La|.xPrJlCaBaCu3O7j. In order to obtain a
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more comprehensive understanding we have also studied the effects of substitution of Ba by
Ca ions in Prf^Cu^C^.d as well as the suppression of superconductivity on substitution of
Y by Pr in the superconductor YOjjCao jBa2Cu3O<;. The changes in the infra-red spectra in
the region 800- 400 c m 1 have been also studied to characterise the nature of changes.

The systematics in electrical conductivity, lattice parameters, and infra-red spectra
suggest that there is a scrambling of Ca and La or Pr between the Y and Ba sites in the La].
^Pi-jBajCu^Oyd. The effect of the Pr ion in both sites is to cause localisation both by hole-
filling mechanisms as well as magnetic exchange interactions. The major conclusions are
that the behaviour in LaCaBaCu3O7^j is quantitatively similar to that of the Y t .
](PrxBa2Cu3O7^j system as far as the rate of suppression of T c with x is concerned. The pair-
breaking mechanism in the Abrikosov-Gorkov framework is examined. It is suggested that
the critical concentration of x = 0.60 is too high to be consistent with the Abrikosov-Gorkov
theory. Instead it is proposed that a percolation mechanism involving connectedness of
superconducting (La- or Y- containing) unit cells or semiconducting (Pr- containing) unit
cells better describes the results obtained in this paper as well as those reported in the
literature.

The magnitudes of the resistivities at which TCR changes sign in these
polycrystalline systems are compared with those in the ab plane of thin films. The order of
magnitude higher resistivity in the tetter is related to the anisotropy of electrical
conductivity. The magnitude of the resistivity at which Tc is a maximum is compared with
the estimated value of the conductivity for a slack of sheets having the limiting resistance
for superconductivity to appear. It is proposed that a three-dimensional coupling is
necessary to enhance the bare two-dimensional transition temperature and that T c reaches a
maximum when all the layers achieve the critical resistance for superconductivity.
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Table I.

Lattice Parameters and Oxygen Content of Lai,xPrxCaBaCu3O7j and PrBa2_]tCaxCu3O7_d.

Compound Lattice parameter Oxygen Content
(d)

a (A) c (A) slowly
cooled

heated
in argon

x =

0.0

0.2

0.4

0.6

0.8

1.0

x =

(1.0

0.2

0.4

0.6

0.8

3.866

3.869

3.867

3.865

3.862

3.869

11.627

11.621

11.604

11.601

11.575

11.606

0.16

0.10

0.17

0.11

0.14

0.11 0.87

3.891

3.884

3.874

3.870

3.864

If.643

11.620

11.609

11.605

11.594

0.0K

0.13

0.19

0.14

0.11

0.93

0.92

0.96

0.88

0.98
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FIGURE CAPTIONS

Tig. 1. Variation of resistivity with temperature as a function of x in PrBa2 xCa,CujO6B5

!"ig. 2. Variation of resistivity wilh temperature as a function of jt in La1.,PrI

Tig. 3. Variation of Tc ( from zero resistivity) as a function of x in La^j
(filled circles). The full line gives the fit from the Abrisokov-Gorkov pair-breaking
theory. The inset shows the experimental points and the fit obtained with Y,.

Fig. A. Variation of resistivity as a function of temperature for the oxygen- (labelled as O7.
,j) and argon-atmosphere (O^-) treated samples of (a) Prg gCa^ 2Ba2CujO7^j and
(b) Yrj gCarj 2Ba2Cu3O7.(j. The resistivity behaviour of Prf^C^Og 07 and

ujO^og are shown by dotted lines in the corresponding figures.

Fig. 5. Infra-red spectra in the range 4800-400 cm"' for the La i.^Pr^CaBaCu 307.4 system.

Fig. 6. Infra-red spectra of Laj^PrjCaBaCi^C^.d system after background subtraction and
normalising for maxima and minima. The values of x in the different sets arc
indicated against the curves.

Fig. 7. Infra-red spectra of (a) PrBa2Cu306 O7 (full line) and ^080802882^306, (dashed
line); (b) YBa2Cu30fi og (full line) and Y0gCan 2Ba2Cu306 og (dashed line); (c)
PrCaBaCu3O6 13 (full line) and PrCaBaC^Og92 (dashed line).

Fig. 8. (a) idealised view of a tripled perovskite unit cell of the formula A3B3O7; (b) actual
structure of YBa2Cu3O7; (c) and (d) show the 0,0.5,0 plane of the idealised and
actual cell using actual ionic radii of ref. (11)

23

Fig. 9. (a) Plots of the maximum observed infra-red band below 1000 cm"1 with the shortest
Cu-O distance for several compounds (data) as plotted in Ref. 25. (b) plots of the
infra-red bands associated with in-plane vibrations in this communication against the
in-plane Cu-0 distance.

Fig. 10. Plots of Tc « the resistivity at which the superconductivity sets in obtained by
scanning Ihe literature in Physical Review B, Applied Physics letters and Japanese
Journal of Applied Physics for YBa2CujO7_(| thin films deposited by various
techniques.
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