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ABSTRACT

The infra-red spectra of a large number of ternary Cu(II) oxides with at least a quasi

square-planar coordination of oxygen around the copper ions have been studied. The

frequency of the bands with the highest frequency, v , ,^ , is found to correlate extremely

well with the shortest Cu-O distance, v max increases at an impressive rate of - 20 cm'1 per

.01 A when the Cu-0 distance becomes less than 1.97 A, which is the Cu2+-O2" distance in

square-planar CuO4 complexes as obtained from empirical ionic radii considerations. The

marked sensitivity may be used as a "titration" procedure not only to assign bands but also

to obtain diagnostic information about local coordination in compounds derived, for

example, from the YBa2Cu3O7.d structure such as LaCaBaCu3O7_(j. The only example

where this correlation fails is in the two-layer non-superconducting oxides derived from

La2(Ca,Sr)Cu2O6. The significance of this result is discussed. The marked dependence of

frequency on the bond-distance is qualitatively examined in terms of an increased electron-

phonon coupling to account for the observed tendency of the superconducting transition

temperature to go through a maximum as the average basal plane Cu-0 distance is

decreased.



INTRODUCTION

The use of infra-red spectroscopy for studying the energy gap and also electxon-

phonon coupling [1] in the recently discovered high-temperature superconductors seems to

be complicated by the changes in the real part of the dielectric function with the

development of the superconducting condensate and also because of strong electronic

absorption bands where one might expect to see the gap structure [2]. On the other hand

vibrational spectroscopy of compounds has long been recognised as an important and

inexpensive tool for not only characterising compounds but also for obtaining information at

a microscopic level regarding local coordination and force constants of individual vibrations

[3, 4]. The assignments of the bands by standard lattice dynamical calculations or normal

coordinate analyses [5 - 12] have not been strikingly successful especially for compounds

such as YBa2Cu3O7.tj. It is important therefore to obtain some empirical information

regarding the change of the force constant or vibrational frequency with changes in the

copper-oxygen distance in structures related to those of the superconductors. This would be

useful in obtaining an insight for assignment of the bands in unknown compounds and also

as a guide for calculations.

In the superconductors themselves the problem of the assignment is complicated by

the existence of formal mixed valence on copper or oxygen ions. In systems with strong

anisotropy as in the high-temperature superconductors [5 - 9] the interpretation of the

vibrational spectra depends crucially on symmetry analysis of the lattice vibrations and also

on the use of polarised light especially. Present techniques of thin film preparation as well as

single crystal growth allow the in-plane vibrations of the superconductors to be investigated

easily with the electric field vector parallel to the ab plane. The examination of the

vibrations perpendicular to the ab planes is more difficult and requires large single crystals.
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In this communication we examine the dependence of the phonon frequency on the

Cu-0 distance in a large number of oxides containing copper ions in the divalent state. This

work is an extension of the preliminary effort of Sreedhar and Ganguly [13] who found a

fairly consistent correlation between the frequency, vmax , of the mode with the highest

energy and the shortest Cu-0 distance. We have examined the vibrational spectra of

polycrystalline samples of several ternary or multinary Cu(II) oxides whose crystal

structures have been refined sufficiently well so as to give accurate Cu-O distances. We find

that the family of compounds built up by the corner-sharing of basically square-planar CuO4

units (as in the superconductors) has a fairly smooth correlation between vmax and shortest

Cu-O distance, v m a x increases very markedly (at the rate of 20 cm"1 per 0.01 A) when the

Cu-O distance decreases below - 1.97 A which is the expected Cu2+-O2" distance [14] in

CUO4 square-planar complexes and could indicate strong electron-phonon coupling at small

distances. For Cu-O distances less than 1.97 A found in the planes of the "hole"

superconductors, this frequency-distance correlation may be used as a sensitive "titration"

curve to obtain a fairly accurate idea about local bond-distances. The frequency - distance

correlation may be coupled with the fact that the intensity of these bands become greatly

reduced [15 - 19] due to screening by charge carriers. This may then be used to obtain

diagnostic information regarding local coordination and conductivity homogeneity in the

planes which is not available by macroscopic properties such as diffraction patterns or

electrical resistivity. The frequency-distance correlation for the out-of-plane vibrations has

also been examined.

This semi-empirical approach is useful in obtaining some insights. Thus an

application of this approach to LaCaBaCu3O7^j [20,21] suggests strongly the absence of

holes and thence a localised nature in the environment surrounding the Cu] ions.

Exceptional behaviour is found in some of the non-superconducting two-layer compounds

derived from La2(Ca,Sr)Cu2O6 [22 - 25]. In compounds such as La2-xCai+xCu2O6 the



frequency of out-of-plane vibration does not correlate with the axial Cu-O distance. This

suggests a shorter Cu-0 distance for at least some of the bonds along the c axis. This may

destroy the two-dimensional character that seems to be necessary for superconductivity in

the copper oxides [26, 27].

The main aspects of our findings are reported below.

EXPERIMENTAL

The samples were prepared by the standard ceramic techniques using CuO and the

carbonates of the other metal ions. The exact methods of syntheses for most of the

compounds studied in this investigation are given in the literature [28 - 30].The purity of the

phases were confirmed by standard X-ray diffraction techniques.

The infra-red spectra of the samples were obtained by a standard Perkin Elmer infra-

red spectrophotomer (in Bangalore) as well as a Brucker IFS 88 Fourier transform infrared

spectrometer (in Trieste). The spectra were taken in the standard manner with the samples

being ground in KBr and then pelletised to form transparent discs.

RESULTS AND DISCUSSION

The Titration Curve.

The systematics of the multinary copper (II) oxide systems can be understood in

terms of an assembly of square-planar CuO4 units as discussed first by Muller-Buschbaum

[28].Among these we may distinguish between perovskite related compounds in which the

CuO4 units share only comers. These are compounds such as Sr2Cu03 or Ca2Cu03 in

which there is corner sharing only in one dimension [28], In compounds such as Nd2CuO4

[28] or (Ca,Sr)CuO2 [31] the corner-sharing is in two-dimension with the copper ions

having only four-fold coordination. In compounds such as La2CaCu2O6 or La2SrCu2Og [22



25,29] there is two-dimensional corner-sharing but with the copper ions in five-fold

coordination while in compounds such as La2CuO4 or Sr2CuO2Cl2 two-dimensional corner-

sharing of Q1O4 units is distinguished by the copper ions having six-fold octahedral

coordination [28], The infra-red spectra of some of these compounds are shown in Fig. 1.

The spectra of these compounds are relatively simple in the region above 400 cm'1.

The other kinds of copper oxides are those in which the CuO4 units share edges

such as Y2Cu205, BaCuO2 or SrCuO2 [28,29, 32] or are isolated as in Bi2Cu04,

L^Ba^C^ 5O24, Y2BaCuO5 etc. The infra-red spectra of some of these compounds are

shown in Fig. 2. It is observed that compounds with complex unit cells such as Y2CU2O5,

BaCuO2, La9Ba6Cu4 5O24 etc. show complex patterns with many lines as expected.

We consider the frequency, v'max, of the well-defined bands with the highest energy.

We have plotted in Fig. 3 the variation in Vmax with the shortest Cu-O distance for

compounds in which the CuO4 units are only corner-shared. This is necessary if we are to

use this plot for understanding the properties of superconductors in which also the CuO4

units share corners [30]. We see that given the Cu(II) oxidation state, Vmax increases in a

smooth and monotonic manner with a decrease in the Cu-0 distance. The frequency

increases almost linearly with decreasing Cu-0 distance instead of an r 3 / 2 manner [4, 33,

34]. We have also included in Fig. 3 the highest frequency band in compounds with

different linkages of CuO4 units as well as La2Lio,5Cuo $O4 (open circles). We find that

the discrepancy is not large. Our "titration" curve for vibrational frequencies of compounds

with extended -Cu-O-Cu- linkages do not extend to Cu-0 distances greater than 2.0 A .

In these anisotropic compounds the in-plane bonds have the shorter distance while

the out-of-plane Cu-0 bond distances are longer. In La2Cu04 this distance is around 2.40 A

compared to an in-plane distance of 1.90 A. The corresponding frequencies are [17 - 19],

respectively, 517 and 677 cm"1. Single crystal studies [35] have confirmed such an



assignment. We may assume therefore that in other polycrystalline samples of anisotropic

systems the out-of-plane vibrations bands have the next lower frequency, V2, after . / m a v

There are no extended Cu-O-Cu linkages in the c direction in these compounds. The

distance dependence of the force constant of the Cu-0 bonds along the c direction is

therefore expected to be different from that in the planes. We have plotted v 2 against the

out-of plane Cu-O distance (crosses) in Fig. 3. We find that the titration curve of Fig. 3

extends to the out-of-plane vibrations as well.

The important observation in Fig. 3 is that the frequency of the bands increases at a

fast rate when the Cu-O distance becomes less than 1.96 - 1.97 A. This distance corresponds

almost exactly with the distance obtained from the sum of the ionic radii for square-planar

coordinated Cu{II) ions using the ionic radii as tabulated by Shannon [14]. The increase in

frequency may be identified therefore with the concept of a bond valence [36] which

increases markedly as the distance decreases below that obtained from ionic radii. We

obtain more insight if we associate the change in frequency to internal pressure effects. The

marked increase in the frequency with decrease in distance is similar to that found on the

application of pressure in other layered systems [4].

The decrease in copper-oxygen distance below the limits given by ionic radii

considerations in perovskite-related AxCun0y compounds with corner-shared CuOm

polyhedxa may be understood in terms of the tolerance factor, r [37, 38, 39]. This factor is a

measure of the mismatch of the B-X distance, rB .x . with that of the A-X distance, rA_x,

with
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In an ideal perovskite structure t = 1, and the empirical limits of stability of this structure are

0.86 < i < 1.0 which can in tum be understood [40] on the basis of a size mismatch between

close-packed A and X ions. In oxides as in the superconductors, x is close to the lower limit

provided one considers the average size of all the A ions [37,40]. A small value of t

therefore implies that the B-X distance is too large or the A ion too small and that there is a

"pressure" on the B-X bond tending to decrease the B-X distance. Such a pressure increases

the hybridisation and thence the Cu-0 bond strength or the force constant of the vibrations

associated with Cu-0 bonds. The importance of tolerance factor arguments is that we can

invoke the participation of the lattice in changing the hybridisation and thence the

importance of the electron-lattice coupling.

Application to Layered Oxides.

In compounds such as YBa2Cu3O7.d where there is a puckering or "dimpling" of the

Cu-O-Cu network in the O1O2 planes, the a parameter is considerably less than twice the

Cu-O distance [30]. For example the band around 590 cm"1 in YBa2Cu306 (Fig.4a) has

been assigned on the basis of single-crystal work [12] to an in-plane vibration of the CuO2

planes and corresponds fairly well with that expected for a Cu2-O2 distance of 1.94 (A)

which is larger than half the a parameter (1.93 A) because of puckering of the CuO2 planes.

The shift in the frequency to 550 cm"1 in PrBa2Cu306 (Fig. 4a) is consistent with an

increase in the basal a parameter to 3.89 A but requires a Cu-0 distance of - 1.95 - 1.96 A

which is again consistent with a puckering. In PrBaCaCu3O6 the band shifts to 580 cm 1

(Fig. 4b) which is consistent with a Cu-0 distance or an a parameter (3.87 A) in between

that of YBa2Cu306 (3.86 A) and PrBa2Cu306 (3.89 A). The empiricaJ curve therefore

predicts the frequency of the Cu-0 linkage with which the vibrations are to be associated

better than at least some lattice dynamical calculations [12] or normal mode calculations

[10, 11]. The small dispersion of the modes with higher frequency [12] is responsible for the



remarkable correlation between distance and frequency obtained from relatively simple

absorbance or transmission measurements on polycrystalline samples.

Lattice dynamic calculations [5, 9, 12] usually associate the high frequency band

with predominantly oxygen character and the question arises whether there could be

hybridisation involving the oxygens also so as to introduce an oxygen-oxygen bonding. The

"titration" curve in Fig. 3 predicts fairly well the frequencies in compounds derived from

YBa2Cu3O7^j provided one takes the actual Cu-O distance instead of half the a parameter.

This would suggest in turn that the increase in the frequency is due to the increased copper-

oxygen hybridisation and that the role of direct oxygen-oxygen hybridisation is not

pronounced in the Cu(II) oxides.

The band at 640 cm'1 has been assigned [12] to the Cu]-O4 vibration in which the

Cuj-O4 distance is 1.86 A. The frequency of this band in the oxygen deficient compounds

(Fig. 4) is not sensitive to changes in the a parameter which is consistent with such an

assignment. It is interesting to note that the relative intensities of the bands at 640 and 590

cm'1 compare very well with the intensities obtained from the reflection spectra from single

crystals using polarised light [12]. We note that the Cu-Oj distance of 1.86 A should give a

frequency greater than 700 cm"1. Apparently the formal charge on the copper ion is also

important in determining the vibrational frequency and emphasises the importance of the

Cu-O linkage.

In the 50 K superconductor Yo gCaQ 2Ba2Cu306 [41,42] there is a band at - 600 cnr

1 instead of the 590 cm"1 band in Yl^Cu^Og. In terms of our earlier argument this would

suggest that the Cu-O distance in the former is smaller than that in the latter despite nearly

similar lattice parameters. This in turn suggests reduced puckering in the Ca-substituted

samples. Neutron diffraction has not been carried out as yet on this material. However, the



reduced puckering in the presence of Ca is consistent with the reduced puckering of the

G1O2 planes in compounds such as Bi2Sr2CaCu208+d or Tl2Ba2CaCu2O8 [30],

The pronounced intensity of the band at 640 cm'1 in Yo gCa0 2Ba2Cu306 suggests

that the Cu! ions are not involved in the conduction process as indeed demonstrated by NQR

[41,42]. The marked reduction in the ratio of the intensity of the bands at 590 - 600 cm"1

and 640 enr1 in YogCaQ 2Ba2Cu306 relative to that in the parent YBa2Cu3O6 (Fig. 4a) is

consistent with the assignment of the 590 cm"1 band to an in-plane vibration. The decrease

in the intensity of this band may be attributed to screening by charge carriers due to

metallisation in the CuO2 planes [17 -19,43]. The absence of conduction in the Cu} ions

and the lowering of the superconducting transition temperature in Yo 8CaQ 2Ba2Cu3Og then

suggests the important point [40 - 44] that the chains in YBa2Cu307.d play an important role

in enhancing the superconducting transition temperatures in the planes but are not crucial in

the mechanism for the superconductivity.

The infrared spectra of the - 78 K superconductor LaCaBaCu3O6 9 [20, 21] is

compared with that of the insulators [43] PrCaBaCu3O6 9 and PrCaBaCu3O6 j in Fig. 4b.

One notices first of all a marked change when PrCaBaCu3O6 j is oxidised to

PrCaBaQ^Og 9. The most impressive is the appearance of a new band around 670 cm'1

and another around 550 cm"1 with a band around 590 enr1 appearing as a shoulder. In

LaCaBaCu3O69 the intensity of the band at 550 cm 1 is relatively decreased while the band

at 670 cm"1 in PrCaBaGrjOgg is shifted to 700 cm"1. In terms of our titration curve the

bands at 700,590 and 550 cm"1 correspond to distances of 1.86-1.88 A, 1.93-1.94 cm"1 and

1.95-1.96 cm"1, respectively. The origin of the bands at 700 and 550 cm"1 is of importance.

One explanation is that these bands could be assigned to an impurity such as Ca2CuC>3. We

have not observed impurity lines due to Ca2CuO3. The PrCaBaO^C^.d and

PrCaBaCu3O^+<1 compounds show small amounts of the same unidentified impurity phase.



Since there is a marked difference in the infra-red spectra in these compounds the bands

around 670 and 550 cm'1 cannot be associated with the impurity phase. The 700 cm'1 band

is consistent with a (Cuj)2+-(O4)
2*vibration [45] since this is expected to be around 1.87 A.

The decrease in the intensity of the band at 550 cm"1 in the metallic LaCaBaCu3O6 9

relative to that in the insulating PrCaBaC^C^ 9 suggests that this band is to be associated

with the CuO2 planes. The band at 590 cm"1 may then be associated with a (Cui)2+(Oj) (or

(Cu])2+(O5)) vibration.

The presence of vibrational modes associated with Cuj ions in these compounds

indicate that the charge-carriers associated with the Cuj ions are in a localised environment.

This may be understood from simple chemical arguments. It has been argued [40, 43, 46]

that in YBa2Cu307_d the Ba-O4 distance is too small (2.74 A [30] instead of 2.92 A

expected from ionic radii considerations) and that replacement of Ba by a smaller ion such

as La^+ as in LaCaBaC^O^ 9 would relieve the pressure on the O4 oxygen. However, it is

this very pressure of the Ba ions that could induce holes on the O4 oxygens and

metallisation in C u r 0 j chains. The smaller size of the La3+ ion as well as its high charge

repels the hole from the environment around the Cuj ions thereby rendering it insulating.

Our discussion on LaCaBaC^C^d suggests that the band at 550 cm"1 is due to an

in-plane vibration that persists in the superconducting samples which have a resistivity less

than 10"3 ohm cm. The same is the case in YQ^COQ^SLJCU^O^ when we consider the band

near 600 cm"1. If the hole distribution is homogeneous one would have expected the

vibrational bands to be screened by the coupling to the charge carriers. In general one sees a

total disappearance of the phonon features in three-dimensional perovskites [15] due to such

screening even when resistivities are around 10"1 ohm cm. [16]. In the case of La2-

xSrxCuO4 [17 - 19,47], or in other three-dimensional perovskites [16] such screening also

seems to happen even when the in-plane resistivity is near 10"1 ohm cm. This coexistence of

10
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low dc resistivity and high optical resistivity (absence of screening) would seem to suggcM

that in the superconductors or in the layered perovskites in general metallisation is not

achieved homogeneously. The bands that are visible in the infra-red despite a low bulk

resistivity correspond to insulating regions with very few density of holes so that the Cu(II)

character is maintained. It would be of interest to determine whether such insulating regions

are segregated into different layers so that metallisation may be considered to be achieved

layer by layer. The presence of such insulating layers could suppress Tc as has been shown

recently from thin film experiments [48] involving intergrowths at unit-cell level of layers

of superconducting Y I ^ C ^ C ^ and i

The infra-red spectra may also be studied to understand the properties of the two-

layer non-superconducting compounds derived from La2SrCu206+<j [22 - 25]. The spectra

of I^SrQ^Og, Laj ySrj jCulO^d and Laj^Caj jC^O^ are shown in Fig. 5. As shown in

Fig. 3 vmax correlates fairly well with the Cu-0 distance which is nearly equal to half the

tetragonal a parameter. The intensity of this band is sensitive to the electrica] conductivity

decreasing as the conductivity increases and is consistent with it being an in-plane vibration.

Of interest is the frequency, of the band around 500 - 550 cm"1. The intensity of this band is

rather insensitive to changes in the electrical resistivity and the frequency of this band

increases as the c parameter is decreased. This suggests that the band is associated with

vibrations perpenidcular to the plane or along the c axis. The duration curve indicates that a

frequency < 500 cm-1 would correspond to a Cu-0 distance greater than 1.96 - 1.97 A. In

La2SrCu2O&fd the presence of a band at 500 cm*1 is therefore consistent with a an axial Cu-

O distance of 2.34 A [22]. In La2Cu04 also the band at - 520 cm"1 has been assigned to the

axial Cu-O bond of 2.40 A. In Laj ̂ Caj ̂ G^Og on the other hand the band has shifted to ~

550 cm"1. The titration curve indicates an axial Cu-0 distance of 1.95 -1.96 A compared to

- 2.30 A obtained from diffraction data. This represents one of the few exceptions in the

titration curve of ^^^ vs Cu-0 distance in Fig. 3. It seems to us that the understanding of

11
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this discrepancy is crucial in understanding why two-layer compounds derived from

l ^ S r C ^ O g are not superconducting. A high value of vmax represents a strong Cu-0

hybridisation broughtabout by an unusual participation of orbitals other than the dx2 . y2

orbitals such as the dz2 or dz2 . X2 or dz2 . y2 orbitals. Both of these could suppress the two-

dimensional character that seems to be necessary for superconductivity. The participation of

dz2. y2 or dz2 . X2 orbitals would imply a short axial Cu-0 distance. Such distances are

observed in compounds such as L&2.x^Ti+^n2^6-61^4, ^5]. The spectra of the compound

with x = 0.1 shows a band at 530 cm"1 which has shifted from 500 cm"1 in the x = 0

compound. The x = 0.1 compound does indeed have short (1,94 A) Cu-0 distances along the

c axis so that the shift does indicate a stronger hybridisation of at least some of the axial Cu-

O bonds.

General Remarks

The failure of lattice dynamical calculations in predicting vibrational frquencies has

been attributed [10, 11] to the possibility that such calculations are not applicable to bond-

bending vibration which involve central force fields. The basic assumption of normal

coordinate analysis depends heavily on the fact that force constants could be related to

electronegativity differences between constituent elements of a bond and the distance of the

bond [3, 10,11]. These force constants are as yet unreliable. Even the use of interaction

potentials such as the Born-Meyer potentials [5] in lattice dynamical calculations do not take

into account the change in force constant due to hybridisation. Our observation that the

vibration frequency increases markedly below a certain Cu-O distance indicates that

hybridisation effects has not been adequately incorporated in a simple manner in the

methods us eJ so far. This would account for the failure of such methods [10,11] to account

for the vibrational spectra [12] of YBa2Cu3O6, for example. On the other hand our results

should be useful in improving the calculations.
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The correlation between the frequency of the infra-red bands and the Cu-0 distances

in the superconductors could have two otherpossibly important consequences. The first of

these is the observation that in the doped samples the frequencies depend mainly only on the

Cu-O distance and not on the density of holes. This in turn suggests that on doping local

metallic regions are created. In such regions the conduction electrons screen out features due

to vibrational modes. The infra-red spectra therefore sees only those regions in which there

are no holes or the regions containing only Cu(II) ions at least as far as the in-plane modes

are concerned.

The second point is that the increase in the frequency or force constant with

decreasing Cu-0 distance implies that the Cu-0 hybridisation or bond strength is increased.

We have mentioned earlier that the decrease in the Cu-0 distance is a consequence of a low

tolerance factor which expresses the effect of a lattice as a whole. It has been suggested [36,

37] that a low tolerance factor could favour, in chemical terms, a disproportionation of the

type

2Cu2+ < j * C u 1 + ( J 1 0 ) + C u 3 + ( l o w - s p i n ) (2)

since the average radius [14] of the ions on the right-hand side is less than that of Cu2+ ions

when the Cu3+ ions are in a low-spin S = 0 state. This mixing in of Cu1+ and low-spin Cu3+

states into the ground states represents in effect the increased bond strength. The pairing of

electrons (or holes) as expressed in Eqn. (2) due to attractive interactions caused by

decreasing the bond distance has been modelled on a bipolaron [49,50] picture in which

electron-phonon coupling decreases the effective correlation energy, Ueff. A two-centre

bipolaron in which the paired electron (or hole) is shared between two sites is equivalent to

a Heitler-London scheme for chemical bonding [50].The increase in Cu-0 frequency with

13



decreasing tolerance factor could thus be related to the strength of such electron-phonon

coupling.

The increased importance of electron-phonon coupling as the Cu-O distance is

reduced leads us to examine the relevance of bipolaron theories for superconductivity which

depend on such coupling. In some of these theories there is a suggestion that there could be

a narrow maximum in Tc as the electron-phonon coupling strength is increased [51, 52].

The plot (Fig. 6) of the value of highest Tc for a given family of superconductors vs the

basal Cu-O distance shows such a maximum. It is interesting to note that the behaviour is

roughly in agreement with the phase diagram of Alexandrov [52] after appropriate

normalisation for the Tc's in La2.xSrxCuO4 (hatched circle) and YB^^^Oi^ (filled circle).

The reasonably good agreement in Fig. 6 may be fortuitous as we do not take into account

the number of charge carriers. The reduction in the copper moments due to increased

hybridisation may also affect Tc in magnetic models for superconductivity. The general

agreement expressed in Fig. 6 is nevertheless interesting and at best suggests a closer

inspection of the bipolaron model. We do not expect the dependence of the vibration

frequencies (or electron-phonon coupling strengths) on the Cu-O distance in the doped

superconductors to be the same as that in the parent Cu(II) oxides. Moreover, the critical

Cu-O distance less than which there would be a marked dependence of the frequency on the

distance is expected to be different in the doped compounds.

CONCLUSIONS

From a study of the infra-red spectra of several Cu(II) oxides a correlation has been

found between the frequency of the high energy bands and the Cu-O distance. This enables

us to make a "titration" curve from which one may obtain information about the Cu-O

distance from a given frequency. This has been demonstrated in the case of known

structures and also helps in obtaining infoprmation on other compounds in which the

14
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structural details are not available as in LaCaBaCu3O6 9. From our studies we conclude that

in this compound the Cuj ions are in an insulating environment and that doping is only in

the planes. The application of this "titration" curve to the non-superconducting two layer

compounds derived from La2.x(Ca,Sr)i+xCu2O64.d suggests that at least in x = 0 compounds

the two-dimensional character is destroyed because of strong axial Cu-0 bonding. The

frequency of the vibrations shows a marked increase when the Cu-0 distance becomes less

than the ionic value of 1.97 A in square-planar coordination for Cu2+ ions. This increase is

explained in terms of tolerance factor arguments which suggest that at low distances

electronic instabilities are present. This has been examined in terms of the bipolaron

mechanism.
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LEGENDS FOR FIGURES

Fig. 1. Infra-red spectra of Cu(II) oxides with corner-shared CuO4 units

Fig. 2. Infra-red spectra of copper(II) oxides having isolated CuO4 units in complex unit

cells e.g., La^agCX^ 5O24 [29] or edge-sharing CuO4 units [28]

Fig. 3. Plot of frequency vs. Cu-O distance in compounds containing only Cu2+ ions. Filled

circles correspond to vfo^ vs Cu-O distance (see text) for compounds in which

square-planar CuO4 units share corners while open circles are for other compounds.

Crosses correspond to V 2 (see text) vs axial Cu-O distance. 1. Ca2CuO3, 2.

La2Cu04, 3. LaL 9CaL ]Cu206 , 4. CaCuO2, 5. La2SrCu206+d, 6. Sr2CuO3, 7.

Nd2Cu04, 8. Sr2Cu02Cl2, 9. La2Li0 5Cuo 5O4, 10. MgCu2O3, 11. Ba2Cu304Cl2, 12.

Bi2CuO4, 13. Y2BaCuO5, 14. SrCuO2.

Fig. 4. Plots of the absorbance vs wave number for (a) YBa2Cu3Og QS (full line),

PrBa2Cu306 ̂  (dot-and-dashed lines), YQ gCa^ 2Ba2Cu3Og QS (dotted lines),

YBa2Cu3O6 7 (dashed lines); (b) PrCaBaCu3O6A (full line), PrCaBaCu3O69

(dashed line) and LaCaBaCu3Og 9 (dotted line)

Fig. 5. Plots of absorbance vs wave number for La2SrCu2O6, Lat 9Ca] t Cu 2 0 6 and

La1.9Srl.lCu2°6-d-

Fig, 6. Plot of Tc vs average Cu-O distance in the basal plane for the "hole" superconductors

(open circles) from Ref. 39. The dashed line shows the proposed [52] variation of Tc

with electron-phonon coupling constant after normalising for the values of Tc at

YBa2Cu3O7 (filled circle) and La t 85Sr0 15CuO4 (hatched circle).
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