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Deviations from perfect planarity of the copper-oxygen sheets in Ca„»Sro»CuOz have been ob-
served using pair-distribution-function analysis of pulsed-neutron-powder-diffraction data. These

0
deviations take the form of displacements of oxygen atoms parallel to the z axis by 0.09+0.02 A at

0

10 K and 0.12+0.04 A at room temperature. The effect occurs on every oxygen site and may be
correlated in sign from site to site, giving rise to short-range order. The average crystal structure,
refined using Rietveld analysis, does not show this distortion, which must, therefore, extend only
over short range. A lattice-energy-minimization calculation on the idealized compound CaCu02,
using pair potentials, indicates that such a distortion lowers the calculated lattice energy. A mecha-
nism is proposed by which the strontium atoms break up the periodicity of the displacements and
stabilize the structure.

I. INTRODUCTION

The single structural element common to all of the cu-
prate high-T, superconductors is a plane made up of
corner-sharing CuO~ squares (hereafter referred to as the
CuOz plane). This plane plays a key role in the normal-
state conductivity and in the superconductivity of these
materials. ' The planes can occur singly, as in
La2 „M„CuO4 (M=Sr, Ba, Ca) (LA 2:1:4) (Ref. 7) and
TlzBa2Cu06 (TL 2:2:0:1), in pairs as in TlzBa2CaCu20&
(TL 2:2:1:2)(Ref. 9) and YBa2Cu30~& ) (Y 1:2:3),' "or
in stacks of three or more as in the family of compounds
Az82Ca„, Cu„04+&„(A =Tl, Bi and 8 =Ba, Sr) (Ref.
12) for n )3. These stacks can be thought of as defect
perovskite blocks with —,

' of oxygen sites vacant in the po-
sitions between the CuOz planes. The blocks are separat-
ed from each other by intergrowth regions of distorted
rocksaltlike structures. The idealized end member of the
series A2B2Ca„,Cu„04+2„with n~oo would have the
formula CaCu02 and no intergrowth regions at all. Such
a structure does form with the aid of 15% strontium sub-
stituted for calcium, although pure CaCu02 itself has a
totally different structure. ' The resulting compound,
Cap 85Srp ~ gCuO~, can thus be considered to be the parent
structure of the A2BzCan —1C n04+2n

The CuOz sheets in the superconducting materials have
been reported as being both truly planar, such as the cen-
tral plane in TL 2:2:2:3,' or to be distorted as, for exam-
ple, in La 2:1:4(Refs. 7 and 14) and Y 1:2:3." The sheets
in Cao. 85Sro. isCu02 are reported as being planar, howev-
er, the possibility that they may be distorted is not com-
pletely dismissed on the basis of an x-ray single-crystal
study. ' Details of some of the structures of the planes in
the different materials will be discussed later in the paper.

A common feature of all of the structural refinements

of the cuprate superconductors is the presence of large,
anisotropic, thermal factors on certain sites. Rietveld
refinements of the structures of the thallates indicate that
large, "pancake-shaped, " B factors are required on Tl
and O(4) positions. ' These sites lie in the Tl-0 layers
which form part of the rocksalt intergrowths. Large
thermal factors have also been refined on the lanthanum
and apical oxygen O(2) sites in LA 2:1:4 compounds. '

These sites are also part of the intergrowth region in this
material. Both large pancake' ' and "cigar-shaped' "
thermal factors have been reported on the chain oxygen
O(1) sites in Y 1:2:3. The cigars are oriented horizontally
and perpendicular to the Cu—0—Cu bond. A large B
factor, elongated along the z direction, on the apical O(4)
oxygen site is also characteristic of refinements of this
structure. "' ' A neutron-diffraction study showing
the temperature dependence of the thermal factors in Y
1:2:3 (Ref. 11) indicates that the rms displacements on
the O(1) chain site, in directions perpendicular to the
Cu—0 bond, decrease by 30—50% as the temperature
falls from 300 to 75 K; however, they remain relatively
invariant below that temperature down to 5 K. In gen-
eral, a weak temperature dependence of thermal ellip-
soids is observed. Similar behavior is seen in refinements
of all the cuprate superconductor materials and large B
factors persisting to low temperatures are widely report-
ed. The reason is probably the presence of some static or
quasistatic displacive disorder on these sites leading to a
large uncertainty in atom position. Dmowski et al. have
reported that a locally ordered structure with correlated
rearrangements of thallium and oxygen is present in the
Tl-0 layers in Tl 2:2:1:2 using atom-pair distribution
function (PDF) analysis of neutron-powder-diffraction
data. ' Because the correlations do not extend over long
distance and the order is short range only, it does not
lead to any extra peaks in the diffraction profile and gives
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a contribution only to the diffuse scattering. Diffraction
profile refinements, which ignore the diffuse scattering,
cannot extract this structural information and will just
refine large B factors on these sites, as seen in the Riet-
veld analyses. When averaged over the whole crystal,
this local order will appear just as an uncharacterized un-
certainty in atom position.

Values for thermal factors on the copper and oxygen
sites in the Cu02 plane are also seen to be large and
weakly temperature dependent. Mean-square displace-
ments, ( u ), up to 20 X 10 A are reported for oxygen
in the z direction in Y 1:2:3 (Ref. 15) and up to
18X10 A in Tl 2:2:1:2. Similar thermal ellipsoids,
elongated along the z direction, are reported on oxygen
sites in La 2:1:4(Ref. 14) and ellipsoids of similar magni-
tudes and shapes are also reported on copper sites on the
Cu02 plane in all these materials.

The purpose of the current work is to investigate the
possibility that static or quasistatic atomic displacements,
which would contribute to these large, weakly
temperature-dependent, thermal ellipsoids, may be occur-
ring in the Cu02 plane sites. Displacements of ions
occurring at these sites have been reported. Toby et al.
have seen a structural change at T, occurring to the
CuOz planes in Tl 2:2:1:2(Ref. 19) from PDF studies con-
ducted over a range of temperatures. They attribute this
to a change in the local ordering of atom displacements
on the Cu02 plane sites. Furthermore, the tetragonal-to-
orthorhombic transition in La 2:1:4can be attributed to a
loss of correlation between planes of the atom displace-
ments occurring in the Cu02 planes of this material.

Since it is the intrinsic nature of the Cu02 planes that
is of interest in this work, the model compound
Cap»SI p»CuO2 has been chosen to be studied. Many of
the results will be relevant to the planes in the supercon-
ducting materials and Cap»Srp»Cu02 has the advantage
that it has no intergrowth regions, which would compli-
cate the structure of the planes. Anisotropic thermal fac-
tors up to (u ) =9.7X10 and 13X10 A have been
reported on the copper and oxygen sites, respectively, in
this material from an x-ray single-crystal refinement. '

These values are larger than expected from this structure
as we discuss later, and are of similar magnitude to those
refined on the equivalent sites in the superconducting
structures even though there are no obvious structural
elements that one would predict would disturb the
planes. Either some uncharacterized static displacements
of atoms, or else large-amplitude atomic oscillations must
be present, even down to low temperature.

A technique able to probe local structures such as ex-
tended x-ray-absorption fine structure (EXAFS) or a
PDF study of x-ray- or neutron-powder-diffraction data
would be suitable to reveal such local structural informa-
tion. The main technique used in the present study is the
PDF analysis of pulsed neutron data. The pair distribu-
tion function has then been simulated from structural
models to elicit the detailed structural information con-
tained therein, and a quantitative least-squares minimiza-
tion routine employed to refine structural parameters
from the data. Since such a quantitative analysis of
PDF's is a fairly new approach to crystal structure

refinement, the work will be described in some detail
here. The structure has also been simulated with a
lattice-energy-minimization technique using Born model
potentials.

Using both theoretical and experimental methods, we
find good evidence for a real static or quasistatic displace-
ment of oxygen out of the CuO2 plane which would lower
the site symmetry for oxygen and copper from mmm
(D2h ) to 2 (C2 ). A model is proposed for this local struc-
ture. The modeling and the experimental results together
suggest that there is probably a high degree of ionicity
about the copper-oxygen bond. An ionic driving force
for the displaced structure in Cap»Srp»Cu02 is pro-
posed and these findings are related to the superconduct-
lng cousins.

II. STRUCTURE OF Cap 85Srp ~gCuO2

The structure of Cap»Srp i5Cu02 has been refined
from single-crystal x-ray-diffraction data yielding a primi-
tive, tetragonal cell of space group P4/mmm with
a =b =3.876 11 A and c =3. 1995 A. ' The structure is
shown in Fig. 1. Alkaline-earth ions Ca + and Sr +
separate the planes with about one in seven cells having
strontium at its center. The presence of the strontium is
required to stabilize the layered Ca, Sr CuOz phase. '

Phase-equilibrium studies indicate that the range of solid
solubility of strontium on calcium sites is very small, ex-
tending only from x =0.13 to 0.17. There is no evi-
dence that the Sr + is ordered over the calcium sites.
Takano et al. have reported that the two-dimensional
(2D) layered structure can be stabilized over a wider
range of composition when the compound is formed un-

FIG. 1. Crystal structure of Ca08~Sro»Cu02 refined from
neutron-powder-diff'raction data. Oxygen sites are speckled and
calcium-strontium sites are hatched. The ellipses represent
thermal ellipsoids on the sites determined from anisotropic
thermal factors refined from the PDF.
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der increased pressures. Compositions in the range
Cap 33Srp 66Cu02 to Cap 66Srp 33CuOz were stabilized for
reactions taking place under 60 kbar pressure and
1050 C.

Cap 85Srp»CuO2 is an insulating antiferromagnet with
spins of (p) =0.51pz per Cu atom lining up along
( 110) directions. Above the Neel temperature T =537
K, the interplane spin-spin correlations are lost. Howev-
er, the material remains a 2D Heisenberg antiferromag-
net because of the strong intraplane interactions. This
behavior is consistent with its being a Mott-Hubbard in-
sulator.

III. PAIR-DISTRIBUTION-FUNCTION ANALYSIS

The atomic pair-distribution function is a representa-
tion of the distribution of interatomic distances present in
a material. Traditionally its utility has been in analyzing
scattering data from disordered materials such as glasses
and liquids since the analysis presumes no periodicity.
The procedure can, equally well, be applied to crystalline
systems and PDF's of crystalline materials have been ob-
tained with good accuracy. The function can be pro-
duced from diffraction data by a Fourier transformation
of the atom-atom interference function or total structure
factor S (Q). In detail,

p(r)=pa+ J Q[S(Q)—1]sinQr dQ,
2n r

where p(r) is the pair probability density, po the mean
density [corresponding to p(r) as r ~ ~ ] and Q =

~Q~ is
the scattering vector, Q =4~ sin8/k.

The function has proved to be very sensitive to local
atomic displacements. It has also been able to
differentiate successfully between random and short-
range correlated atom displacements which often pro-
duce qualitative differences in the shapes of certain peaks
in the function. ' '

Although the function is simply a different representa-
tion of the reciprocal-space diffraction data, it is distinct
from conventional crystallographic analyses in that all in-
formation in the diffraction pattern is utilized, including
data out to very high Q (low d space) and all of the diffuse
scattering. This is obviously important in totally disor-
dered systems where the scattering is all diffuse, but it
can also be important where a significant degree of non-
periodic "disorder" is suspected in crystalline systems.
Provided data is collected with good statistics out to high
enough Q (which may be as much as 45 A ' in a crystal-
line material at low T), then the PDF has shown itself to
be quantitatively accurate.

In our experiments, neutron-powder diffraction data
are collected using a time-of-Aight spectrometer from a
pulsed neutron source, with no energy discrimination at
the detector. In such an energy dispersive experiment,
both static and dynamic effects contribute to the scatter-
ing intensities and the structure refined is a superposition
of instantaneous "snapshots" of the structure. Thus, it is
not possible to distinguish whether observed disorder is
fully static, quasistatic, or dynamic in nature from these
experiments. A quasistatic atomic displacement occurs

on a site if the atomic potential is bifurcated allowing the
atom to hop between the minima.

The raw data are normalized and corrected for back-
ground, absorption, multiple scattering and detector
efficiency. A Placzek correction is applied to take ac-
count of inelastically scattered neutrons. The total
structure factor can then be reduced from the experimen-
tal total neutron differential cross section according to

80
S(Q)= dn

where N is the total number of scatterers and (b) are
the squares of the scattering lengths averaged over the
species of the sample.

Estimated statistical noise for points in the PDF are
calculated by propagating errors derived from the count-
ing statistics of the data. Each point in the diffraction
pattern is an independent observable and the estimated
standard deviation (ESD) for each is simply &N for N
counts. No smoothing is carried out during sample pro-
cessing and the propagation thus provides an accurate es-
timate of ESD on each point in the PDF due to random
errors. Systematic errors, however, will also contribute
to the uncertainty in the PDF. Over the range of r from
2 to 10 A, and provided the maximum Q measured is
high enough, errors due to termination of the Fourier
transform are small, as are errors introduced due to the
instrument response function. Significant systematic er-
rors are introduced by inadequate corrections for ab-
sorbtion, multiple scattering, source spectrum, and back-
ground but these are all slowly varying functions and lead
to unacceptable uncertainties primarily in unphysical re-
gions of the PDF where r is less than the nearest-
neighbor distance. An estimate of their contribution to
the total uncertainty in physical regions of the PDF has
been made by carrying out a PDF analysis on a standard
sample of Al. They were found to be of the same order
of magnitude as the random errors. The ESD's presented
in this paper are from the random errors only and are
provided as a guide to the reliability of the data. They
will underestimate the total uncertainty but give an accu-
rate assessment of the random errors. They vary smooth-
ly with r being no more than 10% of po at low r and
much less over most of the PDF. Experimentally deter-
mined PDF's for the Cap 8&Srp»Cu02 at the three tem-
peratures are shown in Fig. 2, along with the ESD plotted
as a function of r.

Structural information is extracted from the PDF by
modeling Using trial structures. The PDF of a model
structure can be calculated by counting up all of the
atom-atom vectors present in the crystal shorter than a
cutoff r,„. These are plotted with 6 functions at their
ends on a scale in r. The 5 functions are scaled by a fac-
tor which depends on the multiplicity of the vector and
on the neutron-scattering strength of the atoms involved
in the pair. Thermal motion of the atoms is simulated by
convoluting the 6 functions with normalized Gaussians.

To determine the goodness of fit between the simulated
PDF and the experimentally derived one, an agreement
factor (A-factor) is determined where



43 DEVIATIONS FROM PLANARITY OF COPPER-OXYGEN. . . 10 343

CQ

C3

I
'

I
'

I

6
r (A)

FIG. 2. Pair-distribution functions for Cao»Sro»Cu02 at
temperatures (a) 10 K, (b) 150 K, and (c) 298 K. The estimated
standard deviation for points in the PDF due to random count-
ing fluctuations are also plotted below with an enlarged scale.

A=

7
"

tpd t(r) p i (r ak)j
min

podT

1/2

pd„(r) is the value of the measured PDF and p„(r;ak ) is
the value of the simulated PDF at r. The latter is a func-
tion of parameters ak. Least-squares minimizations of
this function with respect to thermal factor parameters
have been carried out to determine the model that gives
the best agreement between its calculated PDF and data.

Modeling was accomplished using both isotropic and
anisotropic thermal factors. Although the isotropic ap-
proximation is not a true indication of the real situation,
it provides a reasonable first approximation and a good fit
to data is possible on all but the peaks corresponding to
nearest-neighbor pairs. An isotropic approximation has
the advantage of simplifying the model considerably and
reducing the number of fitting parameters to one per
unique atom, for a given trial model. The Einstein ap-
proximation of independent harmonic motion of atoms is
used in the modeling. This approximation is reasonable
for non-nearest-neighbor pairs; however, including the
nearest-neighbor peaks into the fitting will lead to in-
correct values of the mean-square atomic displacements
being refined. Nearest neighbors are directly bonded to
each other and motion of the atoms in the pair is highly
correlated which explains why these peaks are narrower
than the model would predict. In the present analysis,
simulated and measured PDF's were compared over the
range from 2.9 to 10 A to exclude the first three peaks
which correspond to the nearest-neighbor distances be-
tween Cu—0, (Ca, Sr)—0, and 0—0 respectively.

A more complete modeling takes into account aniso-
tropic atom motion. There are seven, symmetry-allowed,
independent parameters that define thermal ellipsoids on
the atom positions and these were used to determine the
width of the Cxaussian used for the convolution for each
atom-atom pair.

IV. EXPERIMENT
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FIG. 3. An example of part of a Rietveld refinement for
Cao 8&Sro»Cu02 data taken at 10 K. Data are plotted as
crosses. The solid line is the calculated profile. The tick marks
below the profile indicate the positions of allowed diffraction
peaks. A difference plot (observed-calculated) is shown at the
bottom. The fitted background has been subtracted before plot-
ting.

Experiments were carried out on powdered samples.
36 g of Cao 85Sro»Cu02 were prepared by a solid-state
reaction of CaCO&, SrCO3, and CuO. This mixture was
decarbonated at 850 'C for 8 h, then baked at tempera-
tures up to 980'C for up to 60 h, with frequent grindings.

Neutron-powder-di6'raction data were collected at the
Intense Pulsed Neutron Source (IPNS) at Argonne Na-
tional Laboratory using the time-of-fIight, Special Envi-
ronment Powder Diff'ractometer (SEPD). 15 g of sam-
ple were sealed in a vanadium sample holder with He-
exchange gas and cooled using a Displex closed-loop He
refrigerator. Data were collected at 10, 150, and 298 K.

The data were subjected to both a Rietveld and a PDF
analysis. The structure with the atoms constrained to
their special positions was first considered. The modeling
then proceeded systematically with the introduction of
small atom displacements of (+ )6 from the high-
symmetry positions. These atom positions were fixed and
thermal factors were refined from both S(Q) and PDF.
The displacements were then increased step by step and
the process repeated. Various possible displacements are
suggested by the large 8 factors refined in the undistorted
structure. Each of these was tried in the modeling. The
distortions were (a) a shift of oxygen up and down paral-
lel to z, (b) a shift of copper up and down parallel to z, (c)
a shift of oxygen in plane along directions perpendicular
to the Cu-0 bond, and (d) a shift of oxygen parallel to
(101) directions. The last distortion is suggested by the
possibility of the disorder being some kind of lattice dila-
tion to accommodate the oversize strontium ions.

The Rietveld refinements were carried out in the cen-
trosymmetric space group P4/rnmm using the IPNS
Rietveld package. 122 rejections in the range
d=0. 54—4.0 A were included. This space group con-
strains the oxygens to lie in the Cu02 plane, or for the
displacements to be randomly disordered. Initial
refinements suggested that site occupancy was 100% and
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Flax. 4. Total structure factor S(Q) for Cao „Sro»Cu02 re-
duced from neutron-powder-diff'raction data taken at 10 K. The

o

structure in S(Q) seen out to Q =40 A is largely reproducible
and is not due simply to statistical Auctuations.

this value was fixed on all sites. An example of a
refinement on the 10-K data is shown in Fig. 3.

The PDF was calculated taking S(Q) over a range of Q
up to 40 A (d =0.157 A) with a mild damping applied
between 25 and 40 A '. The S(Q) from the 10-K data is
shown in Fig. 4. The PDF's at the three temperatures

are shown in Fig. 2.
The results from the 10-K and 298-K refinements of

S(Q) and the PDF are presented in Table I. The Riet-
veld refined values for the undistorted structure at room
temperature are of similar magnitude to those reported
by Siegrist et al. ' However, the copper ( u 33 ) and the
calcium-strontium ( u» ) values are higher, whereas the
Ca-Sr (u33 ) is somewhat lower. The values refined from
the PDF are in much better agreement with Siegrist
et al. 's values though a much larger oxygen (u 33 ) value
was required in the current modeling. The PDF refined
thermal factors are more physically reasonable than the
Rietveld values from the same data, especially at low
temperature, where negative thermal factors were con-
sistently refined on copper sites and rather low values
refined on other sites. These anomalous Rietveld values
can be attributed to the pulsed neutron source itself
which introduces an energy-dependent peak shape into
the diA'raction pattern which is significant at low neutron
energies. This serves to suppress peak heights, though
not integrated intensities, primarily in the low-Q region.
The Rietveld analysis was performed over a relatively
limited range of Q without a correction being made for
the anomalous Q dependence of the peak shape. An im-
proved analysis would require a more detailed determina-
tion of the instrument response function at the time of
the experiment, which was not possible. In the real-space
PDF, the thermal factors are determined from the widths
of the Gaussian peaks which are insensitive to the details

TABLE I. Anisotropic thermal factors refined using Rietveld and pair-distribution-function fitting
0

for the case of no oxygen displacements and for up and down displacements of 6=0. 1 A.
o 2

Rietveld refined (10 A ) PDF refined (10 ' A )

(u'„) &u', , ) & u 33 ) & u li ) & u 22 ) & u 33 )

10 K, 6=0'
Cu
Ca-Sr
0

—1.23
3.93
1.08

—1.23
3.93
3.23

1.78
3.29
8.40

2.91
3.11
2.13

2.91
3.11
4.57

3.76
0.86

16.6

10 K, 6=0.10 A
CU
Ca-Sr
0

—1.15
3.89
1.05

—1.15
3.89
3.33

0.98
3.49

—1.63

3.38
3.25
1.76

3.38
3.25
3.72

2.30
1.60
8.28

g=0c d

Cu
Ca-Sr
0

2.01
9.85
3.20

2.01
9.85
8.66

12.39
5.64

18.47

3.64
5.51
5.58

3.64
5.51
7.40

7.81
8.10

26.80

298 K, 6=0.10 A
Cu
Ca-Sr
0

2.00
9.79
3.20

2.00
9.79
8.68

12.26
5.58
8.41

3.97
5.69
4.78

3.97
5.69
6.59

5.82
8.45

19.02

'Weighted profile R =
R =0.11,R, =0.02,

'R =0.14, R, =0.02,
Values reported by

0 2(10 A ). Reference
'R =0.14, R, =0.02,

0. 11, expected R =0.02, 2 factor = 0.14.
A =0.13.
3 =0.09.
Siegrist et al. are Cu: 2.7, 2.7, 9.7; Ca-Sr:
13.
A =0.09.

6.2, 6.2, 7.5; 0: 4.6, 8.8, 13.0.
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of the diffraction peak shapes and, furthermore, originate
in the high-Q region of S(Q) where the anomalous
energy-dependent peak-shape problem is not significant.
Thus, even though these Rietveld refined thermal factors
are unreasonable, those refined from the PDF should give
a reliable indication of real atomic motion.

Atomic displacements were introduced into the simu-
lated structure maintaining isotropic thermal factors on
each site. Both random displacements and displacements
correlated from site to site were tried. Although no nu-
clear superlattice peaks have been reported, local correla-
tions which do not give rise to periodic superstructures
are still a possibility and a number of such models were
considered. The high symmetry of the unit cell meant
that the PDF's of cell-doubling models with correlated
atom displacements could not be distinguished from each
other or from the randomly displaced case and modeling
proceeded using displacements which were random from
cell to cell. The results from the PDF refinements for the
case of oxygen displacing along the z direction (0, ) are
shown in Fig. 5. For each fixed value of 5, isotropic
thermal factors were refined to minimize the 3 factor
and it is these "best-fit" values of agreement factor that
are plotted. It was seen that the best-fit 3 factor
diverged very quickly (b (0.06 A) for all of the distor-
tions tried except for the 0, displacements. In the latter
case the curve fell to a minimum before finally diverging
at significant values of A. This indicates that all the dis-
tortions introduce peak shifts into the simulated PDF
which cannot be reconciled with the experimentally
determined PDF; except for the 0, case. Thus, the evi-
dence discounts the possibility of all but the O, distortion
existing up to any significant value of A. The most likely
magnitude to assign to the oxygen displacement would be
the value where the best-fit A factor versus the 6 curve
has a minimum. The curves have somewhat broad mini-
ma; however, it is clear that any real atomic displacement
cannot be larger than the value of 6 at which the best-fit
3 factor diverges. Thus, from Fig. 5, the displacements

CU

C3

above and below the plane can take magnitudes
0.09+0.02 A at 10 K, 0.10+0.03 A at 150 K, and
0.12+0.04 A at room temperature.

A similar procedure was applied in the Rietveld
analysis and the best-fit weighted profile R factors, as a
function of 6, are shown in Fig. 6. The curves are Hatter
and diverge more slowly than the A-factor curves and
show no clear minimum. Their general behavior, howev-
er, is consistent with that of the 2 factor, diverging for
6 )0. 12 A. The Rietveld analysis thus does not deny the
possibility of the existence of the 0, distortion. Howev-
er, it does not provide definite evidence in support of
such a conclusion.

This material is highly anisotropic in nature and so it is
important to take account of anisotropic motions of
atoms in the modeling to gain a more realistic picture of
the crystal. The results from the 10-K data involving an-
isotropic thermal factors are shown in Fig. 7. The lower
curve shows the variation in the best-fit A factor with in-
creasing oxygen displacement. Because of the larger
number of fitting parameters, the A factor is smaller and
has no clear minimum but has a plateau which extends to
5=0. 1 A before diverging sharply. As with the analysis
using isotropic thermal factors, we see that a displace-
ment of oxygen greater than +0. 11 A out of the plane is
incompatible with the measured PDF. The upper curve
indicates the corresponding refined mean-square displace-
ments of oxygen, also along the z direction, for each dis-
placement. For 6 + 0.04 A a good fit is possible, of simu-
lated PDF to data, for a large value of (u3& ) of 16.6
X10 A on the oxygen site. For 6)0.04 A, the best
fit is obtained for much lower ( u 33 )'2values, the minimum value being ( u 33 ) =8.5 X 10 A

0
for 6=0. 1 A. The physical appropriateness of these
values mill be discussed later.

A similar procedure was used in the Rietveld analysis.
As in the isotropic case, the R factor was less sensitive to
the introduction of the displacements than the 3 factor.

CU
I I I I

)
I I I I

H
/

o
o

&C

CL //

L3 —~
10K

150K
298K—

I I I I I I I I I I I I I I I I I

o — 10K
298K—

I I I I I t I I I I 1 f I f I I I

FIG. 5. Plots of the best-fit agreement factors vs displace-
ment, where oxygens are displacing up and down along z by +6
This 3 factor is the agreement between a simulated PDF and
the experimentally derived one, after refining isotropic thermal
factors on each site.

FIG. 6. Plots of the best-fit Rietveld refined weighted profile
R factors vs displacement of oxygen up and down along z by +4
for the case of isotropic thermal factors on each atom site. This
figure can be compared with Fig. 5, where the agreement factors
are from a fit of the pair-distribution function for the same data.
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FIG. 7. Plot of best-fit agreement factors (circles) vs oxygen
displacernents along z for modeling using anisotropic thermal
factors on data taken at 10 K. Also shown is the corresponding
plot of oxygen mean-square displacement in the z direction
( u 33 ) (triangles). Values were refined from the PDF.

FIG. 8. Temperature dependence of oxygen thermal factors.
Circles are values refined from the PDF assuming no oxygen
displacements, asterisks are values refined assuming 0.1 A dis-
placements along z. The lines indicate the expected temperature
dependence from Debye theory if the 10 K data point is fitted in
each case.

3h(Q2) =
4~ mk~OD

P(8D /T) +
OD/T 4

where kz is the Boltzmann constant, m is the atomic
mass in kg, OD is the Debye temperature, and T is the

It only varied in the fourth significant figure until it
diverged, more slowly than the 3 factor, for 5 ~0. 132 A
in the case of the 0, displacement. The thermal factors
changed little with 6 except for the oxygen (u» ) value
which fell sharply and took negative values for 6)0.08
A. This might signify the limit of physically justifiable
behavior, though, as discussed before, the thermal factors
are somewhat low and the values refined from the PDF
are probably more reliable.

Two possible situations can be considered therefore.
One is the case of there being no distortion to the planes
but a large, anisotropic and truly dynamic thermal factor.
The other possibility is that a static, or quasistatic, dis-
placement of oxygen exists of magnitude 0.1 A with
smaller thermal factors on the displaced sites. The PDF
results provide the best evidence for deciding which is
more likely. The same anisotropic B-factor analysis as
has been described for the 10-K data was carried out on
data taken at 150 and 298 K. The expected temperature
dependence of ( u ) can be estimated using Debye
theory. From the anisotropic thermal factors for the ox-
ygen site, refined from the PDF, an average isotropic
value was calculated for the cases of (a) no distortion and
(b) the 0, distortion with b. =O. 1 A at each temperature.
These measured values are plotted as circles and aster-
isks, respectively in Fig. 8, as a function of temperature.
In the two cases, a Debye temperature for the oxygen site
was determined by fitting the 10-K data point, and then
the expected temperature dependence of ( u ) corre-
sponding to this Debye temperature was plotted accord-
ing to the relationship

temperature. The Debye integral function is given by

P(x) = —J jg /[e xp(g) —1]Id( .

Debye theory is strictly applicable to isotropic, mona-
tomic lattices only. In the present case it has been ap-
plied to the isotropically averaged vibrations of the oxy-
gen sublattice. This is reasonable as a first approxima-
tion, especially since values are being compared in a low-
temperature region. In this region, only the low-
frequency modes will be excited originating in the part of
the phonon spectrum which is closest in form to the ideal
Debye spectrum.

The Debye temperature determined for the case of dis-
placed oxygen atoms is OD =500 K, and this predicts a
temperature variation of (u ) very close to that observed
in experiment. The zero-point motion which would be
necessary to explain the temperature factor refined when
no oxygen displacement is assumed requires a Debye
temperature of OD =295 K. The predicted temperature
dependence of such a motion is much stronger than that
observed, as is evident in Fig. 8, and would lead to a
room-temperature thermal factor three times larger than
that observed. The low-temperature vibrations are, thus,
much better explained when a static, or quasistatic dis-

0
placement of oxygen of 5=0. 1 A is assumed on those
sites.

To summarize, the fact that the best-fit 3-factor curves
do not diverge immediately on introducing a displace-
ment of oxygen along z and, in the isotropic analysis, ac-
tually fall to a minimum value, indicates that a static dis-
placement of 0 is possible from consideration of the
PDF. This behavior was not shown in similar analyses
when the other distortions were considered which indi-
cates that this kind of analysis is sensitive to such small
distortions. Further evidence is the values of thermal
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factors which, when refined from the PDF with the dis-
tortion assumed in the modeling, have values that are
more consistent with physical models of lattice vibra-
tions. It should be noted that, as discussed earlier, it is
not possible to ascertain whether the displacements are
fuHy static or are quasistatic and discussion of a "static"
displacement does not rule out the possibility that it is, in
fact, a dynamic feature of the structure involving atoms
hopping between displaced local minima in the potential.

V. LATTICE-ENERGY MINIMIZATION
CALCULATION

In contrast to the superconducting cuprates, there are
no obvious crystal chemical features of the structure of
Cao»Sro»Cu02 that would lead to a displacement of the
oxygen atoms. The PDF modeling indicates that distor-
tions are present on all of the oxygen sites which would
suggest that the driving force is something other than
simply an accommodation of the outsized strontium ions
in every seventh cell, although, clearly these ions are
necessary to stabilize the structure.

In order to investigate a possible driving force for the
displacements and to look into the nature of the stronti-
um substitutions and the relaxation of the lattice around
strontium ions, lattice-energy calculations have been car-
ried out. An ionic model was used with two-body
central-force pair potentials of the Buckingham form
with the shell model of Dick and Overhauser used to
describe polarizability. The form of the pair potentials
and the polarizabilities (a) are shown below:

r

V(r)=A exp
P

Y2
(X =

k

6

A, p, C, Y, and k are empirically determined parameters.
Y is the charge contained in the massless she11, corre-
sponding to an effective valence charge, and k is the har-
monic spring constant connecting the shell to the core.
No data are available for the elastic or dielectric con-
stants of Cao»Sro &5CuO2 and so the parameters were
determined using data from CuO, CaO and SrO (Ref. 30)
and transferred. The same potential parameters have

been used successfully to model other layered copper-
oxide compounds ' although three-body bond-bending
terms were required to describe the distortions of the
Cu06 octahedra present in those structures. In the
present case, to maintain simplicity, no bond-bending
terms were included. The distorted octahedra are not
present in Cao»Sro &5Cu02 and so it is not clear how im-
portant such terms would be. A more refined model
might include an O(1)-Cu-O(1) bending term. The validi-
ty of the potentials used was assessed by their success in
reproducing the observed atom positions and unit-cell di-
mensions. A final check was made by comparison of a
calculated and measured phonon density of states, as will
be discussed later. The assumption of pure ionicity is
clearly not an accurate one since this material exhibits a
degree of covalency, especially in the CuO2 plane. Thus,
the calculations are not necessarily expected to be quanti-
tatively predictive. However, this compound does have
significant ionic character. Furthermore, lattice-energy
calculations have been used successfully even for systems
with a considerable covalent character such as in the
family of silicates; a-quartz, MgSi03 perovskite, zeolites,
and even vitreous silica. The values of all the poten-
tial parameters used are given in Table II. The lattice en-

ergy was minimized with respect to variations in atomic
coordinates, maintaining constant volume (lattice con-
stants constrained). The resulting atomic coordinates are
given in Table III and the static dielectric constants, elas-
tic constants, and lattice energies are given in Table IV.

Interestingly, these calculations showed that the intro-
duction of an O, -type displacement had the effect of
lowering the lattice energy by a small amount. Indeed,
an energy minimum was found when oxygen was dis-

0
placed along z by 0.3 A. Initial calculations were carried
out assuming no strontium content and a formula
CaCu02, forming the layered structure of
Cao»Sro»Cu02. The potentials used predicted a lattice
energy of —74.253 eV/formula unit. The calculated elas-
tic constants appeared reasonable, although direct com-
parison is not possible as these data are not available for
Cao»Sro &5CuO&. The unit cell was fixed with
a =b =3.8611 A and c =3.1995 A and the potentials
fitted well with that constraint, so that only a small resid-
ual bulk lattice stress, equivalent to a strain of no more
than 0.017, was calculated. Thus, even though the poten-

TABLE II. Potential parameters and shell constants for the computer simulation calculation.
0

Buckingham potential (potential cutoff=4 A}
a (eV) ~ (A) C (eVA ')

CU +—0
0 —0

2+ 02—
Sr2+ 02

294.15
22 764.3

1 228.9
959.1

0.400 23
0.149
0.337 2
0.372 1

0.0
43.0
0.0
0.0

Cu'+
02—

+ 1.09
—2.389

Shell model
k (eVA )

10'
42.0
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TABLE III. Atomic coordinates obtained from the simula-
tion after lattice-energy minimization. The lattice constants
used were a = b =3.8611 A and c =3. 1995 A.

Cu
Ca-Sr
0
0

0.0000
0.5000
0.0000
0.5000

0.0000
0.5000
0.5000
0.0000

0.0000
0.5000
0.0999
0.9001

tials were transferred from other materials, they still pre-
dict the same unit-cell size here to within 2%. As a fur-
ther check on the validity of the potentials, a phonon
density of states was calculated for the simulated material
and compared with one determined experimentally using
inelastic neutron scattering from the Low Resolution
Medium Energy Chopper Spectrometer (LRMECS) at
the IPNS. The agreement was good, with a broad peak
around 30-meV energy transfer and another peak close to
50 meV. The experimental single phonon intensity disap-
peared around 80 meV. In the simulated density of
states, the final peak had its maximum around 10 meV
lower than the experimental case, but also fell to zero at
80 meV. The energy resolution in the experiment was
around 6-meV energy transfer. The good agreement thus
inspires some confidence in the ability of these potentials
to describe behavior in this solid.

We should note that a negative value for the static
dielectric constant e» shows that the material is unstable
with respect to a ferroelectric type of distortion, which
might be expected in such a defect pervoskite structure.
Furthermore, the calculated phonon dispersion curves
had three imaginary branches indicating that the struc-
ture is unstable with respect to certain lattice distortions.
Both of these problems were mitigated, but not totally
solved by the introduction of the 0, displacement. The
dielectric constants became less negative and only one
branch of the dispersion curve remained wholly imagi-
nary. The other possible distortions that were considered
in the PDF modeling were also tried in the simulation
but each one produced an increase in lattice energy.

The 0, displacement introduced a large compressive

stress along the z direction which, if allowed to relax,
would produce a 10% strain in that direction. When the
lattice parameters were allowed to relax to release this
elastic energy, a totally new tetragonal structure was pre-
dicted with a long c parameter and a reduced a and b di-
mension. Such a relaxation does not occur in the real
material.

The identical structure, but with Sr + completely sub-
stituted for all the Ca + ions, was then studied. Again,
this had a negative lattice energy and negative static
dielectric constant e» values. Introducing O, -type dis-
tortions in the present case, however, raised the lattice
energy which indicates that the ordered 0, displacements
are not preferred around strontium ions. As before, im-

0

posing an 0, distortion of magnitude 0.3 A introduced a
lattice pressure along the z direction. However, when
this was allowed to relax, it did so with no reduction in
the a-b dimension of the cell. Thus, it appears that the
presence of strontium ions would impede such a compres-
sion of a and b in the mixed Cao 8~Sro &~Cu02 structure.
Furthermore, the strontium ions will oppose the oc-
currence of the 0, distortion in their neighborhood and
thus would break up the long-range periodicity of the ox-
ygen displacements. This would have the effect of lower-
ing the internal stress associated with the distortion and
limiting it to being a short-range phenomenon. Together
these two effects produce a mechanism by which the pres-
ence of strontium could stabilize this structure.

The relaxation of the lattice around a Sr + ion was also
studied because it has been suggested that this may be the
source of the disorder observed in crystallographic analy-
ses. ' Strontium was introduced into the pure CaCu02
model in two ways. To model the case of an even distri-
bution of isolated strontium ions throughout the lattice,
an eight-cell supercell was constructed and Sr + substi-
tuted onto one of the calcium sites. This was then used
as the unit cell in a perfect lattice calculation and the lat-
tice energy minimized with respect to local atom reorgan-
izations. This model implies a perfect, long-range substi-
tutional order of strontium on calcium sites which has
not been observed experimentally. However, it is a good
approximation for an even distribution of isolated stronti-
um ions. The relaxed structure had a lattice energy of—73.865 eV/formula unit corresponding to an increase

TABLE IV. Properties calculated for the idealized CaCu0& structure with undistorted Cu02 planes0
and oxygen displaced along z by 0.3 A.

Lattice energy

Static dielectric constant

Undistorted

—74.253

—34.98
10.257

Distorted structure

—74.430

—17.75
10.034

eV/Formula unit

Elastic constants
C33

&~4

C13

28.607
29.282

3.204
21.601
27.134

2.436

15.928
11.339
4.0125

20.188
23.048
4.039

10" dyncm
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in energy of 0.388 eV/formula unit for the introduction
of the strontium ion.

The presence of strontium was also modeled by intro-
ducing a single Sr + ion on a calcium site as an isolated
point defect. A defect energy calculation was carried out
using the Mott-Littleton approach. ' This gave a de-
fect energy of 0.304 eV. Both of these results indicate
that the degree of atomic reorganization required to ac-
commodate the strontium ion is small. The closest oxy™
yen and copper ions to the defect moved by, at most, 0.06
A and the displacements of ions situated beyond this
were an order of magnitude less. Thus, this accommoda-
tion is very localized to the strontium and would aftect, at
most, no more than half of the oxygen and copper atoms.
Furthermore, the relaxation predicted some motion of
oxygen along the x and y directions, and also some dis-
placements of copper of between 0.04 and 0.06 A.
Significant atom displacements in these directions were
not seen in the PDF. The implication therefore is that
the distortions observed experimentally are not explained
simply by the presence of 15%%uo of misfit strontium ions on
calcium sites.

VI. DISCUSSIQN

A. CuO2 plane in superconducting compounds

The occurrence of Cu02 planes in the superconducting
cuprates can be categorized into three distinct groups.
CuOz sheets occurring singly have Cu(II) in a (4+2) dis-
torted octahedral coordination with apical oxygens above
and below each copper at a distance of around 2.4—2.7 A,
compared to the copper-oxygen separation in the plane of
around 1.9 A. The apical oxygens are much less tightly
bonded to the copper and also form a part of the inter-
growth rocksalt layer above. Examples of this type are
the LA 2:1:4 (Ref. 14) structures and T12BazCu06. The
next group is that categorized by compounds containing
paired CuOz sheets. In this case the sheets are separated
by an alkaline-earth ion or, in the case of Y 1:2:3,by yt-
trium, and the copper is in a (4+1) coordination sur-
rounded by oxygen in a square pyramidal configuration.
Again, the apical oxygen is at a larger separation from
copper than the in-plane oxygen atoms and there are no
oxygen atoms between the planes, which are separated by
a distance of about 3.2 A. Examples of this class of Cu02
plane are those in Y 1:2:3 (Ref. 11) and Tl 2:2:1:2. The
final category is that of planes that are sandwiched be-
tween other planes, for instance, the middle planes in the
A28zCa„ iCu„Oz+2„(A =Tl, Bi and B =Ba Sr) family
of compounds for n 3. ' In this family of compounds,
n determines the number of Cu02 planes which stack to-
gether consecutively in the perovskite blocks. Thus n =3
indicates that there will be three planes stacked up; one
central plane of the third category between two others
from the second category. The planes of the compound
Ca~ 85Srz»Cu02 belong to the third category. The
reason for categorizing the planes by their environment
in this way is to help in extrapolating results back from
the model compound to the more interesting cases of the
superconducting materials. Planes in category three have

identical environments to the Ca& 85Srz»Cu02 and we
might expect a close resemblance of the behavior in each.
Although the environments of category one and two
planes are di6'erent, certain of the results from the model
structure will also be relevant to these planes. The apical
oxygens are only loosely bonded to the copper and the
planes remain essentially two dimensional as in the model
compound, although, clearly the efFects of other structur-
al elements will dictate the precise character of these
planes.

B. CuO~ plane in Cap 85Sr&»CuO2

The large but weakly temperature-dependent thermal
factors that were refined from the PDF analysis, especial-
ly on the copper and oxygen sites, are an indication that
some degree of disordering is present on those sites.
There is nothing self-evident in the structure which might
explain this other than the idea that an uncertainty in
atom position may be produced by relaxation around
misfit Sr + ions which sit in every seventh unit cell. Lat-
tice calculations indicate that in fact this makes only a
small contribution to the observed disorder. PDF model-
ing was able to characterize the disorder as a displace-
ment of oxygen up and down along the z direction occur-
ring on every oxygen site, of up to 0.12 A in magnitude at
room temperature. It was not able to determine whether
this occurred in a correlated fashion or randomly from
site to site. PDF analysis is normally very sensitive to
this distinction. However, in the present case, the high
symmetry of this system means that both correlated and
disordered models produce almost identical atom-atom
correlations and thus an indistinguishable PDF. The
direction and magnitude of the ion displacements does,
however, make significant changes to the PDF. Al-
though it is not possible to prove a correlated model, nei-
ther should it be discounted and intuition and precedent
might lend one to suppose that atom displacements are
correlated in some way. The distinction is important for
determining point symmetries of the atom sites and so
deserves some consideration. There is known to be direct
0-0 bonding across the cell corner, as well as indirectly
through the copper, and so a direct link exists from one
Cu04 square plate to an adjacent one which would sug-

gest some dialogue between displaced oxygens. Further-
more, the lattice-energy-minimization calculations, which

0

predicted a lattice-energy minimum for 0.3 A displace-
ments of oxygen, using a correlated model, oxygen
displacing up and down on alternating sites. Correlated
oxygen displacements have also been reported in the
CuOz planes of Tl 2:2:1:2by Toby et al. ' An ortho-
rhombic type of correlated distortion, similar to the dis-
tortion in La 2:1:4 (Ref. 7) and the (110) model of
Toby' was used during the PDF modeling and is shown
in Fig. 9. An undistorted oxygen has site symmetry
mmm (D2i, ). A random distortion, on average, leaves
this unchanged. However, if the distortion is the ortho-
rhombic correlated model presented in this paper, the ox-
ygen site symmetry is lowered to 2 (C2 ).

The fact that our calculations have modeled the distor-
tion suggests that its origin can be understood in terms of
simple potential models based on central force fields. We
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Q — copper

oxygen

FIG. 9. The pattern of correlated displacements of oxygen
which was used in the modeling. Pluses indicate a displacement
of 6 up from the plane and minuses indicate a movement down-
wards. This is one of a number of possible patterns of correla-
tions which produced PDF's that could not be distinguished

0
within the ESD over the range r ( 10 A.

consider the origin may be the unusually long Ca-0 bond.
Using ionic radius data, the ideal Ca-0 distance is calcu-
lated to be 2.47 (Ref. 39) and the distance in the crystal is
2.51 A. If the shape of the crystal potential is convex in
this region then a splitting of the bonds to become equal-
ly longer and shorter would produce an overall saving in
energy since the shorter bonds would gain a greater sav-

ing in energy than the longer bonds would lose. For a
value of 6=0. 1 A the short Ca-0 bond becomes 2.44 A
and the long bond becomes 2.57 A, placing the shorter
bond close to the ideal Ca-0 ionic separation. This can
also be thought of in terms of bond-valence theory.
This empirical theory uses the bond valence in ionic
structures defined as the integral cationic valence divided
by its coordination number. Thus, for Ca + in
Cao 85Sro &

~Cu02 in eightfold coordination the average
bond valence will be 0.25 valence units. The predictive
value of the theory comes from the close correlation of a
particular bond valence with the observed bond length.
The relationship can be expressed as s = (R /R o )

where s is the bond valence, R is the bond length, Ro and
X are empirically derived parameters, Ro corresponding
to the bond length for unit valence. The nonlinearity of
this relationship has been used to predict the occurrence
of distortions in situations where ions cannot take up
their ideal bond length, since a lengthening and shorten-
ing of bonds will increase the average bond valence. This
theory has been able to predict distortions occurring in
ABX& perovskite structures in good agreement with ob-
servations. "' In the present case the undistorted bond

0
length R =2.51 A gives s=0.230 valence units, some-
what lower than the expected value. If the oxygens dis-

0

place up and down by 0.3 A then there are four bonds of
length R =2.33 A, s =0.341, and four bonds of R =2.71
A, s =0.151 valence units, thus the average bond valence
is raised, simply by introducting the distortion, to 0.246
valence units. The real distortion is closer to 6=0. 1 A,
however, this still raises the average bond valence to-
wards the ideal value.

The computer simulation indicated some interesting
consequences of the existence of the distortion and it is
worthwhile to speculate on their importance. We should
note, however, that values of dielectric and elastic con-
stants have not been measured on this material to com-
pare with the calculated values, so the accuracy of the
potentials has not been verified. The great utility of com-
puter calculations, however, is that they give an indica-
tion of the fundamentals behind observed properties and
can help to give greater insight into a physical system.
There are four noteworthy results which will be con-
sidered under the groupings of ferroelectric behavior, lat-
tice pressure, elastic constants, and the role of strontium.

The fact that the model structure is unstable with
respect to a ferroelectric distortion is indicated by the
presence of negative static dielectric constants (Table IV).
That the structure is unstable with respect to some atom-
ic rearrangements is also borne out by the existence of
imaginary branches in the phonon dispersion relations.
Introduction of the 0, distortion makes the dielectric
constants less negative, i.e., it partially accommodates the
ferroelectric instability and at the same time renders posi-
tive two of the imaginary branches. The fact that there
still remains one imaginary branch, and that the dielec-
tric constant is still not positive, implies that there is yet
another distortion required to stabilize the model struc-
ture. No other significant distortions were detected from
the PDF analysis of the real crystal and indeed the O,
distortion was seen to be smaller in magnitude. The ionic
approximation used in the modeling is acceptable in this
system but may lead to an overestimate of the ferroelec-
tric behavior since in the real crystal, there is a degree of
covalency at least in the CuOz plane. If this is the case,
then it may be possible to stabilize the real structure with
a smaller displacement of oxygen along z and no addi-
tional distortions. In this case, the driving force for the
distortion would be a ferroelectric instability.

The calculation also indicated that the elastic constants
for tensile stretches along the x/y and z directions be-
come smaller on introduction of the distortion. The
effect is large: c» is almost halved and c33 is also reduced
by almost one-third. We should also note that the calcu-
lations found a large compressive stress along the z direc-
tion. The presence of such a lattice pressure acting to
squeeze the planes is of interest as such a pressure is
known to enhance the superconducting effect in Y 1:2:3,
(Ref. 2) and La 2:I:4, if not all of the cuprate supercon-
ductor s.

It is possible that the strontium has a role in prevent-
ing the pressure from relaxing, thus allowing the planes
to distort, making the lattice energy more negative,
without the structure transforming to a completely new
one. The ionic radius of strontium ion is too large for
this site, which has two effects. First it reduces the
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squeezing of the a/b lattice parameter, which the calcu-
lation indicates would accompany a relaxation of lattice
pressure. Furthermore, it lowers the driving force for
such a change by interrupting the 0, displacements.
Close to the strontium ion we might expect all of the oxy-
gen ions to be displaced outward from the cell rather
than regularly up and down from the plane. In this way
strontium ions distributed regularly through the matrix
would disrupt the periodicity of the observed distortion
and would tend to reduce the magnitude of the 0, dis-
placements. Both of these results are in accordance with
experimental observation and would suggest that the lat-
tice pressure, as calculated by the simulation, is an
overestimate, depending as it does on periodically repeat-
ing displacements of magnitude 0.3 A instead of the
short-range displacements of magnitude 0.1 A as seen in
the experiment. Thus, the predictions of the calculation
of a lattice pressure and lower elastic constants appear to
be consistent with observation when the presence of sta-
bilizing strontium ions is considered.

The calculation indicates that, in the ionic approxima-
tion, the structure is more stable with the displacements
of oxygen than when it contains truly planar Cu02
sheets, in accordance with the observed behavior of the
real material. It appears that there is no strong restoring
force holding the oxygen in the plane. Thus, relatively
small perturbing forces are able significantly to affect the
local structure of the planes.

note is that locally the symmetry may not be the same as
the overall average symmetry. This would be the case,
for instance, if a short-range, orthorhombic, correlated
structure exists, as in the proposed model, although on
average the crystal symmetry remains tetragonal. Of
more direct importance is the fact that the point symme-
try of the ionic sites will be different in the presence of a
distortion. In the proposed model the oxygen site sym-
metry would be reduced from mmm to 2.

The importance of ionic bonding is apparent though it
is clear that this is insufhcient to explain the detailed
properties of the plane. The geometry of the ionic ar-
rangements, however, is such that the interatomic forces
do little to restrain oxygen in the plane, and it would ap-
pear that only a small driving force is needed significantly
to affect the structure of the planes. This is true of all the
categories of planes outlined in the discussion and it is
not surprising that, even in apparently simple structures,
these planes behave in a complex way. Indeed, in the
model compound Ca085Sro»Cu02, there is no driving
force from external elements in the structure. However,
our evidence suggests that the planes are distorted due to
an intrinsic driving force. These considerations are of
special relevance in the superconducting materials since
it appears that the carrier holes present in these reside on
the in-plane oxygen ions.
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