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described with a relatively simple initial structure in
which, due to packing of the ions and the stresses
resulting from this, a great number of structural
deformations occur.

The authors wish to thank Professor R. Manka
for discussions and valuable comments during the
preparation of the manuscript.
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Abstract

The incommensurately modulated structure in single
crystals of nominal composition Bi,Sr,CaCu,Os has
been solved with the aid of four-dimensional crystal-
lography. 700 unique X-ray reflections were col-
lected, including 265 fundamentals, 350 first-order
and 85 second-order satellites. The overall weighted
R factor (wR) is 0.073, while the partial wR values
for fundamentals and first- and second-order satel-
lites are 0.066, 0.086 and 0.133 respectively. Up to
second-order harmonics were included in the modu-
lation function along with the temperature factors,
B;. In addition, Ca is partially replaced by Sr and Bi,
and Sr sites have some vacancies; Bi has a large first-
and second-order modulation of the B factor, which
suggests a static disorder in the Bi sites; and the
CuO, planes suffer a measurable modulation of their
average structure. These findings are in fair
agreement with earlier results by Petricek, Gao, Lee
& Coppens [Phys. Rev. B (1990), 42, 387-392]. How-

0108-7681/92/020122-13$03.00

ever, our moduation amplitudes are in significant
disagreement. A small c-axis component to the
modulation wavevector was observed along with
substantial disorder in the interplanar phasing of the
modulation waves. Diffuse scattering at ‘unallowed’
Bragg positions was also measured.

Introduction

Following the observation of superconductivity at
20 K by Michel, Hervieu, Borel, Grandin, Deslandes,
Provost & Raveau (1987) for the BiSrCuO system,
the addition of Ca to this ternary system led Maeda,
Tanaka, Fukutomi & Asano (1988) to the discovery
of bulk superconductivity at 85 K and evidence of
superconductivity at 110 K in the BiSrCaCuO
system. The compound with a formal composition of
Bi,Sr,CaCu,05., , (hereafter denoted Bi2212) was
found to be responsible for superconductivity at
85K in the Bi system and its basic structure was
soon established (Tarascon, Le Page, Barboux,

© 1992 International Union of Crystallography
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Bagley, Greene, McKinnon, Hull, Giroud & Hwang,
1988; Sunshine, Siegrist, Schneemeyer, Murphy,
Cava, Batlogg, van Dover, Fleming, Glarum,
Nakahara, Farrow, Krajewski, Zahurak, Waszczak,
Marshall, Marsh, Rupp & Peck, 1988; Liang, Xie,
Che, Huang, Zhang & Zhao, 1988). Tarascon,

McKinnon, Barboux, Hwang, Bagley, Greene, Hull,

Le Page, Stoffel & Giroud (1988) then isolated and
identified three Bi-based cuprates of the general for-
mula Bi,Sr,Ca,_,Cu,0,, .4 with n=1, 2 and 3, T,
being 10, 85 and 110 K, respectively. These three
structures are basically similar. The perovskite-
related slabs SrO(CuO,Ca), - ,CuQO,SrO, with differ-
ent numbers of CuQO,Ca slabs stacked along the ¢
axis, are separated by BiO double layers. The ¢
parameters are about 24.6, 30.8 and 37.1 A forn =1,
2 and 3, respectively. The basic n =2 structure is
shown in Fig. 1, taken from Beskrovnyi, Dlouha,
Jirak, Vratislav & Pollert (1990).

All three Bi phases possess an incommensurate
modulation along the b axis (b=5.4 A) with a period
~4.72 times b. A number of studies have focused on
the average structure (Sunshine ef al., 1988; Hewat,
Capponi & Marezio, 1989; Eibl, 1988). The earliest
space-group assignment for the Bi2212 phase was
IA/mmm, a tetragonal system with a=3.82A
(Tarascon, Le Page et al., 1988; Liang et al., 1988).
However, I4/mmm was later found to be only
approximate, because non-zero intensities were
observed at forbidden reflections. Withers,
Thompson, Wallenberg, Fitzgerald, Anderson &
Hyde (1988) and Subramanian, Torardi, Calabrese,
Gopalakrishnan, = Morrisey, Askew,  Flippen,
Chowdhry & Sleight (1988) have determined an
orthorhombic space group Amaa (where the a axis
was chosen to be the direction of the modulation)
with a=b=54 A. Petricck et al. (1990) chose a

8.0

RS
80

Sr0

® CuQ,
] Ca
Cu0,
SrQ
0 B0

RS

[ B.0
Sr0

Fig. 1. The basic (unmodulated) structure for the Bi,Sr,CaCu,04
crystal taken from Beskrovnyi et al. (1990). RS denotes the
nominally rock-salt BiO layers while P refers to the perovskite
blocks.
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non-centrosymmetric space group A2aa based on
their least-squares fitting. There have been a number
of transmission electron microscopy (TEM) studies
on the incommensurate modulation (Zandbergen,
Groen, Mijlhoff, van Tendeloo & Amelinckx, 1988;
Withers et al., 1988; Hirotsu, Tomioka, Ohkubo,

Yamamoto, Nakamura, Nagakura, Komatsu &
Matsushita, 1988; Matsui, Maeda, Tanaka,
Horiuchi, Takakawa, Takayama-Muormachi,

Umezono & Ibe, 1988; van Tendeloo, van Landuyt
& Amelinckx, 1988; Shindo, Hiraga, Hirabayashi,
Kikuchi & Syono, 1988; Olivier, Groen, van der
Beek & Zandbergen, 1989; Hewat ez al., 1989; Eibl,
1988) as well as a neutron powder diffraction study
(Yamamoto, Onoda, Takayama-Muromachi, Izumi,
Ishigaki & Asano, 1990) and a preliminary neutron
single-crystal study on the modulated structure
(Beskrovnyi et al., 1990). Matsui et al. (1988)
observed twinning and intergrowth faulting in the
Bi2212 phase using TEM. More recently, the modu-
lation waves at different layers along the ¢ axis were
found to suffer a random phase slip (Kan, Kulik,
Chow, Moss, Yan, Wang & Zhao, 1990) as deduced
from the broadening of the X-ray satellite reflections
along the ¢ axis.

From their TEM images, Hirotsu et al. (1988)
proposed a commensurate model for Bi2212 with the
modulation period equal to five times the b param-
eter, in order to approximate the incommensurate
modulation, where Bi double layers are observed to
be buckled in the bc plane. Le Page, McKinnon,
Tarascon & Barboux (1989) studied a system which
is isostructural to Bi2212 in which Cu is replaced by
Fe. The composition was Bi,(Sr,sFe;O4. In this
case the modulation was truly commensurate, with a
period equal to five times the b parameter, and they
used a conventional three-dimensional crystallo-
graphic method to solve its structure. They also
found that the perovskite-related slabs as well as the
Bi double layers were buckled. The structure of the
two-dimensional BiO layers was described as roughly
70% of the rock-salt type and 30% of an oxygen-
deficient perovskite type. They also conjectured that
there were extra O atoms in the BiO layers which
they proposed to account for the incommensurate
modulation.

Yamamoto et al. (1990) included the incom-
mensurate modulation in their Rietveld analysis of
neutron and X-ray powder data on Bi2212, but due
to the long period of the modulation, neighboring
peaks were difficult to distinguish. Gao, Lee,
Coppens, Subramanian & Sleight (1988) and
Petricek et al. (1990) did X-ray studies on single
crystals of Bi2212 using a four-dimensional crystallo-
graphic approach to solve the modulation structure.
They found a large value of the temperature factor
for Bi indicating some kind of static disorder. They
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also observed that the oxygen displacement in the
BiO layer varies linearly with the unit-cell position,
with possibly an extra O atom present at the end of
each modulation period. Their choice of superspace
group was M:A42aa:111, a notation to which we shall
return. Lee, Gao, Shen, Petricek, Restori, Coppens,
Darovskikh, Phillips, Sleight & Subramanian (1989)
did an anomalous X-ray scattering measurement at
the Bi Ly absorption edge to study the Bi distri-
bution over cation sites. They found that both Ca
and Sr sites were partially occupied by Bi. In a
related study Calestani, Rizzoli, Francesconi &
Andreetti (1989) performed a single-crystal X-ray
analysis on a nearly commensurate crystal of
Bi,Sr;_ ,Ca,Cu,0O5 with A=5a. As with Le Page et
al. (1989) they could therefore utilize a conventional
three-dimensional crystallographic method to solve
the superstructure. While we are sympathetic to their
claim that the modulation is caused by a mismatch
between perovskite and BiO layers, and not by
insertion of extra O atoms, the present results on the
actual incommensurate structure do not definitively
resolve this issue.

Diffraction theory

The diffraction pattern of a one-dimensionally
modulated structure consists of sharp spots where
the diffraction vector h of each spot can be expressed
by the reciprocal basis vectors a*, b* and ¢* of the
fundamental structure and a wavevector q of the
modulation as

h = hja* + h,b* + hic* + hyq (D

where /) to h, are integers commonly referred to as
h, k, I, m (hkl are conventional Miller indices, m is
the order of the satellite). The wavevector q = g,a* +
q;b* + g;c¢*. The defining characteristic feature of an
incommensurate structure is that at least one of the
q; values is irrational. In the case of the Bi2212
phase, ¢, =0, ¢,=0.212 and is an irrational number,
and ¢g;=1. g, was found to change continuously
when Gd is doped onto the Ca sites (Kulik, Xue, Sun
& Bonvalot, 1990); when the Sr/Ca ratio was
changed (Calestani er al., 1989), a nearly commen-
surate structure was obtained at ¢,=0.2. In the
Bi2201 phase, g, increases from 0.192 to 0.238 as the
Bi/Sr ratio increases (Hiroi, Ikeda, Takano & Bando,
1991). These results further support the true incom-
mensurate character of the modulation (i.e. doping
can continuously change g,). In a one-dimensional
displacively modulated structure (see Yamamoto,
1982b; Janssen & Janner, 1987), the positional vector
of the uth atom in the nth unit cell (of the basic
lattice) in three dimensions can be written as

I, =0+ x* + u*[q(n+ x*)] 2)

INCOMMENSURATE MODULATION IN Bi,;Sr,CaCu,O4

where n is the position of the nth unit cell, x* is the
average position of the pth atom in the unit cell,
u“[q-(n + x*)] is the deviation of the pth atom in the
nth unit cell from its average position, u*(r + 1) =
u“(7), and q is the modulation wavevector.

Based on the four-dimensional description, the
structure factor of the four-dimensional unit cell can
then be derived to be

F')= Y f=m)fdzsP*(x%)

u(R|7) Y

4
X €xXp ( -> hi[RB#()_fﬁL)E]iihi

j=1

4
+2mi 3 {l[Rx*(X5)); + by Tj}) (3)

j=1

where h [given by (1)] is the projection of the four-
dimensional reciprocal lattice vector h’ (=2?_,Ha¥)
onto R,, and f*(h) is the usual atomic scattering
factor for the pth atom evaluated at the point h and
u runs over all non-equivalent atoms and (R|7) runs
over all symmetry operators in R, which generate
new atoms from non-equivalent atoms. P* values
are the occupational probabilities, B* are the aniso-
tropic temperature-factor tensors.

Experimental techniques and results
Sample preparation

As Bi,Sr,CaCu,0, cleaves so readily along basal
planes, it is difficult to grow a good single crystal
large enough for X-ray measurements. Usually the
crystals exhibit a substantial mosaic spread, as well
as intergrowth faulting (intimate mixture of n =1, 2,
3 phases) or 90° domain rotations as observed by
TEM (Matsui et al., 1988) in which regions of the
crystal alternate their a and b axes. The present
crystal was from a batch provided by Yan, Li, Chu,
Wang, Fung, Chang, Chen, Zheng, Mai, Yang &
Zhao (1988) and its selection and X-ray characteri-
zation was reported by us earlier (Kan et al., 1990).
Similar crystals were also studied by Petricek er al.
(1990) and our results are thus directly comparable.

X-ray crystallographic scans with a sealed-tube X-ray
source

The integrated intensities of both fundamental,
and first- and second-order reflections were collected
in Houston with an automated 1/4-circle diffractom-
eter with a sealed-tube Mo X-ray source monochro-
mated for Ka wusing highly oriented pyrolytic
graphite. (The ‘1/4-circle’ is actually a four-circle
system with a y range limited to between — 10 and
100°.) A scintillation detector with wide-open (5 x
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S mm) receiving slits was used in the w-scan mode.
The data were collected using the software SUPER
written by Fleming (1985), later modified by
Robertson (1989) and subsequently by Kan (1990).

The mosaic spread of our sample was 0.2° for the
0k0 reflections and 0.18° for the 00/ reflections. w
scans were done by fixing the 26 (detector), x and ¢
motors at the correct angles for a particular reflec-
tion, in the bisecting mode, and stepping the w
motor through the peak while counting.

The crystal was mounted inside a thin-walled
(0.01 mm) quartz glass capillary. The size of the
sample was about 1 x 0.3 x 0.02 mm, and the inci-
dent X-ray beam was collimated by a vertical and a
horizontal slit to a size of 1.8 x 1.8 mm, thereby
insuring that the sample was uniformly illuminated
in all orientations. The glass capillary has negligible
absorption for Mo Ka. However, the sample had
appreciable absorption with u,z = 0.94 for transmis-
sion normal to the sample plate and maximum and
minimum transmission factors of 0.39 and 0.05 for
our experiment. (This thickness actually gives nearly
maximum diffracted intensities.) The orientation
matrix was obtained by carefully locating 20 funda-
mental reflections. The final lattice constants are a =
5.415(2), b=5.421(2), c=30.88(2) A. The frac-
tional indices A, k+0.212m, [+ m (h, k, [, m are
integers) were used to calculate the angle setting for
the satellite reflection Akim.

Figs. 2(a), 2(b) and 2(c) are the w scans for a
fundamental, a first-order and a second-order satel-
lite reflection. The scans cover a range of *1.5°
centred around the peak, which is sufficient to
include most the mosaic blocks. A reference peak
(0,0,20.0) was scanned after every 50 peak scans to
check the stability of the X-ray source and the
intensity variation of this reflection was less than 1%
throughout the data collection. Each reflection was
first scanned quickly to estimate its intensity; if it was
too strong (beyond the linear region of the detector)
or too weak (peak over background intensity is less
than 25c.p.s.), it was disregarded. (The ones that
were too strong were measured later by putting some
attenuators in the beam path.) Then a counting time
was determined so that the total number of counts
above background was about 10 000. Then the peak
was rescanned using that counting time. The back-
ground was estimated using five data points on each
end of a scan, the average of which gives a good
estimate. This was then subtracted from each data
point whose summation gives the integrated inten-
sity. In total, about 3000 unique reflections were
measured, of which 700 were sufficiently intense,
including 265 fundamental reflections, 350 first-order
and 85 second-order satellite reflections. The indices
h, k run from 0 to 6; / from 0 to 30; m from —2 to 2.
26 angles are between 10 and 80°. The data were
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corrected for several experimental factors: the ampli-
tude of the structure factor, |Fo|, is given by |Fous =
constant (I,,/LpA)""?, where L= 1/sin(20) is the
Lorentz factor, p is a polarization factor p ={1 +
cos*(20,)cos*(20)] where 6,=6.08° is the Bragg
angle of the monochromator, and A4 is the absorp-
tion factor. Since the sample we used has the shape
of a thin plate, in the case of transmission (diffracted
beam on the opposite side of the sample from the
incident beam),
sin#,sinf,

—ut —ut
A=—7FT"7"7""— - ,
ui(siné, —siné,) [CXP(sinﬂl ) exp( sin 92) ]

and in the case of reflection (diffracted beam on the
same side as the incident beam),

sin#,sinf, ut(siné, +siné,)
A=———F———{l—exp|————F | -
ut(sin@, + siné,) sinf,siné,
where 6, and 6, are the angles between the sample
basal plane and the incident and diffracted beams,
respectively, and ut is the absorption coefficient

multiplied by the thickness of the plate and was
independently measured.

X-ray synchrotron (NSLS) line profile scans

The synchrotron radiation scans were done on the
Oak Ridge National Laboratory beamline X14 at the
Brookhaven National Synchrotron Light Source
(NSLS). The double Si-111 monochromator crystals
could be finely detuned by a piezo crystal attached to
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Fig. 2. Rocking curves (w scans) of fundamental (a), first-order (b)
and second-order (c¢) reflections; the intensities are directly
comparable.
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one of them in order to eliminate the A/3 harmonic
in the incident beam. The second of the two crystals
was also segmented to provide sagittal focussing in
the horizontal plane. A gas ionization chamber was
placed before the entrance slits to monitor the main
beam. A scintillation counter with a large dynamical
range was used as the detector. The software ORDIF
(unpublished) from the Oak Ridge National Labora-
tory controlled the experiment.

In order to reduce the background, the energy was
selected at 8.7 keV, which corresponds to A=
1.42512 A or just below the Cu absorption edge
(=8.98 keV). It should be noted that there will now
be appreciable glass absorption compared to A =
0.7 A. The receiving slit sizes were selected at 4 x
4 mm in order to accept scattering from most of the
mosaic blocks while maintaining relatively high
resolution.

The major results of these synchrotron radiation
scans concern the nature of the defects and disorder
in the crystal and will be separately treated in some
detail in a later publication. They are included here
in order to provide a more complete characteri-
zation. Figs. 3(a), 3(b), 3(c) show / scans along 04/.1,
04/.2 and 041.3 satellite rows. Two features are clear
in these scans: (@) the breadth in / (aside from mosaic
spread effects near /=10) increases with increasing
satellite order, m, and this breadth is considerably
greater than the fundamental peak width along /
(Kan et al., 1990); (b) there is a pronounced diffuse
scattering at ‘unallowed’ positions (A +/+m=2n +
1) whose intensity is not m dependent in any mono-
tonic fashion and whose width is independent of m.f

The first of these effects implies a randomness in
the phase modulation wave from layer to layer which
must be seen in the context of a small deviation from
1.0 of the ¢* component of the modulation wave-
vector. This ¢* deviation was carefully measured at
the NSLS to be about —0.008» which means that
the ¢* component of q is actually 1 — 0.008 = 0.992.
In real space this implies a regular inclination of the
stacking of the modulation waves toward one direc-
tion along the b axis, say the positive b direction. The
amount of shift in real space along the b axis of the
proposed antiphase points in adjacent Bi-
perovskite—Bi slabs is 4b where 4= 0.008/0.212 =
0.0377. 4b is thus 0.2 A for the amount of consistent
progressive shift per slab for the modulation waves.
In other words the modulation of the structure is not
progressively stacked from layer to layer exactly 180°
out-of-phase (Le Page er al., 1989) but ~177.2° (see
the schematic in Kan et al., 1990); there is, in addi-
tion, some randomness on top of this progressive
shift associated with the aforementioned m-
dependent breadth of the satellites.

1 A different / (=7 + m) was used in this section and in Fig. 3.

INCOMMENSURATE MODULATION IN Bi,Sr,CaCu,O4

The second of these effects, the diffuse scattering,
is associated with small c-axis transverse-zone
boundary displacements (in the b direction) of the
basic structure weakly correlated (~80 A) along c.
Both of these stacking aspects (see Kan, 1990) will,
as noted, be discussed in another report.

Results

Assignment of the basic space group and the super-
space group

From the Laue and Buerger precession patterns of
our Bi single crystal we determined (Kan ez al., 1990)
that the diffraction pattern has the point-group sym-
metry mmm in reciprocal space; in agreement with
other workers its Laue class is thereby found to be
mmm and it is an orthorhombic system. The
systematic extinction pattern of the fundamental
reflections observed here is almost consistent with
the basic space group Bbmb or Bb2b claimed by
Withers et al. (1988) (in their notation it is Amaa or
A2aa). Strictly speaking, however, the presence of
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Fig. 3. I scans of first- (@), second- () and third-order (¢) satellites
taken at the Brookhaven NSLS. Note both the m-dependent
widths of the sharp peaks and broader diffuse scattering at
‘unallowed’ positions (4 + / + m = odd).
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extremely weak (sharp) peaks in both X-ray and
electron diffraction patterns at, say, 030 and 050
violates the b-glide planes and lowers the symmety of
the average structure to a highest possible space
group Bmmm. However, for practical purposes the
difference is negligible and the noncentrosymmetric
Bb2b, also used by Petricek et al. (1990), is adopted
in our analysis for the sake of simplicity.

We now turn to the superspace group. A thorough
investigation of the four-dimensional superspace
groups has been carried out by de Wolff, Janssen &
Janner (1981) and revised by Yamamoto, Janssen,
Janner & de Wolff (1985). They found that in total
there are 775 four-dimensional superspace groups.
According to de Wolff ez al. (1981), the modulation
wavevector q is first separated into its rational and
irrational parts q, and q;. In the case of Bi2212, q, =
¢*=(0,0,1) and q; = (0,0.212,0). The rotational part
of the four-dimensional symmetry operator consists
of a 3x3 block R and a 1x1 block ¢ in the
diagonal direction. Rq; = &q;, e= % 1.

In our case, m.q;=4q;, 2,q,=q; and m,q;=q,.
Therefore all e values are equal to 1. The general
selection rules from observations are 4 + [ = even for
hkl reflections; for 0k/, k = even; for hkO, k = even.
The superspace group compatible with these rules
therefore is N%3}, where the prefix N indicates q, =
(0,0,1), the top line Bb2b refers to the basic space
group and bottom line 111 indicates the value of the
€s corresponding to each operator directly above.
This N233, is equivalent to N2 in the paper by de
Wolff et al. (1981), the only difference being the
choice of b and c.

There are eight symmetry operators (R|7) for this
group. The (0,0,0)" set are (£,1/0,0,0,0), (,10,3,0,0)
(¢2,,1]0,0,0,0) and (o ,,1]0,3,0,0). The (3,0,3)* set are
obtained by multiplying the above four operators
with  the B-centering translational operator
(E,l{%,O,g',O). The two parts on the left-hand side of
the vertical bar denote the three-dimensional
rotation operator and ¢ respectively. E is the identity
operator, o, o, are the mirror planes normal to the
a and ¢ axes, c,, is the twofold rotation about the b
axis. The right-hand side is the translational part 7.

Results for the crystallographic parameters and
chemical analysis

Based on the noncentrosymmetric superspace
group N%3} discussed above, the least-squares
refinement was done using the program REMOS
written by Yamamoto (19824). The structure-factor
formula used in REMOS was given in equation (3).
Altogether, 700 unique reflections, including 265
fundamental reflections, 350 first-order and 85
second-order reflections, were used in the least-

squares sum given by S= X ,WL(|FL)| — |Flis)?
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Table 1. Crystal data collection and structure
refinement
Formula (from Bi; 052003571 98.2001C0 152003CU2200407 16 205
microprobe analysis)
Radiation Graphite-monochromatized Mo Ka
Unique reflections measured 3000
Observed 700
Absorption correction Analytical
Basic space group Bb2b
Superspace group NG
Lattice constants (A) a=5415(2), b=5421(2), c = 30.88(2)
Formula units per unit 4
cell
Number of parameters 166
Refinement Full-matrix least-squares fit
Overall weighted R factor 0.073
Partial wR on fundamentals  0.066
First-order satellites 0.086
Second-order satellites 0.133
Atomic scattering factors International Tables for X-ray Crystallography, (1974)
Voi. 1V)

where the proper weight W, was 1/0%(|F,.s!), which
is proportional to (P, — RT,)/(P, + R*T,) where ¢ is
the counting time, and P. is the total counts under
the peak. T, represents the total counts in the two
background regions and R is the ratio of the length
of peak region to the background region. The
integrals in the structure factor were calculated
numerically by use of the Gauss method in the
program. Up to second-order harmonics were
included in the modulation function as well as the
temperature factors, B;’s. The crystal data collection
and structural refinement are summarized in Table 1.

In order to determine the chemical composition,
electron microprobe analysis on several samples
from the same crystal batch was done at the Electron
Microprobe Laboratory of the Texas Center for
Superconductivity at the University of Houston. A
sheet-like single crystal was cleaved to reveal a
fresh flat surface which was then pasted on a carbon
disk. Care was taken to insure that the probing
electron beam was perpendicular to the surface
to produce a reliable result. Three points on the
sample were measured, with fairly consistent results.
The average composition of these three points
was  Bi; 05003571982 001CU220.04C20. 7520030716 2 0.5
(normalized to Cu,). The deficiency in Ca is quite
reliable, and it is confirmed by our crystallographic
analysis as well as by Petricek er al. (1990). However,
the value of the oxygen content has a large error due
to the fact that the light O atoms are sited among the
heavy-metal elements. Our X-ray crystallographic
analysis also shows that Bi is present at other metal-
atom sites. The Bi valence is generally believed to be
+ 3. Ren, Whangbo, Tarascon, Le Page, McKinnon
& Torardi (1989) did a tight-binding electronic band
structure calculation on the BiO double layer, using
the commensurate modulated structure model by Le
Page et al. (1989) for the Bi,(Sr,sFe (O, system, and
they found that because of the presence of short
Bi—O bonds, the Bi 6p-block bands lie above the
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Fermi level, so that the formal oxidation state for Bi
is indeed +3.

Both Sr and Ca have +2 valence, and if the
oxygen content is ideal (=8), the composition in
Table 1 will give a formal valence of +2.19 to Cu.
However, the exact oxygen composition is difficult to
determine either by electron microprobe or by the
X-ray diffraction technique due to the low atomic
number of oxygen. The ideal composition for oxygen
(8) was used throughout the subsequent analysis.
Neutron scattering, of course, is sensitive to oxygen
and we have attempted a single-crystal neutron study
at the Intense Pulsed Neutron Source at the
Argonnne National Laboratory. Unfortunately, our
largest single-crystal sample was not big enough to
yield a reliable data set.

The valence of 2.19 for Cu noted above is in good
agreement with several authors’ estimates for the
Bi2212 superconductor. Qur X-ray analysis shows
consistently that Bi and Cu sites are fully occupied,
while 11% of the Sr sites are vacant. Ca sites are
partially replaced by heavier elements, either Sr or
Bi, or both. Unfortunately, the REMOS program is
only capable of dealing with two species on any
given type of site. Therefore, we tried Sr on the Ca
site first, which results in 41% Sr and 59% Ca, but
this Ca content is unreasonably low. We then tried
Bi on the Ca site resulting in 11% Bi and 89% Ca in
which case the Ca content is too high. Since Bi is
heavier than Sr, and from the electron microprobe
result the overall Ca content is 0.75, which is in
between the two cases, our analysis therefore implies
that both Bi and Sr are distributed on the Ca site.
Petricek er al. (1990) have an earlier X-ray deter-
mination for the Ca site: 6% Bi, 19% Sr, 75% Ca.
Their composition was Bi, ;5Sr; 9:Cag 75Cu,Og ;.

The least-squares X-ray structure refinement with
fixed positions and the ideal composition (Bi,Sr,Ca-
Cu,0g) converged, yielding a weighted R factor
wR = (R,/Ry, R;, R;)=(0.105/0.091, 0.135, 0.149),
where Ry, R, R, are defined by {>,WHh)[|F,us(h)l
— | Fea(W/ 2, W {h)| Fops(h) 232 for the funda-
mental reflections, first-order and second-order
satellite reflections, respectively; R, is the overall R
factor. A significant improvement of agreement was
achieved by refining the oxygen positions with wR =
(0.0841(0.066, 0.117, 0.151). As the temperature fac-
tors (B factor) for the O atoms were not refinable, an
isotropic B factor of 1 A?for the O atoms was used
throughout the fits. Anisotropic B factors were used
for all the metal atoms, with modulation up to
second order on the B factor for Bi. The fits were
quite insensitive to the substitutional (compositional)
modulations. Next, Sr was introduced into the Ca
site and the optimum fit was 40% Sr and 60% Ca on
Ca sites with wR=(0.0851/0.069, 0.116, 0.137).
Then an alternative choice was made, where 13% of

INCOMMENSURATE MODULATION IN Bi,Sr,CaCu,04

Table 2. Site occupancies

Ca/Ca 0.75 £ 0.05
Sr/Ca 0.2 *+0.05
Bi/Ca 0.05 £ 0.03
Cu/Cu 1*
Sr/Sr 0.89 £ 0.05
Vacancy/Sr 0.11 £0.05
Bi/Bi "
0/0 1*

* Parameters were not refined.

Sr sites were vacant and 11% of Ca sites were
occupied by Bi with wR=(0.082i0.065, 0.115,
0.134). The refinement on the modulation of the
substitutional probability again yielded little
improvement. A third alternative of 25% Sr on Ca
sites and 13% vacancy on Sr leads to wR=
(0.082/0.065, 0.113, 0.137), so the electron micro-
probe results on composition were more reliable. Our
best estimate of the composition is Bi,osSr; og-
Cay ,5Cu,05. The site occupancies are listed in
Table 2.

All the above analyses were done strictly according
to superspace group N2, This imposes a twofold
axis (c;,) on Ca sites, and the symmetry thereby
requires that ¢, u“%(s) = u“(s), therefore uS(r) =
uS?(ty = 0, implying that there is no displacive modu-
lation of Ca along the @ and ¢ axes. However, this
was physically unrealistic, since the neighboring
CuO, layers on both sides are appreciably modulated
along the ¢ axis and the interlayer interaction will
thus make the Ca layer buckle in the ¢ direction as
well. In addition, as we noted earlier, the basic space
group Bb2b is only approximate and the true space
group belongs to a lower, possibly monoclinic,
system. Therefore both a- and c-axis modulations in
addition to the b-axis modulation, were introduced
on the Ca site, which lead to significant improvement
in the first-order satellite R factor with wR =
(0.073}0.066, 0.086, 0.133). The final crystallographic
parameters are listed in Table 3 along with the
Fourier amplitudes of the modulation which are in
significant disagreement with Petricek er al. (1990)
even though the average structures agree rather well
(see Table 3). The fractional coordinates x, y, z
are obtained by x(t) = x, + c¥cos2mt — s¥sin2mrs +
c¥cosdmt — s¥sindmt, etc. The second-harmonic
terms, c¥cosdmt — s¥sindars, were found to be quite
important; fitting by first-harmonic terms alone
yielded wR = (0.091/0.068, 0.114, 0.28) and the fit on
second-order satellites significantly deteriorated.
Table 4 lists the minimum and maximum nearest-
neighbor interatomic distances.¥

+ A list of structure factors with their e.s.d.’s has been deposited
with the British Library Document Supply Centre as Supplemen-
tary Publication No. SUP 54603 (11 pp.). Copies may be obtained
through The Technical Editor, International Union of Crystallog-
raphy, 5 Abbey Square, Chester CH1 2HU, England.
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Fig. 4 shows (100), (010) and (001) projections of
the modulated structure in which the modulations
are appreciable at all layers. Roughly speaking, it is a
sinusoidal buckling of the Bi—perovskite-Bi slabs
stacked in a nearly antiphase configuration, as was
found by Le Page er al. (1989) in the case of an
Fe-based commensurate analog, and by several other
authors (Hirotsu er al., 1988; Calestani et al., 1989;
Petricek er al., 1990). The layers of the perovskite-
related slab (SrO—CuO,—Ca—CuO,-SrO) bend
together elastically, the Ca layer in the middle having
the least tension and in-plane deformation, while the
SrO layer on the outside has the most tension and
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in-plane deformation. These effects can be seen easily
when viewing Fig. 4 along the ¢ axis. Notice also that
the Bi atoms move off the atomic rows along the ¢
axis two or three times every modulation period A
(=25.5 A, about nine or ten rows), which results
from the lattice mismatch between the BiO double
layer and the perovskite-related slab.

Fig. 5 shows the projection along the ¢ axis of each
layer while Figs. 6 and 7 show the metal-metal and
metal-oxygen nearest-neighbor distances respectively
as a function of phase ¢. The most striking feature is
the Bi—O double-chain formation (Fig. 5d) as pro-
posed by Le Page et al. (1989). The nearest Bi—Bi

Table 3. Final crystallographic parameters

The number in parentheses is the uncertainty of the last one or two digits.

Positional and thermal parameters ( x 10°) of the average structure (isotropic B,, for O atoms in Ay

x Y z B\\/By, By, By By B, By,
Present results
Ca 0.25* 0* 0.25* 0(9) 0 (6) 0.0 (3) =1 (1) ~-1(1) -2(4)
Cu 0.2501 (8) 0.499 (7) 0.1962 (2) 503) 70) 0.2 (1) 2(1) ~0.7 (8) —4(6)
Sr 0.2524 (8) -0.003 (7) 0.1395 (2) 1(2) 2(3) 0.0 (1) 1.7 (6) 0.0 (6) —4(7)
Bi 0.2251 (4) 0.483 (6) 0.0514 (1) 11 (1) 30 (2) 0.0 (1) 1.7 (6) 0.3 (4) -7(4)
o(l) —0.01 (2) 0.75 (2) 0.196 (1) 1*
0(2) 0.49 (3) 0.27 (3) 0.196 (2) 1*
0(3) 0.42 (1) 0.56 (2) 0.102 (3) 1*
04) 0.04 (1) 0.21 (2) 0.057 (3) 1*
Petricek et al. (1990)
Ca 0.250 0 0.2500 53) 9(3) 21 (5) 0 -2(7 0
Cu 0.2499 (6) 0.500 0.1965 (1) -1(3) 10 (2) 23(3) 0 -4 (4) 0
Sr 0.2525 (5) 0 0.1408 (1) 5(2) 23 (2) 21 (2) 0 503) 0
Bi 0.2337 (5) 0.505 (2) 0.0523 (9 21 (2) 71 (3) 13(2) -8(4) -4(2) 10 (4)
o(1) 0 0.75 0.197 (1) 10
0(2) 0.50 0.25 0.199 (1) 10
0(@3) 0.289 (6) 0.53 (2) 0.116 (1) 10
0@4) 0.157 (5) 0.02 (2) 0.056 (2) 10
Amplitudes of the positional ( x 10%) and thermal parameter modulations ( x 10°%)
Fourier

term X Y I By B, Bss By B, By,
Present results
Ca cl 0(4) 05 8 (1)

S1 5() 6(8) -7(2)

2 -4(17) —-4(7) -2(2)

S2 42 (8) 7(8) 4(2)
Cu Cl 2(5) -6 (6) 9.4 (5)

S1 1(9) 16 (2) -2(2)

C2 -4 (14) 2(7) -3(1)

S2 -14(7) 2(4) -3
Sr Cl1 -2(5) =29 (5) 8.6 (4)

S1 -5(1 47 (3) 4(1)

C2 =911 13 (5) - 1.5 (6)

S2 -709) -12 4) 0 (1)
Bi Cl1 4(3) —43(5) 4.0 (5) -2(2) =26 (5) 00(1) -20() 0.1 (5) 11(5)

S1 3(3) 59 (3) 4.2 (5) -4(4) 12 (5) 0.1 -0.6(5) -0.3(5) 9(3)

Cc2 3(5) 8(2) -58(7N) 34 15 (6) 0.1 (1) 1.5(5) 0.2 (4) 303

S2 -2(6) -10 (4) 2(1) 2(5) 14 (4) 00 () 0.8 (8) 0.5 (5) 0(6)
o(1) C1 30 (40) 3 (40) 10 (4)

S1 -10 (20) 6 (20) 11.(8)

C2 -6 (48) — 38 (36) 2(6)

S2 31 (39 -12 (45) -2(10)
0(2) Cl 24 (43) 41 (48) 9 (6)

sl 12 21) 11(19) -16 (7)

c2 5 (44) 11 (10) —1(6)

S2 -6(29) 16 (42) -2(149)
0O(3) Cl1 -18 (19) -101 (23) 9 (4)

S1 8 (24) 146 (26) =13 (5)

c2 80 (18) 27 (26) 16 (4)

S2 -91 (21 12 (24) 7(4)
0o4) Cl 53317 73 (21) -2(5)

S1 132 (15) —98 (18) -8(5)

Cc2 -23(18) 133 (19) -244)

S2 41 (20) 30 (23) 4 (5)

* Parameters were not refined.
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Table 3 (cont.)

Fourier
term x y z
Petricek er al. (1990)
Ca Cl 209 0 8.4 (3)
S1 0 0 0
c2 0 0 0
S2 0 74) 0
Cu Cl 6 (4) 0 -9.0(3)
S1 0 =11 (1) 0
C2 15 (6) 0 -23(3)
S2 0 2(2)
Sr Cl1 7(5) 0 -6.8 (3)
S1 0 —41(2)
Cc2 4(7 0 =23
S2 0 =192 0
Bi Cl1 -7 15(4) -30(2)
S1 =11 (2) =61(2) 2(2)
C2 -20(2) -2 -11(2)
S2 -2@4) ~17(2) 11 (2)
o) Cl1 0 0 -8.7(3)
St -10(30) 0 0
c2 0 0 0
S2 -2(22) 74) 0
02) Cl1 0 0 -20(17)
S1 -9 (28) =11 Q17 0
Cc2 0 0 50 (13)
S2 7 (20) =11(13) 0
0oQ3) C1 15 (11) 43 (20) =11(2)
S1 -6 (30) -83 (1) -2(4)
Cc2 24 (15) 20 (22) -7(3)
s2 ~4(26) -54(13) 5 (4)

Table 4. Nearest-neighbour interatomic distances (A)

Element Bond Minimum Maximum
Ca—Ca 1 3.58 £ 0.05 4.10 £ 0.05
2 3.54 £0.05 4.1220.05
Cu—Cu 1 3.73+0.05 393+0.05
2 3.72£0.05 3.99 £ 0.05
Sr—Sr 1 3.70 £ 0.05 4.06 +0.05
2 3.65+0.05 4.08 +0.05
Bi—Bi 1 347+0.05 3.88 £0.05
2 3.88 +0.05 4.3120.05
Ca—Cu 1 2.94 = 0.05 340 =0.05
2 3.00 £ 0.05 3.30 = 0.05
3 2.88 £ 0.05 3.50=0.05
4 292 +0.05 3.42+0.05
Cu—0 1 1.60 = 0.2 230%0.2
2 1.60 £ 0.2 21002
3 1.50 = 0.2 210x0.2
4 1.70 = 0.2 240x0.2
5 230%0.2 4.20+0.2
Sr—0 1 270%0.2 43002
2 1.50 0.2 310+0.2
3 240+0.2 3.50+0.2
4 31402 4.70x0.2
5 210202 4.60%0.2
Bi—O 1 1.10=0.2 3.10+0.2
2 1.80 £ 0.2 270+0.2
3 240 0.2 53002
4 32002 53002
5 2.60+0.2 4.80x0.2
6 1.00 = 0.2 2.80x0.2

distances have separated into a long and a short
branch (Fig. 6d), the shorter branch being within the
double Bi chain while the longer branch connects
two such chains. The O atoms are confined within
each chain, but fluctuate strongly about the average
position. However, the oxygen positions are not
really reliable, due to the intensitivity of the X-rays
to oxygen, and they therefore should not be taken
too seriously. As in Le Page ez al. (1989), they can be
roughly sorted into an oxygen-deficient perovskite
type, where oxygen bridges two Bi atoms, and a

By B, By, By By, B,
1(4) 51 (6) =5 -703) 6 (5) 19 (6)
-25(4) 334) -4(5) 4(5) 2(2) 8(3)
-14 (4) 54 (4) -8(4) —1(6) -5(6) 21 (6)
-5(6) 14 (9) =1(5) 303) -28(33) -21(6)

rock-salt type, where oxygen resides at the idealized
positions in Fig. 1 with Bi—Bi distances being longer
in the perovskite region. As the bridging O atoms are
closer to the Bi atoms (~1.9 A) than in the rock-salt
region, Bi is pushed further apart by the bridging O
atoms (Fig. 6e). Bi atoms are in a favorable stereo-
chemical environment, having three short Bi—O
bonds roughly in three perpendicular directions {two
of which are in the chain, while the third is connected
to oxygen in the Sr-O layer [O(3)]} and three long
Bi—O bonds (two of which are connected to O
atoms in the neighboring Bi double chains and one is
connected to the next Bi-O layer, Fig. 7¢).
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Fig. 4. (a) 100, (b) 010 and (c) 001 projections of the real-space
(three-dimensional) modulated structure. The average unit cell
is outlined and only metal atoms are shown. In (2) the solid
circles are Bi atoms.



X. B. KAN AND S. C. MOSS 131

. D "2 . . . . .
. g e . . . . .
. . . . . . 4

« o " o . « o ° « o
o o © o © © o o o ©
o . « ° « 0 . . . .
. . . . . . o o
¢ o oﬂo 6 o © ° ° o o o ©
o . %, « ° o . . . . .
w
. L) Im - e o ®
o © ° o nyt °© o o o °
° o o . . . . .
a \
« o e . . e« . ® * o
°°° o o © ° o o 6 ©
o 4 ° e © o « o o . . .

(¢)

. . . . . . . ¢ o e
° oo 0l ” LR o
° . e % s o «° . ¢ ° . .
. . . . . . . s o .
° ° ° o © o o o ° o
LI °p o «° e . . .
mWv
. o ® . . . .
o ° B ° o o/t
° ° °
ac° e e °q ° 4 . . .
. . . . . o o
To T, 0" o ° "o o
° o, e o e 0 °
° . . ¢ ° . . . . .

(d)

Fig. 5. Separate 001 projections of the (@) Ca, (b) CuO,, (¢) SrO and (d) BiO layers; notations 1 and 2 refer to nearest-neighbor
metal-metal distances (see Fig. 6); notations I-IV refer to nearest-neighbor metal-oxygen distances (see Fig. 7).
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The CuO; plane is the least modulated, see Figs.
5(b), 6(b) and 7(a). The Cu—Cu distances vary
between 3.7 and 4 A, close to the Cu—Cu distance
(~3.8A) in other Cu-perovskite materials such as
YBa,Cu;0,_, and La,CuO,. The Cu—O distance
varies between 1.5+ 0.05 and 2.4 +0.05 A. The in-
plane square configuration for Cu—O was approxi-
mately maintained. The Ca plane was the second
least modulated (Figs. Sa and 6a). These facts, taken
together, support the idea that the perovskite-related
slab is considerably stiffer than the Bi-O layers, and
thus the mutual intermodulation mainly involves the
Bi—O layer modulated by the perovskite-related slab,
where Bi-O undergoes a large distortion to accom-
modate the perovskite in-plane lattice spacing. The
Sr-O layer, however, was largely modulated on the
O atoms (Figs. 5S¢, 6¢ and 7b), primarily due to
interaction with the neighboring Bi-O layer, which is
strongly modulated.

The anisotropic B factor for Bi along the b axis,
B,,, was very large. From Table 3, B,,=
0.03 — 0.002cos27¢ + 0.004sin27¢ + 0.003cosdmrt —
0.002sin47¢. The maximum is at = 0.3, where B,,
= 0.08; this corresponds to a large r.m.s. vibrational
amplitude of 0.35A [=b/7(B,,/2)""?] along the b
axis. This is qualitively the same as the finding by
Petricek et al. (1990). Such a large B factor of Bi
implies that the Bi atomic positions suffer large
fluctuations about their statistical average position as
in equation (2). This fluctuation could be dynamic or
static in nature. It occurs roughly where the Bi—Bi
interatomic distance reaches a maximum, which is
the oxygen-deficient perovskite region of the Bi-O
layer. The minimum of B,, is at = 0.6, with
By, = 0.004, or 0.077 in A which is the rock-salt
region. Apparently the Bi-O coordination in the
rock-salt region represents a stronger bonding than
the Bi-O coordination in the oxygen-deficient
perovskite-like region.

Discussion

The incommensurate modulation structure in a
Bi2212 single crystal has been analyzed and
described in four-dimensional space. Owing to the
complexity of the chemical bonding in the Bi2212
material, the real symmetry is very low. Owing to the
displacive modulation of Ca along the a and c axes,
the symmetry must be lower than orthorhombic and
could be monoclinic, with the a axis as the special
axis, or even triclinic. Such a deviation from the
orthorhombic symmetry is, nonetheless, very small.
We also found that the modulation waves at neigh-
boring Bi—perovskite-Bi slabs are not stacked exactly
180° out of phase on average, but 177.2 +0.2°
instead. This further supports the idea that the true
symmetry is lower than orthorhombic. The deviation

INCOMMENSURATE MODULATION IN Bi,Sr,CaCu,0q

from the symmetric configuration is 2.8° in phase, or
0.2+0.01 A in real space. This preferential shift
towards one direction breaks the symmetry between
+ and —b directions. This means that the interac-
tion between the modulation waves at neighboring
Bi-O layers (which is weakly ionic in nature) is itself
asymmetric in the two directions. The asymmetry of
the interaction arises from the fact that the modula-
tion wavefield at each Bi-O layer is not symmetric in
+ and — b axis due to the higher-order harmonics in
the modulation function. In our analysis, up to
second-order harmonics were included. In reality, the
modulation waves must include higher harmonics, as
is clearly suggested by a poor agreement at m = 3 for
the synchrotron radiation / scans using a structure
factor with only two harmonics (Kan, 1990). The
interaction between the two modulation waves in
neighboring Bi—O layers, which depends on the
actual form of the modulation waves, must therefore
be asymmetric.

Origin of the modulation

An incommensurate modulation is a common
phenomenon in hetero-layered structures. Well
known examples include graphite intercalation com-
pounds (see the review by Moss & Moret, 1989) and
certain minerals. The modulation arises from the
in-plane lattice spacing mismatch between the consti-
tuent layer components. The modulation period
often changes continuously with a change in com-
position, sometimes resulting in a commensurate
superstructure. Examples include Bi,Sr,sFe ;046 (A
=5a) (Le Page et al, 1989), Bi,Sr;_.Ca,Cu,0O,
(4.72a < A < 5a) (Calestani et al., 1989), Bi,-
Sry(Ca, - ,Gd,)Cu,0, (4.1a = A <4.7a) (Kulik er al.,
1990), where the a axis is along the modulation wave.
Usually, in a two-component system, one type of
layer or a group of layers (slab) is stiffer than the
other type of layer/slab. The stiffer type largely
preserves its original structure. In other words, it is
not heavily modulated. The stiffer type is often
referred to as the host layer. On the other hand, the
weaker layers undergo a large modulation to accom-
modate the host-layer structure. They are often refer-
red to as intercalant. Alkali-graphite intercalation
compounds are good examples. The graphite sheets
(host) are stronger than the alkali sheets (interca-
lant); therefore, at low temperature, the intercalant
atoms order into a two-dimensionally incommen-
surate modulated structure, while the graphite layers
remain essentially intact with only a small transverse
distortional response.

The Bi-based perovskite systems fall conceptually
somewhat into this class. The two constituents are
the Bi-O layers and the perovskite-related slabs
(Sr—Cu-Ca—Cu-Sr) with the latter as the dominant
(stiffer) one. In fact, the CuO, plane changes only a
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little from the original perovskite structure aside
from its out-of-plane buckling (Figs. 4 and Sa) while
the Bi-O layer undergoes large distortions and is
rather ill defined, as evidenced from the large B
factors of Bi. The Bi atoms may in fact have several
different sites to randomly choose from.

The 25% deficiency of Ca of our sample, which
was supported by the result of Sunshine ez a/. (1988)
and Petricek et al. (1990), has raised the formal
valence of Cu to about 2.2 even without any extra
oxygen. None of these studies, however, can defini-
tively answer this question of additional oxygen,
mainly because the X-ray method is insufficiently
sensitive to the oxygen content. The appreciable
modulation may well result from the lattice mis-
match between the Bi—O layers and perovskite-
related slabs, as is often the case for hetero-layered
structures where two competing interactions with
different length scales exist. This point of view has
been recently put forth by Gai, Subramanian &
Sleight (1990) in their study of cation defects and
oxygen interstitials in the Bi2212 materials. The extra
O atom on the Bi-O layer, if any, may then be a
consequence, rather than the cause, of the modula-
tion. An alternative explanation is, of course, electro-
nic in nature. However, it is quite unlikely that a
charge-density-wave instability is important here as
the modulation would seem to be too strong for that.

So far, all known classes of Cu-based high-T,
superconductors have an orthorhombic unit cell.
Even for YBa,(Cu;_ M, )0;.5 (0.12<x<04),
where the average structure is tetragonal, local
orthorhombic ordering has been observed for M =
Al (Jiang, Wochner & Moss, 1990). The formation of
the Bi-double chain here appears to be responsible
for the orthorhombicity in the Bi-based structures
(i.e. from a tetragonal perovskite structure to a
B-centered orthorhombic structure). Whether there is
some fundamental relationship between the ortho-
rhombicity [even if it is weak, i.e. (b — a)/a<1] and
the high-T, superconductivity is not clear at the
moment.

This work was supported by the National Science
Foundation on DMR-8903339 and the State of
Texas at the Texas Center for Superconductivity at
the University of Houston. We thank P. C. Chow for
assistance in the early phase of these experiments and
acknowledge with pleasure the availability of
REMOS from Y. Yamamoto. We also thank G. E.
Ice for assistance at the X14 beamline at the NSLS.

References

BESKROVNYI, A. 1., DLOUHA, M., JIRAK, Z., VRATISLAV, S. &
PoLLERT, E. (1990). Physica, C166, 79-86.

CaLESTANI, C., RizzoLl, C., FRANCESCONI, M. G. & ANDREETTI,
G. D. (1989). Physica, C161, 598-606.

133

EiBL, O. (1988). Solid State Commun. 67, 703-706.

FLEMING, R. M. (1985). Unpublished.

Gal, P. L., SuBRAMANIAN, M. A, & SLEIGHT, A. W. (1990).
Program Mater. Res. Soc. Fall Meet. p. 381.

Gao, Y., Leg, P., Coppens, D., SUBRAMANIAN, M. A. & SLEIGHT,
A. W. (1988). Science, 241, 954-956.

Hewar, E. A., Cappony, J. J. & Marezio, M. (1989). Physica,
C157, 502-508.

Hirol, Z., IKEDA, Y., TakANO, M. & BanDo, Y. (1991). J. Mater.
Res. 6, 435-445.

Hirotsu, Y., Tomioka, O., Onkuso, T., YamamoTOo, N.,
NAKAMURA, Y., NAGAKURA, S., KoMaTsu, T. & MATSUSHITA,
K. (1988). Jpn. J. Appl. Phys. 27, L1869-L1872.

JANsSEN, T. & JANNER, A. (1987). Adv. Phys. 36, 519-624.

JiaNG, X. G., WOCHNER, P. & Moss, S. C. (1990). Unpublished.

KaN, X. B. (1990). PhD Thesis, Univ. of Houston, USA.

Kan, X. B, KuLik, J., CHow, P. C., Moss, S. C, YaN, Y. F,,
WANG, J. H. & ZHAo, Z. X. (1990). J. Mater. Res. 5, 731-736.

KuLik, J., XU, Y. Y., SuN, Y. Y. & BonvaLoT, M. (1990). J.
Mater. Res. 5, 1625-1638.

Leg, P., Gao, Y. SHEN, H. S., PeTrRICEK, V., RESTORI, R.,
CoPPENS, P., DAROVSKIKH, A., PHILLIPS, J. C., SLEIGHT, A. W.
& SUBRAMANIAN, M. A. (1989). Science, 244, 62-63.

LE PaGE, Y., McKiNNON, W. R., TARASCON, J. M. & BarBoUX, P.
(1989). Phys. Rev. B, 40, 6810-6816.

Liang, J. K., XiE, S. S., CHE, G. C.,, HuaNg, J. Q., ZHANG, Y. L.
& ZHA0, Z. X. (1988). Mod. Phys. Lett. B2, 483-489.

MaAEDA, H., TaNaka, Y., FukuTtoMl, M. & Asano, T. (1988). Jpn.
J. Appl. Phys. 277, L209-L210.

MaTsul, Y., MAEDA, H., TaNAKA, Y., HORIUCH]I, S., TAKEKAWA,
S., Takayama-MuorMacHI, E., UMEzoNO, A. & IBE, K. (1988).
JEOL News, E26, 36-41.

MicHeL, C., HERVIEU, M., BOREL, M., GRANDIN, A., DESLANDES,
F., PrOvVOsST, J. & RavVEau, B. (1987). Z. Phys. B68, 421-423.
Moss, S. C. & MORet, R. (1989). Springer Series in Materials

Science, Vol. 14, pp. 5-58. New York: Springer-Verlag.

OLIVIER, S., GROEN, W. A., VAN DER BEEk, C. & ZANDBERGEN, H.
W. (1989). Physica, C157, 531-536.

PETRICEK, V., GAO, Y., LEE, P. & CoppENs, P. (1990). Phys. Rev.
B, 42, 387-392.

REN, J., WHANGBO, M. H., Tarascon, J. M., LE PaGg, Y,
McKINNON, W. R. & Torarpi, C. C. (1989). Physica, C158,
501-506.

ROBERTSON, J. L. (1989). Unpublished.

SHINDO, D., HiraGa, K., HiraBavasHi, M., KikucHi, M. &
Syono, Y. (1988). Jpn. J. Appl. Phys. 27, L1018-L1021.

SUBRAMANIAN, M. A., Torarpi, C. C., CaraBresg, J. C.,
GoOPALAKRISHNAN, J. K., Morrisey, K. J.,, Askew, T. R.,
FrippeN, R. B., CHOwDHRY, U. & SLEIGHT, A. W. (1988).
Science, 239, 1015-1017.

SUNSHINE, S. A., SIEGRIST, T., SCHNEEMEYER, L. F., MurpHY, D.
W., Cava, R. J., BATLOGG, B., vaN DoVEr, R. B., FLEMING, R.
M., GLARUM, S. H., NAKAHARA, S., FARROW, R., KRAJEWSKI,
J. J., ZaHURAK, S. M., Waszczak, J. V., MarsHaLL, J. H.,
MagrsH, P., Rupp, L. W. JrR & Peck, W. F. (1988). Phys. Rev. B,
38, 893-896.

TarascoON, J. M., LE PaGE, Y., BarBoux, P., BaGLEY, B. G.,
GREENE, L. H., McKiNNoN, W. R., HuLt, G., Giroup, M. &
HwaNG, D. M. (1988). Phys. Rev. B, 37, 9382-9389.

TaRrRAsCON, J. M., McKINNON, W. R., BarBoux, P., Hwang, D.
M., BaGLEY, B. G., GREENE, L. H., HuLL, G. W,, LE PaGE, Y.,
STOFFEL, N. & GIROUD, M. (1988). Phys. Rev. B, 38, 8885-8892.

TENDELOO, G. VAN, VAN LaNDUYT, J. & AMELINCKX, S. (1988).
JEOL News, E26, 32-35.

WiTHERS, R. L., THompsoN, J. G., WALLENBERG, L. R,
FiTzGERALD, J. D., ANDERSON, J. S. & HYDE, B. G. (1988). J.
Phys. C, 21, 6067-6083.

WOLFF, P. M. DE, JaNSSEN, T. & JANNER, A. (1981). Acta Cryst.
A37, 625-636.



134

YAMAMOTO, A. (1982a). Urpublished.

YAMAMOTO, A. (1982b). Acta Cryst. A38, 87-92.

YAMAMOTO, A., JANSSEN, T., JANNER, A. & DE WOOLFF, P. M.
(1985). Acta Cryst. A4l, 418-530.

YAMAMOTO, A., ONODA, M., TAKAYAMA-MUROMACHI, E., Izumi,
F., IsHiGakl, T. & AsaNo, H. (1990). Phys. Rev. B, 42,
4228-4239.

Acta Cryst. (1992). B48, 134-144

INCOMMENSURATE MODULATION IN Bi,Sr,CaCu,04

Yan, Y. F, Li, C. Z, CHu, X., WaNG, J. H,, Fung, K. K.,
CHANG, Y. C, CHEN, G. H., ZHENG, D. N, Mai, Z. H,, YANG,
Q. S. & ZHao, Z. X. (1988). Mod. Phys. Letr. B2, 571-
575.

ZANDBERGEN, H. W., Groen, W. A, MuLHorr, F. C,, vaN
TenbeLoo, G. & AMELINCKX, S. (1988). Physica, C156,
325-354.

La, ;sMo050,4 a Hollandite-Related Compound with an Incommensurate Modulated
Structure

By H. LeLiGNY, PH. LABBE, M. LEDESERT AND B. RAVEAU
Laboratoire CRISMAT, ISMRa, Bd du Maréchal Juin, 14050 Caen CEDEX, France

AND C. VALDEZ AND W. H. McCARROLL
Chemistry Department, Rider College, POB 6400, Lawrenceville, NJ 08648, USA

(Received 24 April 1991; accepted 1 November 1991)

Abstract
The hollandite-related structure La; ;sM0gO4, M, =
1184.66, tetragonal, P%, a=9.983(l), c=

2.8890 (5)A, V=2879A% Z=1,D,=6.83gcm 3,
A(Mo Ka)=0.71069 A, p =126cm™", F0000) =
530, room temperature, R =0.041 for 1145 unique
reflections with /= 3¢(/). At room temperature
the compound exhibits a one-dimensional incom-
mensurate modulated structure with a modulation
wavevector q* =0.608 (1)c*. Both a displacive
modulation wave, acting on La, Mo and O atoms,
and a modulation wave governing the occupancy
probability of La sites inside the tunnels are involved
in the crystal. Within the superspace group P{, the
final R values of main reflections (477) and first- and
second-order satellite reflections (523 and 145) are
0.030, 0.050 and 0.133 respectively. The more specta-
cular modulation features are the occurrence of
La—La pairs in the tunnels and the formation of
Mo, triangular clusters in the double chains of edge-
sharing octahedra. Contrary to previous descriptions
based upon rigid tunnels in structures of the hollan-
dite type, the tunnels in the crystal studied are
distorted in a periodic way along [001] (A = 4.75 A),
giving rise to alternate contractions and expansions.
The distortion of the double octahedral chains is
considerable and probably created via the La—O(1)
bonds by insertion of La atoms inside two adjacent
tunnels.

Introduction

Oxides with the hollandite structure, corresponding
to the general formula 4,Mz0,,(A4 = Ba, Pb, K, Rb,

0108-7681/92/020134-11%03.00

Tl, Na; M =Ti, Mn, Fe, Mg, Mo...) form a large
family and have been extensively studied for both
their ionic conductivity and as encapsulants for
radioactive waste. The structural principle of these
materials is well established since many structure
determinations of synthetic and mineral hollandites
have been performed by means of X-ray and neutron
diffraction; see, for instance, Sinclair, McLaughlin &
Ringwood (1980), Torardi & McCarley (1981), Post,
Von Dreele & Buseck (1982), Sinclair & McLaughlin
(1982), Torardi & Calabrese (1984), Vicat, Fanchon,
Strobel & Tran Qui (1986), Cheary & Squadrito
(1989) and Cheary (1990). These oxides have also
been studied by electron diffraction and high-
resolution microscopy (Bursill & Grzinic, 1980;
Mijlhoff, Ijdo & Zandbergen, 1985; Xiang, Fan, Wu,
Li & Pan, 1990).

At first sight the [M3O . host lattice is very
simple. It consists of infinite rutile chains sharing the
edges and the corners of their MOg octahedra and
forming large square tunnels where the A cations are
located. In general, however, the actual structure of
these compounds is more complex than can be
described by these basic structural principles. A great
number of these oxides exhibit superstructures,
which have not yet been completely elucidated. This
is the case for instance for the non-stoichiometric
hollandites Ba,Tig_ ,Mg,0,c and Ba,Tig_,,Ga,, 06
with 0.8 < x < 1.33 (Bursill & Grzinic, 1980), which
exhibit a continuous variation of superlattice perio-
dicity and multiplicity. Very complex phenomena
can occur as shown by the recent electron diffraction
study of the mineral ankangite Bag g(Ti,V,Cr)sO,¢ by
Xiang et al. (1990). These authors have shown that
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