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Abstract

The relationship between carrier concentration, structure and composition in Bi Sr CaCu O is amongst the most2 2 2 8qd

complex of the high-T superconducting cuprates. In this paper a number of structural subtleties of the system are discussedc

based on the results of high-resolution X-ray scattering measurements from single crystals. It is found that the annealing of
an oxygen-rich crystal significantly changes the character of certain diffuse scattering features. Accompanying analysis of
composition and measurements of T suggest these changes may be the signature of oxygen ordering which is influential toc

the superconductivity. q 1998 Elsevier Science B.V.
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1. Introduction

Control of the carrier concentration, n , in theh

CuO layers of the high-T cuprates by variation of2 c

cation or oxygen stoichiometry in the intervening
‘charge reservoir’ layers has been established to be
of key importance to the physical properties of these

w xsystems. It is believed 1 that the optimum value of
n which pushes the transition temperature to itsh
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maximum for a system, T max, is a universal parame-c

ter related only to the number of CuO layers,2

irrespective of the chemical make-up of the interven-
ing layers. Variations exist, however, in the value of
T max amongst systems with the same number ofc

Ž maxCuO layers the extreme example being T over2 c

80 K in Tl-2201 compared with under 30 K in
w x.Bi-2201 2 . In addition to varying n , cation andh

oxygen changes must therefore facilitate structural
adjustments which hold their own more subtle influ-
ence over superconductivity. Establishing the sepa-
rate effects of structure has proved difficult and
remains an important challenge to full understanding
of superconductivity in the cuprates.

With regard to this question, the most well stud-
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Ž .ied system has been YBa Cu O Y-123 , in2 3 6qd

which a well defined cation stoichiometry allows the
T –n -structure relationship to be explored throughc h

the variation of oxygen stoichiometry d . A remark-
able level of understanding has been achieved, em-

w xphasizing the importance of oxygen ordering 3 in
Ž .the CuO chain layers the charge reservoir in

favourably influencing n and T . A complimentaryh c
Ž .system is La Sr CuO La-214 in which oxygen2yx x 4

stoichiometry can be reliably fixed, and the relation-
ship explored through cation substitutions. The re-
sults have emphasized the effect of structural distor-
tion of the CuO planes, and it has been argued that2

the optimum structural setting for maximizing T arec
w xsquare and flat CuO planes 4 .2

Amongst the more complex systems, both cation
and oxygen variations exist over wide and impre-
cisely defined ranges, involving several mixed cation
sites. The departures from the crystallographic ideal
which accompany these compositional variations
have, in the most part, still to be confidently charac-
terized. These comments are especially true of Bi-
2212 in which the complexity is such that even the
ideal crystallographic structure is not unequivocably
refinable due to the existence of a displacive modula-
tion with a period which is incommensurate with its
lattice. Many studies have been undertaken, and
most agree upon the form of the cation modulations
w x )5–9 which are described by a wavevector qsb b
qc ) with bf0.21. A consensus has also emerged
that areas of expansion produced by the modulation
in the BiO layers facilitates the accommodation of

w xextra oxygen 10,5 , which when fully occupied in-
creases oxygen stoichiometry from 8.0 to 8.2. How-
ever, a closer assessment of the many structural

w xrefinements 11 reveals the structure may be sub-
stantially more complicated than is assumed in this
single extra-oxygen model, allowing for a consider-

Ž w x w xable range in oxygen variation from 9 ds0.0, 7
w x .ds0.4, to 5 ds1.0 and involving several addi-

tional sites. Furthermore, experiments which have
explicitly measured the variation in oxygen stoi-
chiometry due to annealing suggest that a range of
variation in oxygen of Dd)0.2 may be possible
w x12–15 . All of this suggests that the currently ac-
cepted assumptions are at best naive, and that the
true degree of subtlety in the oxygen-structure rela-
tionship has yet to be discerned.

The failure to describe other structures as cor-
rectly as Y-123 is an important problem. It has been

w xpointed out 16 that the many experiments linking
subtle structural changes to the superconducting
mechanism in the vicinity of T cannot be inter-c

preted conclusively because of this lack of under-
standing. Also, important questions remain about

w xflux-pinning mechanisms in the Bi-systems 17,18 .
The results presented in this paper describe changes
in diffuse X-ray scattering which may be associated
with changes in oxygen content or ordering. Al-
though neutron scattering is more suitable for this
purpose, the ability to observe oxygen changes with

w xX-rays has been well demonstrated in Y-123 19 .
The paper starts by characterizing in higher resolu-
tion than before the reciprocal space features pecu-
liar to Bi-2212.

2. Experimental details

Of the five samples used in this work, one was
Žflux grown using a platinum crucible to be identi-

. Ž .fied as C , two identified as A1 and A2 were
grown by the travelling solvent floating zone method
Ž .TSFZ with a starting composition of Bi:Sr:Ca:Cu
s2:2:1:2, two others were also TSFZ grown but
from a batch with a starting composition of

ŽBi:Sr:Ca:Cus2.2:1.64:1.16:2.0 identified as B1 and
. w xB2 . It is known 20 that as-grown crystals from the

2212 starting mix are close to optimum doping,
while the off-stoichiometric composition are over-
doped and with a lower T . The A1 and A2 samplesc

had dimensions 6=3=0.1 mm while the B1 and
B2 samples were f1–2 mm longer. The A2, B2
and C crystals were subjected to electron probe

Ž .microanalysis EPMA to determine differences in
composition.

The A1 and B1 samples underwent annealing
treatments, designed to bring about an opposite ef-
fect upon T in each case. A1 was annealed for 24 hc

in an oxygen atmosphere at 7208C to lower T . B1c

was annealed in a nitrogen atmosphere at 7208C for
Žonly 10 min it is known from experience to be

.sufficient to increase T . The superconducting tran-c

sitions were characterized for all five crystals in their
as-grown state, as well as post-anneal for A1 and B1,
using AC susceptibility with H parallel to theAC
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c-axis. The critical temperature T was defined as thec

onset of diamagnetism.
The X-ray measurements were performed on a

two-circle, triple-crystal diffractometer using a GX21
high-brilliance rotating-anode source operating at 3
kW with Cu Ka radiation. Samples were aligned on
the diffractometer in Bragg reflection geometry with
the reciprocal b)–c) axes in the horizontal scatter-
ing plane. The triple-crystal arrangement ensures an
instrumental resolution limited only by the mosaic of
the crystals chosen for monochromator and analyser
w x21 , and also provides for a well-defined resolution
in two dimensions in the scattering plane. Low reso-
lution measurements were made using pyrolytic
graphite crystals which have a mosaic width of
f0.48. High-resolution measurements utilized the
Ž .111 reflection from germanium crystals with a
mosaic width of 4.3=10y3 degrees, the intensity is
reduced by a factor of f100 but provides a resolu-
tion sufficient for measuring the intrinsic mosaic
widths of any high-T crystal.c

3. High resolution study of structural character-
istics

Earlier low-resolution measurements of Bi-2212
w x22,23 established the nature of the diffuse features
which can be observed, with certain features identi-
fied as sample dependent. One feature, however, was
observed consistently: diffuse streaks lying between

² :satellites along the 001 direction. Their origin is,
even now, not known, yet they appear as characteris-
tic as the much discussed main satellites themselves.
Fig. 1 illustrates the arrangement of satellites and
diffuse streaks around a fundamental Bragg reflec-
tion, the measurements are from the C crystal but are
typical of all the crystals studied. The streaks are
visibly broadened along the c)-direction in such a
way as to almost link neighbouring satellites.

The intensity distribution of the streaks relative to
that of the satellites was surveyed over a large area
of reciprocal space. Certain points are noteworthy.

Ž .Around the 0 0 24 , shown in Fig. 1a, which is a
relatively weak reflection but which is surrounded by
comparatively strong satellites, the diffuse streaks

Ž .are entirely absent. In contrast, around the 0 0 30 in
Fig. 1b, where the satellites are weak, the diffuse

Fig. 1. Two contrasting pictures of areas of reciprocal space
Ž . Ž . Ž .around different fundamental reflections; a the 0 0 24 and b

Ž .the 0 0 30 . The contour lines are drawn to follow an essentially
logarithmic intensity scale spanning up to five orders of magni-

Žtude between the lowest background levels typically 1–10
.countsrs and the strong fundamental reflections.

streak is more intense. The intensities of the streaks
are overall closely dependent upon their fundamental
reflection of origin, and this dependence is of a
different nature from that of the satellite reflections.

To resolve the intrinsic widths and make a more
quantitative assessment, the C and A1 crystals were
studied in high-resolution mode. Fig. 2 shows the
improvement between low- and high-resolution in
the profile of a fundamental reflection. The widths in
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Fig. 2. Comparisons between low- and high-resolution profiles of
Ž .the 0 0 20 reflection from the C crystal.

² :the 010 direction and the positions of the satellites
were measured for the two crystals. The overall

Žresults are presented in Table 1 the values are
averaged from measurements of a number of reflec-

Ž ..tions around the 0 0 20 . For the C crystal, the
FWHM of the satellites are f1.5 times greater than
that of the fundamental reflections, while the diffuse
streaks are a further 2.5 times greater than the satel-
lites. The FWHM values of the A1 crystal are greater
but with similar proportions.

The asymmetry about the c)-axis was another
w xfeature characterized in the earlier work 22 . Shown

in Fig. 3, an ill-defined profile shape is resolved by
the higher resolution into two quite distinct peaks.
The strongest is located at the commensurate l posi-
tion, as expected. The second, weaker peak is well
separated and positioned with an incommensurate
value of l. Similar observations of the splitting could
be made around all the satellites studied, but both the
value of l and the intensity ratios varied consider-
ably. This could be explained by domains distin-

Table 1
The FWHM values and the incommensurate period measured
using the high-resolution mode

A1 C

Ž . Ž .Fundamental 0.010 1 0.003 1
Ž . Ž .Satellite 0.014 2 0.005 1

) Ž . Ž .b b 0.209 1 0.209 1
Ž . Ž .Streak 0.017 2 0.015 2

All values are in r.l.u.

guished by a variety of g c) values. The range
extends as a tail from the primary satellite as far as a

Ž .cut-off, which is the same in all cases, at 1yg

f0.15. In Fig. 3 two definite values are measurable,
Ž .1yg s0.14, and a very much weaker reflection

Ž .at the intermediate value of 1yg s0.07. Al-
though observable in many crystals, it is not univer-
sally so. There is a complete absence of any splitting
in crystal A1 for instance. The origin of these fea-
tures lies in a slight monoclinic distortion which has
been refined in a study of a crystal with a single

w xdomain of the g value 24 . The fact that both the
crystals here are high quality with close to optimum
values of T , suggests it is not significant for trans-c

port properties.

4. Susceptibility and EPMA characterization

The results of the compositional analyses are
presented in Table 2. Relative to the idealized 2212
stoichiometry A2 comes closest, while both B2 and
C have increased Bi and reduced Sr contents. The
oxygen values so determined give a reliable indica-
tion of the relative differences between the samples
but the absolute values must be read with caution
Ž .accurate at best to 5–10% . The excess Bi of B2
combined with growth in a flowing oxygen atmo-
sphere has resulted in a significantly increased d

relative to C and A2. The higher d correlates with

) Ž .Fig. 3. c profiles from the C crystal of the 0 y0.21 19
satellite. The apparent splitting observed in low-resolution has
been separated into distinct reflections by the higher resolution.
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Table 2
The results of EPMA determination of the normalized cation stoichiometry and oxygen content of the three crystals

Starting composition Measured composition Bi:Sr:Ca:Cu Oxygen d Tc

A2 2.0:2.0:1.0:2.0 1.970:1.810:0.915:2.00 0.013 94 K
B2 2.2:1.64:1.16:2.0 2.057:1.603:1.09:2.00 0.104 82 K
C 2.3:2.1:1.0:2.05 2.05:1.92:0.85:2.00 0.06 93 K

The starting composition is that of the initial flux.
T was determined by AC susceptibility.c

the considerably lower T of 82 K, while T s94 Kc c

for A2 and T s93 K for C. The differences ofc

Dds0.09 for a DT s10 K are in good agreementc
w xwith those in the literature 13–15,25 .

In their as-grown states, A1 and B1 show transi-
tions similar to those of their respective partners A2
and B2. So, it can be reasonably assumed that they

Ž .also share before annealing closely similar compo-
sitions. The A1 crystal was annealed in O , T was2 c

initially 93 K reducing to 88 K after annealing. In
the case of B1, its nitrogen annealing had the reverse
effect raising the as-grown T of 82 K to close to 86c

K post-anneal. The transition widths remained essen-
tially unaffected by the annealing in the case of A1,
with some degradation in B1. The low temperature
diamagnetic signal showed a marked change in both
cases. The value of the remaining diamagnetism at
temperatures well below the transition is an indica-
tion of the superconducting volume fraction of a
sample. The observed decrease could be attributable
to surface decomposition of the samples which is
commonly observed to accompany exposures to tem-

w xperatures above 5008C 26 .

5. Annealing induced changes

The values of the lattice parameters, b and c, and
of the incommensurate wavevector b were deter-

Table 3
Lattice parameters of as-grown and annealed crystals

)˚ ˚Ž . Ž . Ž .b A c A b b r.l.u.0 0

Ž . Ž . Ž . Ž .A1 as-grown 5.40 1 30.864 5 0.212 2
Ž . Ž . Ž . Ž .A1 O anneal 5.40 1 30.854 5 0.212 22
Ž . Ž . Ž . Ž .B1 as-grown 5.37 1 30.686 5 0.210 2
Ž . Ž . Ž . Ž .B1 N anneal 5.40 1 30.770 5 0.212 22

Ž . Ž . Ž .C 5.40 1 30.910 5 0.207 2

mined from the X-ray measurements, and are sum-
marized in Table 3, for both as-grown and annealed
samples. The constancy of b is notable, despite the
annealing treatments and the differences in d in the

Ž .Fig. 4. Scans along 0 y0.21 it l measured for A1 before and
after annealing in oxygen; an expanded view of the diffuse streak

Ž . Ž .at 0 y0.21 26 is shown in b . Intensity values are normalized
Ž .to the 0 0 26 fundamental reflection.
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as-grown state. This demonstrates the value of the
incommensurate wavevector cannot be considered a
continuous function of oxygen, in agreement with
conclusions from in situ annealing measurements
w x27 . The lattice parameters of B1 showed a clear
change after the annealing. The c-axis expanded by

˚ w x0.08 A, a change commonly reported 25,28,29 to
accompany an increase in T .c

² :Scans of A1 are presented in Fig. 4, in the 001
direction across two first-order satellites and the
diffuse streak between them. There is remarkably
little difference between the as-grown and annealed.
Measurements of the same reflections for B1 in Fig.

Ž .Fig. 5. Scans along 0 y0.21 it l measured for B1 before and
after annealing in nitrogen; an expanded view of the diffuse streak

Ž . Ž .at 0 y0.21 26 is shown in b . Intensity values are normalized
Ž .to the 0 0 26 fundamental reflection.

Fig. 6. Further scans for B1 before and after annealing in nitrogen,
Ž .here showing the changes in the 0 y0.21 20 streak. Intensity

Ž .values are normalized to the 0 0 20 fundamental reflection.

5, in contrast, a pronounced change. The flattened
as-grown shape of the streak has transformed after
annealing into a well defined peak. This is further
illustrated in Fig. 6 by the even more dramatic

Ž .re-shaping of the streak at 0 y0.21 20 . The in-
creased prominence of the streaks is accompanied by

² :a decreasing 001 FWHM, and decreases in the
satellite intensities. The observations are indicative
of a disorder-order related change having taken place.

² :No variation in the 010 widths could be observed
due to the limiting graphite resolution.

The intensity of the satellites relates potentially
valuable information regarding the amplitude of the
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Table 4
Ž .Normalized peak intensities "5% error for A1 and B1 measured

before and after annealing in oxygen, and nitrogen respectively

Ž .As-grown Annealed Change %

A1
Ž .0 y0.21 27 0.112 0.115 q3
Ž .0 y0.21 25 0.461 0.451 y2

streakŽ .0 y0.21 26 0.022 0.020 y9

B1
Ž .0 y0.21 27 0.159 0.139 y12
Ž .0 y0.21 25 0.555 0.460 y17

streakŽ .0 y0.21 26 0.009 0.024 q170

w xmodulated atomic displacements 30 , and intensity
changes are prominent in Figs. 4–6. The measure-
ments have to be first normalized before compar-
isons can be made; the results here have all been
normalized to the intensity of their parent fundamen-
tal reflection. However, there exist differences in the
intensity ratios of fundamental reflections between
crystals, and this makes anything other than a quali-
tative assessment of the manner of the changes unre-
liable. Measurements were made of the peak intensi-

² : Žties from 010 direction scans preferable to the
² :001 scans because they allow subtraction of the

.background . The data presented in Table 4 sum-
marises the differences in normalized intensity for
both satellites and streaks. B1 shows large, definite
decreases in the satellites, in addition to the already
discussed increase of the diffuse streaks. This indi-
cates a decrease in the modulation’s amplitude has
accompanied the ordering. The changes for A1 are of
an opposite sense, and of a much smaller magnitude.

6. Discussion

That the streaks are positioned with the character-
istic 0.21b) value undoubtedly relates them to the
modulation, and the nature of the streaking along
² :001 suggests an origin linked to interlayer disor-
der. However, straightforward disordering of the
modulation would only broaden the satellites. With-
out the c) component of q, the streaks correspond
to a violation of the body centred symmetry of the
modulated structure. A modulation similarly lacking
a c ) component is known in Pb doped Bi-systems

w x31,32 . The nature of the streaks, then, indicates
them to be associated with a structural feature closely
linked to the modulation within the basal ab-plane
and which disrupts its body centred symmetry, but
which is poorly correlated between layers; the widths

² :in the 001 direction suggest a coherence of only 2
to 3 unit cells.

The transformation of the streaks in B1 indicates
that annealing brought about an ordering of this
structural feature along the c-axis. The annealing of
A1, however, had little or no influence. The compo-
sitional analysis identified the differences between
them to be the low Sr, and slightly Bi rich stoichiom-
etry of the B samples, and a larger d . An ordering of
some cation substitutions which are not present in
A1, or of the additional oxygen could therefore be
explanations. A notable observation, however, is that
although C has a similar Bi stoichiometry to B1, it
has a diffuse streak closer instead to that of A1 in
intensity and shape; both A1 and C have similar
values of d and T . This suggests the d of B1 maybec

the more significant parameter.
In as-grown crystals a large excess of oxygen will

most reasonably be incorporated in a disordered
manner, evidenced by STM images of oxygen rich

w xBi-2212 33 . If oxygen is indeed at the root of the
streaks, the lack of coherence in the oxygen arrange-
ment would explain their extremely flattened shape
in B1 before annealing. Refinements have suggested
a number of additional oxygen sites, to little consen-
sus, but all within the Bi O slabs. The points of2 2

greatest separation between neighbouring BiO layers
could be favourable sites, in addition to the ‘bridging

w xoxygens’ identified by Le Page 34 . These positions
also violate the modulation’s symmetry. The subse-
quent ordering may be dependent upon the extent to
which d changes. The brief 10 minute anneal is, on

w xthe basis of published studies 25,35 , too short a
time to effect the bulk oxygen content, particularly
considering the sample’s dimensions. The effect may
instead be to facilitate a more ordered oxygen distri-
bution, allowing migration to energetically favoured
sites. The behaviour of A1 in this picture is under-
standable because A1 starts with a far lower d , and
even after annealing T indicates d remains lowerc

than B1.
The reduction in satellite intensity observed to

accompany the ordering is significant. Variation in
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amplitude of the cation modulation is a reasonable
adjustment to associate with changes in oxygen con-
figuration because the period of the modulation is

w xpinned 27 . A qualitative trend suggested by the data
is where T has increased in B1 it has been accompa-c

nied by a decrease in the amplitude of the distorting
modulation. The tilt of the CuO octahedra is an5

important quantity in determining superconducting
w xproperties 36 , and this would certainly alter along

with the modulation’s amplitude. Decreasing ampli-
tude will also flatten the corrugation of the CuO2

w xlayers and this may also be influential 4 . If there
was indeed little change in d in B1, the suggested
ordering could explain the increase in T of around 3c

K by these means. The ordering may also influence
interlayer coupling, and could explain the relief of
interlayer distortion previously suggested by Yoo
w x37 to explain the change in r due to annealing.c

The suggestion that structural change induced by
annealing is responsible for influencing T has beenc

made by other experiments when it was believed that
no suitable change in d to effect n could haveh

w xoccurred 29,38 . The most persuasive result is that
w xobtained by Wu 39 who found that the T of singlec

crystals could be raised to around 86 K by annealing
but that the change was independent of both the
period of anneal and, most striking, the atmosphere.
It has similarly been found for samples of the B-type,
that it is difficult to effect T beyond the initial risec

to 86 K, even with greatly extended periods of
annealing. Evidence of a different kind comes from

w xMossbauer studies of Fe doped Bi-2212 40 , which
are sensitive to the CuO plane distortions of the2

modulation. They found vacuum annealing induced
changes in the local distortions, in association with
the rise of T to its maximum.c

7. Conclusion

The oxygen-structure-property relationship in Bi-
2212 is a complicated one, and there remain impor-
tant questions. Diffuse streaks, associated with, but
distinct from satellite reflections, are a generic fea-

w xture of the reciprocal space pattern 22 . The results
have revealed new information about the nature of
these streaks and, most importantly, observed a dra-
matic transformation in shape and intensity of the

streaks of an oxygen rich crystal by briefly anneal-
ing. The change in shape is indicative of an ordering
transition. An accompanying reduction in the ampli-
tude of the modulation was also observed. These
structural changes appear to correlate with an in-
crease in T . The observations are evidence to reasonc

that oxygen ordering maybe the root cause of the
streaks. Further studies involving techniques more
sensitive to oxygen ordering, such as neutron diffrac-
tion, would be required to establish the precise crys-
tallographic sites involved.
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