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Refinement of neutron powder diffraction patterns from high-quality polycrystallipggraCyOg, . (Bi-
2212 material has revealed a number of temperature-dependent structural changes coinciding with changes in
the measured physical properties. Changes irbtagis lattice parameter and in the period of the incommen-
surate structural modulation at 160 K coincide with a sharp internal friction peak measured by an acoustic
composite bar technique. Further, these changes should have an effect on angle-resolved photoemission studies
and may provide an alternative explanation for recent results which cite a pseudogap explanation. Below 40 K,
the changes correlate with single-crystal neutron-depolarization measurements which show that flux pinning
appears. These results also seem to indicate a differential expansion between thagd@iks@alt sublattice and
the CaCuyO; perovskite-like sublattice over a broad temperature range. We suggest that the cause of the
observed modulation in the Bi-2212 structure is not due to extra oxygen atoms binding onto the Bi atoms but
is more likely simply the mismatch of the two sublatticE80163-18207)07921-9

INTRODUCTION modulation based on a model with the four-dimensional
space groulN Bbmb111 or noncentrosymmetric equiva-
After Maeda discovered the bismuth-based high- lent N Bb2b/111. Here, a scattering vectd for a reflec-
temperature superconducting family of materials, a greafion is defined by
deal of effort has been devoted to determining the exact crys-
tallographic structure of these ceramic compounds, and, in Q=ha* +kb* +Ic* + mg*,
particular, the compound B$r,CaCyOg,, (Bi-2212). Un-
fortunately, a great deal of the published work has beenvhereg* ~0.21b* is the wave vector of the modulation rep-
based on data from inferior quality material, leading to aresenting a periodic distortion over4.75 unit cells andn is
number of controversies. the index of satellite reflections. Structure factor calculations
There are three main areas of interest in the crystalloinclude the extra information of a modulation wave ex-
graphic structure of Bi-2212(1) the average structur¢?) pressed as a sum of harmonic componedtbeing the sum
the cause of the observed structural modulation, @hdhe  of sine and cosine terms representing the phase and ampli-
oxygen positions and their role ifl) and (2) above. This tude of the modulation for each atom.
paper is concerned directly with the second point but has Zanderbergeret al* proposed a number of models for
implications in terms of the other two. the cause of the structural modulation and attempted to use
Using electron-diffraction, x-ray-diffraction, and neutron these models to interpret their experimental x-ray-diffraction
powder diffraction techniques, many worker® have deter- results. These models proposed that the modulation was
mined that the average structure of Bi-2212 is layered Bi-Ocaused by1) extra oxygen(2) strontium vacancies3) par-
Sr-O, and Cu-O sheets separated with Ca and that these laljal substitution Bi by Cu and Sr by Bi4) change in the
ers are distorted by an incommensurate modulation. There @rientation of the Bi lone pairs, an@) a combination of1)
also evidence for inherent instability in the growth of this and(3). They concluded that the most likely model w&s
material and difficulty in obtaining single-phase material,ruling out the possibility of a mismatch of the Bi-O layer
e.g., Funget al,** who saw antiphase domains in thandb  with the perovskite Cu-O layers as this would imply that the
directions. TI-2212 compounds should have a larger modulation due to
Yamamotoet all? and Gacet al!® performed a full four-  the ionic radius of Tl being smaller than that of Bi. However,
dimensional analysis using both neutron powder diffraction_e Pageet al® proposed that extra oxygen causes the modu-
and single-crystal x-ray diffraction to determine the presenthylation based on isostructural work with ;85r;qF€,¢Oge
accepted average crystal structure and amplitudes of thehich has a commensurate modulation of 5 times the unit
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cell compared with~4.75 for the incommensurate Bi-2212  We are able to further extend our knowledge in relation to
structure. Goodmaet al,'® Zhang and Satd’ Levinet al,'®  the controversies surrounding the inherent crystallographic
and Walkeret al!® also concluded that extra oxygen is the structural properties of this material given that we have ac-
cause of the modulation. Finally, Calestatial?® analyzed cess to high-quality Bi-2212 materfa®® of both large

their single-crystal x-ray-diffraction data using a large com-single crystalline and polycrystalline nature and that we have
mensurate unit-cell approximatio® times theb axis) for ~ undertaken neutron-diffraction studies. We consider the un-
the modulated cell and ®nnn space group to refine the Certainties to arise mostly from using samples of lower qual-
structure. Even though there were large cross correlations ity indicated by extra phases in published powder pattern fits,
the refined parameters, thefactor of 7.1% suggested a re- high Rw in refinements and diffuse features around main

liable model. They did not find extra oxygen and concludeddiffre.mion peaks, an_d from processing variations. .Ol.” high—
that the cause of the modulation was a mismatch between t uality samples confirm that the average structure is identical

perovskite block and the stereochemical requirements of thé\)/ thhat prer:/ lously ddetekrmmed by the maj((j)nty 0; auth%?rj.
Bi in the Bi-O layers., e have then undertaken a temperature-dependent study us-

T ing neutron powder diffraction to try to resolve the cause of
One way to distinguish between these two models, for th 9 P y

£ th i . look h Iati ~the crystallographic structural modulation in Bi-2212 and to
cause of the modulation, is to look at the modulation period;oejate possible linkages between the structural changes

as a function of temperature. If the modulation is caused bynq the superconducting characteristics of the Bi-2212 mate-
oxygen substitution, the period should remain relatively conyig).

stant over a wide range of temperatures as the oxygen atoms
are at fixed positions in the sublattice and thus do not allow
the period of modulation to change even while the lattice is EXPERIMENT

egpanding or contracting. Alternativgly, if it i.s caused by a The Bi-2212 samples were cleaved from polycrystalline
mlsmatgh between the mhgrent lattice spacing of the CU'Oas-grown” rods which had been prepared by the floating
perovskite block and the Bi-O layers then there could be ggpe methodGu et al2%) and lightly powdered to minimize
difference in the lattice expansion characteristics of the tWQefects. The cleaved samples were similar to those used by
interpenetrating lattices. This alternative would show up as @ndersonet al! in their acoustic vibration studies. The su-
change in the period of the modulation as a function of temperconducting transition temperature of the samples was
perature as the period of the modulation is not fixed at sitesound to have a 91-K onset with a sharp 2-K width. Single-
along the lattice. This change could appear as fluctuations iorystal neutron-diffraction measurements from crystals
the lattice parameter characteristics such as discontinuouseaved from rods of the same batch showed that the material
jumps in the modulation period which would occur as theis of exceptional quality with few defects as measured by
differential lattice expansion causes atoms in the lattice taliffuse neutron scattering at forbidden reflection positions
move from energetically unfavorable positions. determined from thé&l Bbmb/111 space group’2°
Takenakaet al** were one of the first groups to look for ~ The powdered sample was measured at the HIFAR facil-
a correlation between the lattice structure ahdusing a ity at Lucas Heights(Australig using the MRPD neutron
single-crystal x-ray-diffraction data. They found no signifi- diffractometer. Temperature measurements were obtained by
cant anomalous features over the temperature range 10—3@tacing the sample in a Heliplex cryorefrigerator which was
K and concluded that the superstructure or modulation is naget at various temperatures with an errordf K between 10
directly associated with superconductivity. Yasigal??also  and 320 K. Powder diffraction patterns were taken at a wave-
using single-crystal x-ray-diffraction data saw a small kink atlength 1.317€1) A at intervals of 0.1° for the & range
T, in the length of thec axis but not in thea andb axes. 4-102°. The combination of acicular and platelike shapes of
They also observed a negative thermal expansion coefficiethe crystallites resulted in a strong preferred orientation in
below 50 K for all the axis parameters and an aging effect onthe powdered sample. To minimize the effects of this pre-
recycling to low temperatures. However, their results wereferred orientation the sample was rotated through 18Q8 in
not interpreted in terms of superconducting propertiesfor each step in &
Johnsoret al?® undertook a study of the temperature depen- The temperature measurements were repeated to ensure
dence of x-ray diffraction from a single crystal with particu- reproducibility of the data and detect any irreversible
lar emphasis on the region around (@0 20)reflection, in  changes.
order to confirm another stutfywhich showed a crystallo- The analysis was performed using a modified Rietveld
graphic structural change aroufid. Their study showed no analysis program written by Yamamott al!? which in-
lattice constant or reflection intensity anomaliesTatbut  cludes the structure factor calculations from the modulated
they noted that the-axis satellite intensities did show some atom positiongas discussed aboyvand periodic vacancies
unexplained thermal dependence belbw Shiet al?®>saw  or inclusions. Instrument parameters such as neutron wave-
splitting of thea- andb-axis parameters on a twinned crystal length and peak widths were determined by refinement of the
for two narrow temperature ranges around 156 and 220 K imlata from a standard rutil@i-O) sample, and were not var-
a study over the range 77—-300 K using x-ray diffraction.ied in the refinement. Up to 60 refinement parameters were
They concluded that this structural transformation confirmsallowed to vary including atom positions, first- and second-
observations of internal friction and positron annihilation. order atom modulation displacements, and isotropic thermal
They claim also to have observed a broadening of thearameters. In particular, the lattice parametets, andc as
(0 4 0) peak at 91 K indicating a structural changeTat, ~ well as the modulation vecta* were refined along with an
but no quantitative analysis was undertaken. estimate of their respective errors.
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FIG. 1. An example of the fit of the data using four-dimensional Rietveld refinement as a functieh Bfie data(+) and refined fit
(solid line) are on top with the difference between the data and fit below. The vertical markers indicate the positions of the main reflections,
first- and second-order satellites, respectively.

RESULTS AND DISCUSSION sentation of the reciprocal space modulation veopr
; ; ; £0,21b*. There is a pronounced peak in the modulation at
Figure 1 is an example after analysis of the observed an -
calculated intensities and has a weightRdvalue R,) g;e 160 K structural change as well as minima-&20 K
=4.5%, which is typical of the refinements performed atandNTC' The temperature of the dip at 220 K was found to
B : o vary with thermal history from between 220 and 260 K. This
each temperafure. Thia factor_ Obta!ned is similar to that variation is consistent with reports of a broad feature seen in
obtained for the standard rutile (TiDsample under the 5qqstic studiedl or, in some cases, a dip found in resistiv-
same conditions in line with the resolution of the instrument;jy, measurement® and which can be ascribed to structural
First- and second-order satellites were included in the refinesgjystments. Another interesting feature of the data is the
ment and the results are consistent with analysis of singlechange in slope at40 K where we have identified a sharp
crystal neutron-diffraction data which were collected at roomchange in the flux lattice relaxation rates using neutron
temperature. The positions of the main reflections and oflepolarizatior’> The flux lattice is found to change from a
first- and second-order satellite reflections are indicated sep@iree-dimensional “solid” to a “viscous liquid” at 40 K in
rately by vertical bars below the difference plot. applied magnetic fields greater than 600 Od&s well, the
Figure 2a) shows the results for the-axis lattice param-  structural changes associated with thaxis and modulation
eter variation as a function of temperature. This curve igeriod for temperatures in the rangie<T<200 could pro-
consistent with the work of Yangt al?* The most signifi- vide an alternative explanation for recently reported results
cant features are the broad minima in the lattice parametdrom angle-resolved photoemission studiéSRPES by
observed below-90 K and around 220 K. Ding et al3® where it is claimed that a pseudogap exists.
Figure Zb) shows thec-axis lattice parameter variation, In a recent study Kambet al3® compared the valence of
again the curve is consistent with the work of Yagigal>?>  the Bi ions, extra oxygen and the modulation period at room
with a broad minimum below-50 K. A small discontinuity temperature in an attempt to understand the cause of the
at the temperature of 160 K is also evident. A similar point ismodulation. They did this by substituting Pb for Bi, La for
also evident in Yang's data but not commented upon. Sr, and Y for Ca. This indirectly changes the oxygen content
Figure Zc) shows theb-axis lattice parameter variation and the Bi valence by changing the valence of the cations,
with temperature. There is a pronounced dip at 160 K whichrather than directly varying the oxygen by annealing at high
is consistent with the acoustic measurements of Andersotemperatures. They observed an affect on the modulation pe-
et al. 3! Further, a broader thermal history-dependent changeod and related it to the oxygen content, thus concluding that
was observed between 220 and 260 K for this axis. Thishe modulation was caused by the insertion of extra oxygen
latter observation seems to indicate a slow diffusion of oxy-atoms in the Bi-O lattice. However, by changing the perov-
gen atoms and is also consistent with the acoustic data wheskite layer with the insertion of yttrium, and the rocksalt
sample and thermal history dependence play an importaayer with insertion of Pb and La they were also varying the
role in any measurements in this temperature region. inherent relative lattice parameters of these two layers and
Figure 3 shows a plot of the modulation period, in num-thus affecting the mismatch between these two sublattices.
bers of unit cells, along thb axis. This a real-space repre- Their dismissal of the mismatch between these layers as a
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FIG. 2. Variation of thea-, b-, andc-axis lattice parameters as a function of temperature.araeis andc-axis lattice parameters show

a broad minimum around 50 K. THeaxis lattice parameter shows a sharp minimum at 160 K in agreement with acoustic measurements.

possible cause of the modulation is open to question. rough linear correlation between the modulation vector and
Our samples are oxygen deficien=£0.0) with aT, of = oxygen content. Our results do not confirm this correlation.

91 K, whereas most other reports studying this structure have The mismatch between the Bi-O rocksalt lattice and the
used oxygen excess samples-(0.2) with aT. of ~84 K.  Cu-O perovskite lattice can be readily seen in the paper by
As both sets of samples have a periodef.7%, we submit  Shi et al?® where they show splitting of thg400)/(040)re-

that the extra oxygen cannot be the cause of the modulatioffiection from a poor sample with structural changes evident
In the results of Kambet al, where the modulation period at temperatures-220 and 156 K in a & scan.

was determined by looking at one peak rather than refine- This mismatch between the Bi-O and Cu-O sublattices
ment of a large number of peaks as in our case, they saw @auses the Bi-O layers to buckle up in order to relieve the
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L7 which show up as changes in the modulation period.

This interpretation also explains most of the sample-
dependent results that have been previously reported in the
literature. With excess oxygen, especially after annealing,
the periodic defects caused by the mismatch are filled with
4.72 oxygen. This produces extra stresses on the lattice and the
system then relies on oxygen diffusion to relieve this stress
and return to equilibrium. This results in sample and thermal
history-dependent data, especially for acoustic measure-
ments. The as-grown, oxygen-deficient samples are more
470 able to relieve stress with a change in the modulation period
as the temperature changes, which results from mismatch
| x\\ changegbetween the layefdue to differential thermal ex-

Modulation period

pansion of the Bi-O and Cu-O sublattices.

4.68 — CONCLUSION

We have used neutron powder diffraction to investigate
temperature-dependent changes in the modulation in the Bi-
2212 system. We have found anomalies at certain tempera-
466 : | : | , tures where subtle structural changes occur especially at 160

0 100 200 300 K and between 220 and 260 K, coinciding with acoustic
Temperature (K) observations, the pseudogap region abdve found in
ARPES, and a<40 K, coinciding with polarized neutron
FIG. 3. The refined incommensurate modulation period alon%rg\?va;:[ggnevr\]}: gTsTeC(r)?l\;?(;zlrbltlrlwtgt“tnh?slne\?ilcrjrglr?crems;ienrtlgl t?)t-

the b axis as a function of temperature. A pronounced peak is cleal . .
P P P wards a possible model for the cause of the modulation that

at 160 K in agreement with acoustic measurements as well a - ; i
minima at~220 K and~100 K. There is also a change of slope INvolves a mismatch between the Bi-O and Cu-O sublattices.
below 40 K. Further work® is being undertaken on changes in atom

positions as a function of temperature and the structural

stress. As a consequence, defects occur which may be pacrr_langes detected will be reported.

tially filled with extra oxygen. As the temperature changes,
the differential expansion causes the mismatch to change the
period slightly, especially where the defects have not been We would like to acknowledge the support of the Austra-
filled with extra oxygen. This explains our results with the lian Institute of Nuclear Science and Engineering for this
structural changes being inherent with the mismatch changgsoject.
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