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Bi> 2Sr; §CaCuy0g, . single crystals

N D Zhigadlo

Institute of Physics of Solids and Semicc-onductors, Byelorussian Academy of Sciences,
Prospekt Brovki 17, Minsk 220072, Belarus

Received 17 November 1993, in final form 24 May 1994

Abstract. High-resolution x-ray diffraction measurements have been performed on single-crystal

samples of Biz3Sr;3CaCuyOg,, at 300 K. It was shown that the symmetry of crystals is

Tower than osthorhombic. In the vicinity of the odd 00 (! = 2n + 1) reciprocal-lattice points,

incommensurate satellites corresponding to a modulation wavevector g = —0.0215* 4- 0.01¢*

with strong asymmetry of superlattice intensities were observed. Asymmetrical arrangements

of incommensurate 8§ peaks with the modulation wavevectors g = —0.225b* 4+ 0.061c* and
= 0.1935" - 0.078¢"™ were also observed. The results obtained are discussed.

1. Infroduction

Since superconductivity with a high critical temperature T; was found in the Bi-Sr-Ca—
Cu-0 system, this system has been extensively investigated. Bi-based high-temperature
soperconducting phases, represented by BizSiaCap_1Cu,Oz,14, 2 = 1, 2, 3 and written
as 2:2:0:1, 2:2:1:2 and 2:2:2:3, are the first three members of the structural series [1-
3]. The ‘middle’ member of this family, BiySraCaCusOsg,y, (the 2:2:1:2 phase), is the
most familiar. BizSraCuOg attracts less inferest because of its low critical temperature
and BizSrCa;CusOyp cannot be prepared so easily as a single-phase sample. These
superconducting phases are characterized by complex layered structures which differ in
the stacking sequence of pemvskite and rocksalt layers along the crystallographic ¢ axis.
The high critical temperature T, of these three phases increases with increasing n. It is
believed that all these phases have orthorhombic unit cells with parameters ¢ = 5.41 A,
b=2543 A and ¢ ~ 24 A, 30 A and 36 A, respectively. These phases are modulated
structures.

Several electron diffraction, x-ray and high-resolution electron microscopy (HREM)
studies have shown that incommensurate modulation in the 2:2:1:2 phase can be described
by the wavevector g = 0.216* 4 ¢* [4-9]. The point group of the average structure is
mmm [10]. Its Bravais class is Lc”"’“Tl (No 1-14) {11, 12] and superspace group is N3 Bb”'b
(No 66a) [10,12,13]. The superstructure appears to be predominantly localized fo the B1—O
planes, in which significant atomic displacements have been observed, as well as a buckling
of the Cu—-O planes [9]. Such results suggest that the incommensurate structure may be
of relevance to the superconducting properties of these materials. Several models for the
modulation have been proposed [9]. However, the origin of the incommensurate structure
is still unclear. There are experimental data which cannot be explained by the proposed
models. For example, Kang ez al [14, 15] found in their experiments that the 2.2:1:2 phase in
the [001] and [100] poles presents several types of electron diffraction pattern. It is difficult
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to say whether these modulations belong to a modification of this phase or correspond to
various modifications of the 2:2:1:2 phase. Because of the presence of a large amount of
false spots and also non-clear-cut indexing the solving of the above-mentioned problem is
quite difficult. X-ray diffraction has the advantage over electron techniques, allowing much
more detailed (i.e. a higher 628 resolution) study of the incommensurate satellites including
information about their relative intensities. In this paper the results of high-resolution x-ray
diffraction studies on the BizSr ¢CaCuyOsy., single crystals are presented.

2. Experimental details

Single crystals were grown by heating mixtures of the Bi, Sr, Ca and Cu oxides and
carbonates in appropriate ratios to 880°C over 7 h, holding at 880°C for 1.5 h, cooling
to 860°C and holding for 24 h. Then the furnace was cooled to room temperature.
The selected single crystals were found to be superconductors with T, = 85 K. Such
crystals were investigated by x-ray speciral microanalysis which indicated the composition
Bis 5Sry 3CaCuyQg.,. Least-squares refinement gave lattice parameters of @ >~ b = 5.40 A
and ¢ = 30, 87 A at room temperature, in good agreement with previous results [4,7, 8, 16].
X-ray diffraction studies were performed on DRON-4-07 and Siemens (D-500)
diffractometers using Cu Ko radiation, a flat quartz (1011) monochromator and 0.05 and
0.1 mm entrance slits. The scanning step was 0.001°. The beam spread in the scattering
plane was 0.05° or less of the full width at half-maximum (FWHM). The single-crystal
samples used had the dimensions 1.5 mm x 1.3 mm x 0.3 mm and (001} as the normal
face. The sample was aligned with the diffractometer with its b* and ¢* directions in
the horizontal scattering plane. All measurements were performed in the Bragg reflection
geometry. The experimental data were processed by means of the SURFER program [17].

3. Results and discussion

The high quality of the samples and the method applied made it possible to carry out
measurements in the 26 angle range 100-150°, The results of the x-ray diffraction analysis
of the Biz2S1;,gCaCu;04.—; single crystals along the [001] direction showed the existence
of even reflections belonging to the 2:2:1:2 phase and two weak 00.33 and 00.35 reflections
(figure 1). When determining the cross sections around the odd nodes of the reciprocal lattice
with I = 2n+1, extra reflections were observed. Figure 2 shows two- and three-dimensional
isometric presentations of the 00.35 reflection of the Biz 25r1.8CaCus Oz, single crystals. A
similar pattern would be found around most of the odd 001 nodes of the reciprocal Iattice.
The extra reflections labelled F in figure 2 are not on nodes of the reciprocal lattice. It is
possible to observe them if the scanning is performed along ¢}, but not along ¢* (figure 3).
Therefore they cannot be considered as forbidden reflections. Sometimes odd reflections can
be observed simultaneously with the even reflections, if the studies of the even refiections
along [001] are carried out without a monochromator, using wide entrance slits and poor
alignment of the crystal, which may unavoidably lead to incorrect experimental results and
conclusions. The wavevector g is associated with the superlattice peak F:

g = pb" +yc*

where § = —0.021+0.005 and y = 0.01640.001. The asymmetrical intensity distribution
near the F reflection and its mirror image across the (010)* plane (figure 2) remain puzzling.



X-ray diffraction study of Biz > Sr; g CaCitz Os4x 8971

A possible explanation for this ‘selective extinction’ of the satellites was proposed by
Khasanov and Zaretskii [18, 19]. The well known incommensurate satellites 5S¢ and S, were
also observed. S peaks are slightly asymmetrical with respect to the [001] direction. In
addition, they are displaced from the [035 0] line with asymmetry which is more pronounced
than in the previous case (figure 4). Similar phenomena for the Bi-based superconductors
were observed by other investigators [20,21] and they were sometimes referred to as
‘orientation and spacing anomalies’ [20]. The wavevectors ¢, and q» are related to these
S peaks:

qr= /b + ne G2 = B2b" + yac*
where 8; = (—0.225 % 0.005), y1 = (0.061-=+ 0.001), B, = (0.193 & 0.005) and

¥2 = (0.078 £ 0.001). The average moduiation vector in the &* direction amounts to
B+ B2/2 = 0.209.
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Figure 1. X-ray diffraction pattern of the Bia2Sr; gCaCu;0gy, single erystal along [001] at
room temperature.
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Figure 2. (2) Two- and (b) three-dimensional isometric presentations of the diffracted intensity
around the reflection 00.35 of the 6*—¢* plane for the Bia 281 £CaCuz0g, » single crystal. Local
peaks labelled F and F are supposed to be satellite refections. The satellite reflections § are
well known from the literature. RLU is reciprocal-lattice reflections units.

In [8,22~24], additional reflections with odd ! were found with x-ray diffraction.
Moschkin et al [23] have found that these reflections are not really disposed strictly in
the reciprocal-lattice nodes as in our case (the satellite peaks are present in x-ray diffraction
patterns near forbidden (001) reflections with [ = 2n--1). In their case the position of these
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Figure 3. X-ray diffraction pattern of the Biz2Sr) gCaCupOgyy single crystal on scattering
along ¢* and along cf (see figure 2{a)).

] F'

! Figure 4.  Schematic representation of the
reciprocal lattice of the diffraction pattern around
the reflection (0.35 of the Biz2Sr; gCaCusCOgy
single crystal.

peaks varies from crystal to crystal, almost coinciding with the centre of the reciprocal-
lattice node. It is known [9, 14] that the basic 2:2:1:2 structure can be described by the
Bbmb space group. However, as'indicated in {25], the presence of odd reflections in the x~
ray diffraction patterns of the 2:2:1:2 phase is inconsistent with the above-mentioned space
group. On the other hand, the presence of the forbidden reflections { = 2n + 1 is quite
acceptable, if one assumes that the 2:2:1:2 phase lattice is not B centred but primitive [25],
Thus, it is highly probable that several structural modifications exist for the 2:2:1:2 phase
of the Bi-based system which, evidently, are realized depending on the particular synthesis
conditions. This result displays more complicated structural processes which take place in
the 2:2:1:2 single crystals. To elucidate the nature of these transformations, more detailed
investigations should be made. The problem of the formation of these modifications and
their identification is highly essential. Note that these modifications differ from each other
not only in structure but also in their characteristics {e.g. T, [24]).

Experimental work [26,27] and theoretical studies [28,29] have shown that the
crystal structures of superconducting materials used for most applications are indeed not
characteristic of structures in thermodynamic equilibrium, but they represent the result
of non-equilibrinm treatment during the processing of the samples. This unexpected
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complication for the structural description of high-7; superconductors is not unwelcome;
it creates the possibility of optimizing the material through changes in thermal history in
addition to purely chemical changes.

4. Conclusion

High-resolution x-ray diffraction measurements on the Bis25r; CaCusOgy, single-crystal
samples are presented. It was shown that the symmetry of crystals is lower than
orthorhombic. To determine the cross section around odd reciprocal-lattice points, the
incommensurate satellites corresponding to a modulation wavevector g = —0.0215* +
0.01¢* with strong asymmetry of superlattice intensities were observed. Asymmetrical
arrangements of the incommensurate S peaks with the modulation wavevectors g =
—0.225b* 4+ 0.061c* and g; = 0.1930* + 0.078¢* were also observed.

Acknowledgments

The author wishes to thank Professor V Sh Shekhtman, Dr V 'V Zaretskii, Dr I M Shmyt’ko
and Dr S § Khasanov for many helpful discussions and Mrs I K Bdikin and B Sh
Bagautdinov for their technical assistance. This work was part of the PhD thesis of the
author.

References

[1] Maeda H, Tanaka Y, Fukutomi M and Asano T 1988 Japan. J. Appl. Phys. 327 L1209
[2] Subramanian M A, Torardi C C, Calabrese J C, Gopalakrishnan J, Mortissey K G, Askew T R, Flippen R
B, Chowdhry V and Sleight A W 1988 Science 239 1015
[3] Tallon J L, Buckley R G, Gilberd P W, Presland M R, Brown I W M, Bowden M E, Christian L A and
Goguel R 1988 Nosure 333 153 i
[4] Fischer J E, Heiney P A, Davies P K and Vaknin D 1989 Phys. Rev. B 39 2752
[5] Albouy P A, Moret R, Potel M, Gougeon P, Padiou J, Levet J C and Noel H 1988 J. Physigue 49 1987
[6] Namgung C, Irvine J T S, Lachowski E E and West A R 1989 Supercond. Sci. Technol. 2 140
(7] Patterson C, Hatton P D, Nelmes R J, Chu X, Yan Y F and Zhao Z X 1990 Supercond. S¢i. Technol, 3 297
[8] Bdikin I K, Dorokhova N A, Lenchinenko D Ya, Kulakov M P, Shekhtman V Sh and Shmyt'ko 1 M 1992
Physica C 196 191 :
{91 Gao Y, Coppens P, Subramanian M A and Sleight A W 1988 Science 241 954
[10] Withers R L, Thompson J§ G, Wallenberg L R, FitzGerald J D, Andersor J S and Hyde B G 1988 J. Phys.
C: Solid State Phys. 21 6067
[11] Janner A, Janssen T and de Wollf P M 1983 Acta Crystallogr. A 39 658
[12] LiJQ,ChenC, Yang D Y,LiFH, Yao Y 8, Ran Z Y, Wang W K and Zhao Z X 1939 Z Phys. B 74 165
[13] De Wolff P M, Janssen T and Janner A 1981 Acta Crystallogr. A 37 625
[14] Kang Z C, Morin D, Pierre L, Monnereau O and Boulestleix C 1989 Phys. Stams Solidi a 113 23
[15] Kang Z C, Monnereau O, Remy F, Spaks S, Casalot A, Sorbier J P, Fournel A and Boulesteix C 1989 J.
Physique 50 1227 ’ '
f16] Zhigadlo N D 1993 Phase Trans. 43 167
{17] Boiko B B, Zhigadlo N D, Zaretskii V V and Kosmyna M B 1991 Dokl. Akad, Nauk BSSR 35 219
(18] Khasanov O Kh and Zaretskii V V 1989 Phase Trans. 16~17 451
[19] Zaretskii V V, Melzer R and Depmeier W 1992 Ferroelectrics 128 131
[20] Zandbergen H W, Groen P, Tendeloo G, Landuyt J and Amelinckx S 1988 Solid State Commun. 46 397
[2i] Chen C, Li J Q, Yao Y §, Huang X M, Zhao Z X and Wang W K 1988 Solid State Commun. 68 749
[22} Takenaka H, Kamigaki K, Terauchi H and Katsui A 1989 J. Phys. Soc. Japan 58 775



23]

[24]
(23]
[26]

[27]
[28]
f29]

X-ray diffraction study of Biy »5r; g CaCuz Og., 8975

Moschkin S V, Viasov M Yu, Kuzmina M A, Vivenke O F, Kaminskaja T N, Golubev I V, Frank-
Kamenetzkaja O V, Nesterov A R and Efimova E F 1991 Supercond. Phys. Chem. Tech. 4 1017

Zavaritsky N V, Samoilov A V and Yurgens A A 1991 Physica C 180 417

Eibl O 1990 Physica C 168 215

Zhang T X, Lin G M, Zeng W G, Liang K F, Lin Z C, Siv G G, Stokes M J and Fung P C W 19590
Supercond. Sci. Technol. 3 113

Zhigadlo N D and Zaretskii V 'V 1989 JETP Lett, 49 572

Salje E 1989 Phil. Mag. Letr. 59 219

Salje E and Parlinski K 1991 Supercond. Sci. Techmol, 4 93



