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tion from extended-face crystals containing defects, 
strain and compositional variations. The most prac- 
tical application of the equations is to supplement 
the results of kinematical calculations near the Bragg 
angle. 
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Abstract 

Seven specimens of Bi2Sr2(Cam_ xPrx)Cu208, ~ ceram- 
ics in the concentration range 0 < x < 0.64 have been 
prepared by solid-state reaction. The sample with x 
= 0.16 was examined in detail by means of electron 
diffraction and an intensity distribution of lattice 
reflections in reciprocal space was constructed on the 
basis of the experimental results. The intensity distri- 
bution is consistent with a calculation using a long- 
period modulated-structure (LPMS) model. This 
model with b = 37bo takes the (3,1)5 mode of lattice 
modulation having the modulation period 2.31b0 
(1.25 nm). The period is defined as the reciprocal of 
the wave number of a satellite reflection. The speci- 
mens with other concentrations also showed an 
intensity distribution of lattice reflections similar to 
that of x = 0.16. On the basis of the above results, 
lattice modulation periods have been examined for 
all the prepared specimens. The period decreases 
roughly from - 1.28 to - 1.15 nm with increasing 
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concentration x. Seven modulation modes of the 
lattice have been determined by high-resolution 
observation; the modulation period of the LPMS 
model with each modulation mode is also nearly 
equal to the measured period. 

1. Introduction 

The superconducting ceramic Bi2Sr2CaCu2Os)~ has 
large lattice modulations along the b and c axes. Its 
basic structure is of the Bi4Ti30,2 type with repeat bo 
(Fig. 1), having an orthorhombic lattice of unit-cell 
dimensions a = ao, b = bo and c = co (ao --- b o -  0.54 
and Co = 3 nm). The lattice constants are taken as ao 
= 2~/2a,, bo = 21/2at and Co = 2ct, where at and ct rep- 
resent the values of the Bi4Ti30~2-type structure. 

The modulated structure has been intensively 
investigated by electron diffraction and high- 
resolution electron microscopy by Shaw, Shivashan- 
kar, La Placa, Cuomo, McGuire, Roy, Kelleher & 
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Yee (1988), who first found the existence of the 
striking lattice modulations in the crystal, which lead 
to a large decay in the intensities of superlattice 
reflections. Matsui, Maeda, Tanaka & Horiuchi 
(1988) have observed in a [100] high-resolution image 
a strong contraction and a compensating expansion 
of lattice spacing, which result in fluctuations of the 
spacings c0/4 and 2.5bo. A structural model of b-- 
5h0 constructed by Hirotsu, Tomioka, Ohkubo, 
Yamamoto, Nakamura, Nagakura, Komatsu & 
Matsushita (1988) according to contrast modulations 
of [100] and [010] high-resolution images and 
electron-diffraction experiments allows recognition 
of a large decay in the intensity of the superlattice 
reflection comparable with observation. In addition 
to the above contrast modulations, a one-dimen- 
sional contrast modulation along the b axis has been 
observed in a [001] high-resolution image (Hewat, 
Bordet, Capponi, Chaillout, Hodeau & Marezio, 
1988). 

With increasing substitution of yttrium for calcium 
in the superconducting ceramic, the period of lattice 
modulation along the b axis decreases, the decrease 
in period being attributed to an increase of the 
mixing ratio of domains of period 4b0 rather than 5b0 
with domains of period 4.5b0 in a LPMS model 
(Onozuka, Iwabuchi, Fukase, Sato & Mitchell, 
1991). Furthermore, the mixing mode of the two 
domains (lattice-modulation mode) has been recog- 
nized from photometric measurements of the density 
distribution of the one-dimensional contrast modula- 
tion (Onozuka, 1993). 

Intensive studies of the superconducting ceramic 
with x = 0 have also been conducted by X-ray 
and neutron diffraction, the data being analysed 
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Fig. 1. Basic structure of the modulated structure of the Bi:- 

Sr2(Ca, ,Prx)Cu2Os, ~ substitutional system: (a) [001] projec- 
tion, showing the arrangement of a square mesh of metal atoms, 
(a,,/2) × (bo/2); (b) [100] projection. The grey circles represent 
Bi atoms. The large, medium and small open circles represent 
Sr, Ca/Pr and Cu atoms, respectively, and P and DL indicate 
perovskite-type structure and bismuth double layers, respec- 
tively. O atoms are not shown. 

by a method for the refinement of the modulated 
structure of the ceramic (Gao, Coppens, Cox 
& Moodenbaugh, 1993; Yamamoto, Onoda, 
Takayama-Muromachi, Izumi, lshigaki & Asano, 
1990). This analytical method is based on the 
assumption that the periodicity of the modulation 
wave is an irrational multiple of the basic lattice 
repeats of the crystal (intrinsically incommensurate 
modulation). 

In this study, we start from the different stand- 
point that it is possible to detect the modulated 
structure of the Bi2Sr2(Cal .,-Pr0Cu20~+~ system as 
a commensurate one using current experimental 
techniques. This is based on experimental findings 
proving the existence of long-period units in the 
crystal (Onozuka et al., 1991; Onozuka, 1993). The 
purpose of the present work is to verify whether 
the intensity distribution of lattice reflections and 
the lattice-modulation mode of Bi2Sr2(Cal-xPr,-)- 
Cu2Os, ~ ceramics agree with the LPMS model. 

2. Experimental 

Specimens were prepared by solid-state reaction 
from mixtures of Bi203, SrCO3, CaCO3, Pr60~ and 
CuO powders, which had metal-atom compositions 
BiSr2(Caj-,Pr.0Cu2 with x = 0.08n (n = 0, 1, 2, 4, 6, 
7 and 8). Each initial mixture was carefully ground 
for about 2 h in a mortar. Then the mixtures were 
prefired at 1123 K in air for about 12 h. The heating 
rate from 1023 to 1123 K was 10 K h-I .  The prefired 
mixtures were again ground for about 1 h and then 
heated again at 1123 and 723 K in air for about 50 
and about 5 h, respectively. X-ray powder diffrac- 
tometry of the specimens was carried out using 
Philips 1700 X-ray apparatus with Cu Ka radiation. 
X-ray patterns of the specimens with x = 0.0, 0.08, 
0.16.0.32 and 0.48 showed the existence of a single- 
phase Bi4Ti3012-type structure, but the specimens 
with x = 0.56 and 0.64 showed weak peaks of an 
impurity phase whose characterization has not been 
carried out in this study. 

Electron-diffraction experiments were carried out 
on specimens prepared by ion-milling and crushing 
methods using electron microscopes equipped with 
top- and side-entry stages (JEM-200CX and JEM- 
2000EX). A selected aperture of 20 ~ m was adopted, 
corresponding to a hole on the image plate about 
0.3 ~m in diameter. Wave numbers q of the superlat- 
tice reflection, whose reciprocal defines the lattice- 
modulation period, were obtained from electron- 
diffraction patterns with [001] incidence magnified 15 
times. Observation of the [001] high-resolution 
images was carried out on cleaved (001) surfaces with 
a wide field of homogeneous thickness, using a 
200kV electron microscope (JEM-200CX, C.,. = 
0.8mm). The specimen was easily prepared by 
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crushing, since the layered compound Bi2- 
Sr2(Ca~-xPrx)Cu208+8 cleaves on a (001) crystal 
plane. Because of the need for high contrast in the 
one-dimensional modulations, rather thick fields of 
the specimens were selected (Onozuka, 1993). About  
six images per field were taken at defocus intervals of 
5 nm around the Scherzer defocus value ( f =  
- 5 0  nm) with an exposure time of 2.8 or 4 s and a 
magnification of 5 × 105. 

Photometric density distributions of one- 
dimensional contrast modulation were directly 
recorded from negative films of the [001] images 
using a microphotometer (Sakura, densitometer 
TDM5). An illumination slit of 15 x 1100 Ixm in size 
was scanned on the film along the b axis at a 
scanning speed of 0.14 mm min -1. The slit dimen- 
sions correspond to an area of 0.03 × 2.2 nm [(b0/18) 
× 4a0] on the image. 

3. Results 

3.1. Electron diffraction 

The electron-diffraction patterns of Fig. 2 are 
from the same area of the specimen at different tilt 
angles around the c axis. The streaks along the c* 
axis observed in them are attributed to the existence 
of local disorder in the (001) stacking sequence in the 
crystal. Similar streaks are also observed in Fig. 3(a). 
The patterns in Figs. 3(b) and (c) are cross sections 
perpendicular to the patterns in Figs. 2 and 3(a). 
Points B, C, D and F in Fig. 3(c) are equivalent to 

the points intersected by the line h = 1 on the lines 
OB', OC', OD" and OE', respectively, in Fig. 2(e) [i.e. 
point F in Fig. 3(c) is equivalent to point E in Fig. 
3(b)]. The intensities of reflection spots A and E in 
Fig. 3(b) and of spots B and D in Fig. 3(c) are caused 
by streaks: a fine streak crosses at points correspond- 
ing to these spots in the patterns shown in Figs. 2(a), 
3(a), 2(b) and 2(d), respectively. 

In addition, spots B and D in Fig. 3(c) are caused 
by dynamical effects that can, for example, occur 
between the 040, 0 ,4-2A,0,  1,3+2A,0 and 130 
reflections. A rather strong intensity is observed for 
spot C" in Fig. 2(c). This strong intensity is presu- 
mably caused by large dynamical effects between 
neighbouring reflections along the c* axis, since the 
point C" is equivalent to point C in Fig. 3(c) and the 
weak intensity of the reflection spot C may be the 
result of both small dynamical effects and a weak 
streak crossing at the point C along the c* axis. 
Besides the above reflection spots, very weak reflec- 
tion spots G and I are observed in Fig. 3(c). 

Even when the concentration x was changed, pat- 
terns similar to those of Figs. 2(a) and 3(b) were 
obtained but the position of the superlattice reflec- 
tion spot was shifted slightly along the b* axis. The 
intensity distribution of lattice reflections, shown in 
Fig. 4, was constructed on the basis of the results of 
Figs. 2 and 3. Very weak reflections [e.g. the spots G 
and I in Fig. 3(c)] are not shown. The HKL indices 
take into consideration the formation of a modulated 
structure with b = 9bo in this substitutional system. 
Reflections are also indexed in Fig. 5(c). 
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Fig. 2. Electron diffraction patterns (x = 0.16) and calculations o f  reflection intensities: (a) [100] pattern; (b), (c) and (d) patterns on 
reciprocal cross sections including the c* axis and the broken lines OB', OC" and OD' in (e), respectively; (e) illustration of  a [001] 
pat tern (Fig. 3b). Relative intensities I > 100, II > 50, III > 20, IV > 5 and V > 1 are normalized with the intensity of  the transmitted 
beam, Io = 1000. The hkl indexes are based on the basic lattice. 
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The shift of superlattice reflection spots by chang- 
ing of the concentration x is shown by the increase of 
the separation between the weak reflection spots M 

and N in Fig. 5. The concentration dependence of 
the wave number q (=  2zl) is examined on the speci- 
mens. Then, wave numbers q are derived by meas- 
uring the distances between the 0 ,_  (2 + 2A),0 and 
0,_+ ( 2 -  2A),0 reflection soots with accuracy hi~her 
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Fig. 3. Electron diffraction patterns (x = 0.16) and calculation of  ~ o  
reflection intensities: (a) [010] incidence, (b) [001] incidence, (c) 
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intensities in (a) and (b) are shown in the same way as those of  × 
Fig. 2 and those of  (c) on a logarithmic scale. The hkl indices O" 
are based on the basic lattice. 
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Fig. 4. Intensity distribution of  lattice reflections. Open circles 
represent fundamental reflection spots and solid ones superlat- 
tice reflection spots. The HKL indices are based on the lattice of  
unit-cell dimensions a = ao, b = 9bo and c = Co. 
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Fig. 5. Electron diffraction patterns between the 020 and 040 
reflections: (a) q = 0.432b0" (x = 0.08), (b) q = 0.457bo* (x = 0.56) 
and (c) schematic drawing of  (a) and (b) at double the scale 
along the b axis. The solid circles represent superlattice reflec- 
tion spots. The spots shift in the directions of  the arrows with x 
within these ranges with the ends at both sides of each spot. The 
numeral under the spot is the K index based on the lattice of  
unit-cell dimensions a = ao, b = %0 and c = Co. 
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Fig. 7. (a) [001] high-resolution image of the structure of  q = 0.444bo* (x = 0.32) and its electron-diffraction pattern. (b) Enlargement of 
the rectangular part in (a) and its microphotometric density-distribution curve with the simulation on the left. The scanning zone of 
the slit of  the microphotometer  is shown by the two arrows along the b axis. 

' 4 . 5 b  o '  5 b o  v , ¢ -,- ~ ,-, ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 
/ O 

• & ' T '  . , '  ' . '  ' S '  * ' - - I  [ I 

Fig. 8. [001] high-resolution images and their microphotometric density-distribution curves: (a) q = 0.432b0" (x = 0.16), (b) q = 0.429b0" 
(x=0.08) and (c) q = 0.42tbo* (x = 0). 
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than 0.05 mm (see Fig. 2e).t This accuracy corre- 
sponds to an error range of ___0.00Ibm* (the bar in 
Fig. 6) for the measured values of q plotted in Fig. 6. 
Here, b~* represents the reciprocal of bo. 

The wave number of Fig. 6 increases roughly 
linearly and seems to show a stepwise increase with 
the increase in x: behaviour similar to the case of the 
substitutional element Y. The experimental points 
for each concentration x are, however, divided into a 
few small groups. For  example, the points on x = 
0.32 make three groups around the values 0.440b*, 
0.444b* and 0.449b*. The presence of  a group of q 
values instead of a single value may be attributed to 
the non-homogeneity of composition in specimens. 

The points in the middle group on x = 0.32 lie in 
the hypothetical error range 0.443b*-0.445b* to the 
wave number 0.444b* (4b*/9) of the 040 reflection of 
the modulated structure with b = 9 b o  described 
before. This coincidence allows one to take the 
modulated structure as one corresponding to the 

t Deviation of less than 2 ° of the modulation vector from the b* 
axis was observed on electron-diffraction patterns with [001] inci- 
dence with a probability of about 1/10. A corresponding deviation 
was also observed in the [001] high-resolution image, as seen in 
Figs. 7(b) and 8(c). 

Bi2Sr2(Cal xPrx)Cu20~, ~ C E R A M I C S  

middle group of points. This structure is a basic one 
for the modulated structures of this substitutional 
system. 

3.2. High-resolution electron microscopy 

The [001] high-resolution image in Fig. 7(a) 
exhibits a one-dimensional contrast modulation with 
an approximate period 4.5bo/2 along the b axis. The 
details of the contrast modulation are observable in 
the photometric density distribution in Fig. 7(b), 
where a single maximum peak marked by an arrow 
occurs once every nine peaks (4.5bo). Short units of 
density distribution, 4.5bo(b,), have twin peaks in the 
middle and are double the approximate period of the 
contrast modulation in Fig. 7(a). This density distri- 
bution, showing repetition of the unit b,, is a basic 
one among those of the substitutional system. 

Short units of density distribution, 5bo(b2) and 
4bo(b3), appear as new periodicities in alignments of 
unit b,. The former unit is found in the photometric 
density-distribution curves of lower concentrations 
shown in Fig. 8; the latter in those of higher concen- 
trations shown in Fig. 9. Arrows on these curves 
show single maximum peaks every nine (b~), ten (b2) 

~'4.5 bo ~ ~-4-~n~ ~ T ~ ~ - -S -~  ~ ~ ~ - - ~  ~ 4  ~ • u 

~--~ T ~ ~S -~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

Fig. 9. [001] high-resolution images and their microphotometric density-distribution curves: (a) q = 0.45sb* (x = 0.54), (b) q = 0.462bo* 
(x=0.64) and (c) q = 0.47,b* (x = 0.64). 
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or eight peaks (b3) from the starting peak marked 
by an asterisk. The units b2 and b3 are located by 
a horizontal line. Typical examples of density- 
distribution units b~ and b2 or b3 are indicated by the 
letters T and S, respectively. The units b2 and b3 take 
a single maximum peak at the middle in contrast to 
the twin peaks of the unit b~. The single maximum 
peak has subpeaks on each side. 

It was shown in the previous paper (Onozuka, 
1993), focused on computer simulations, that such 
periodic alignments of unit b~, units b~ and b2 or b I 
and b3 can be described in terms of the (N~, N.)A. 
mode of lattice modulation of the LPMS model. The 
simulation has displayed a symmetrical distribution 
of peak intensities at the middle of units of 4.5bo, 5b0 
and 4bo (e.g. the inset in Fig. 7b). Here, N~ and Nn 
are taken, respectively, as the number of units b~ and 
b2 or bl and b3 included in a long-period unit in 
photometric density distributions. The subscript An 
is 5 or 4, corresponding to a unit b2 or b3 in the 
long-period unit, respectively. The photometric den- 
sity distributions of Figs. 7, 8 and 9 reveal the 
existence of the (1,0), (3,1)5, (2,1)5, (1,1)5, (3,1)4, 
(2,1)4 and (1,1)4 modes in the corresponding crystal. 
These modes are shown in Fig. 6 for each wave 
number q. 

According to the LPMS model, the wave number 
q corresponding to the (Nx, Nu)~,, mode can be 
expressed as 

q,.= [2(N, + Nu)/(4.5N, + A,,N,,)](b*), (1) 

where ,~u represents the numeral of the subscript. 
The wave numbers qc indicated by arrows in Fig. 6 
are derived by substituting in (1) the unique pair of 
Nx and Nn, and AI~ in each (N~, N~0,~,, mode. These 
wave numbers q,. are nearly equal to the average of 
the measured values in the corresponding small 
group of points. It is also noteworthy that the wave 
number q,.=0.4210b~* corresponding to the (1,1).~ 
mode is nearly equal to the X-ray datum 0.420 
(6)b* measured by Gao et al. (1993) in the single 
crystal. 

A very weak reflection intensity showing the exist- 
ence of disorder in the (001) stacking sequence [e.g. 
the spot E in Fig. 3(b)] is usually observed in the 
pattern from a specimen field including the field on 
which the high-resolution observation was per- 
formed. An example of the pattern is inset in the 
image of Fig. 7(a). Some density distributions of 
units bl, b2 and b3 in Figs. 7, 8 and 9 distort from the 
symmetrical ones. The distortion may be attributed 
to the existence of a small amount of local disorder 
in the stacking sequence or to a small inclusion in the 
crystal. This was actually observed in a [100] high- 
resolution image where the sequence of domains in 
the (1,1)5 type was interrupted locally by an inclusion 
with a sequence similar to the (2,1)5 type. 

4. Application of the L P M S  model to the modulated 
structure of the Bi2Sr2(Cal - xPrx)Cu208 + ~ system 

The LPMS model is constructed from periodic align- 
ments, along the b axis, of the regions I and II that 
have the structures with b = 4.5b0 and b = 5b0, and b 
= 4b0, respectively, shown in Fig. 10; the model has 
the (N1, Nu)A,, mode of lattice modulation. The 
lattice has unit-cell dimensions a = a0, b = Bbo and c 
= Co. Here, B is given by (4.5N~ + AuN~0 for N~ an 
even number and by 2(4.5N~ + AI~Nu) for N~ an odd 
number. The metal-atom chains along the a, b and c 
axes are modulated by waves with longitudinal and 
tranverse wave components similar to those of the 
structure model of Hirotsu et al. (1988). 

The coordinates X, Y and Z of individual metal 
atoms in the model are expressed as 

X =  Xo + aU,,{sin[(27rYo/ALB) + /3 ] -  cos (2rrZo)}, 

(2) 
Y = Yo + Uhcos (27rZo) sin [(2"rr Yo/al.B) +/3], 

(3) 
and 

Z = Zo - ~U,.sin (27rZo){1 + COS[(27rYo/,~LB) + /3]}, 

(4) 

where ALB = 4.5/B and/3 = 0 for region I and 

,6= +-(rr/9){sin[(TrYo/aum)-(Tr/2) +/3'] + 1} 

(5) 

for region II. Here, a in (2) takes the values - I and 
+1 for metal atoms on the first and second metal- 
atom layers along the a axis, respectively. The plus 
and minus signs at the start of (5) are used for the 
structures with b = 5bo and b = 4bo together with 
Au.B = 5/B and An.R = 4/B, respectively. Xo, Yo and 
Zo are the coordinates of metal atoms in an unmodu- 
lated structure of the long unit cell. U,,, Uh and U, 
represent the amplitudes of the displacement waves 
in units ao, Bbo and Co, respectively. /3' in (5) is an 
adjustable parameter to connect region I to region II 
smoothly. Then, region II serves as discommen- 
suration (secondary modulation) in region I. 

The two LPMSs in Figs. 10(a) and (b), corre- 
sponding to Figs. 8(b) and 9(b), have unit lengths b 
= 14bo and b = 13bo, respectively. In spite of their 
small difference, the two structures are formed 
around both edges of the wide concentration range 
0.08 < x < 0.64, in which several LPMSs are formed 
(Fig. 6). Here, the coordinates Xo, Y0 and Zo were 
taken according to those of the average structure 
determined by Sunshine, Siegrist, Schneemeyer, 
Murphy, Cava, Batlogg, Van Dover, Fleming, 
Glarum, Nakahara, Farrow, Krajewski, Zahurak, 
Waszczak, Marshall, Marsh, Rupp & Peck (1988). 



238 MODULATED STRUCTURES OF Bi~Sr~(Ca,_xPr0Cu:O8 ~ CERAMICS 

The amplitudes of the displacement waves were 
taken as U, × ao = 0.008, U~ × Bbo = 0.045 and (Uc 
× Co)/2 = 0.03 nm. These values were determined 

from a calculation of the intensity distribution of 
reflections consistent with the observations (Figs. 2 
and 3). The amplitudes 0.045 and 0.03 nm are com- 
parable with those, 0.044 and 0.03 nm, of the 
isostructural compound Bi,oSr~sFeloO48, which has a 
unit length b = 5b0 (Le Page, McKinnon, Tarascon 
& Barboux, 1989). 

Intensities of lattice reflections for electron diffrac- 
tion were kinematically calculated from the LPMS 
models with the lattice-modulation modes 
determined in this study. The scattering amplitudes 
for electrons of the metal atoms were approximated 
by the atomic numbers. The calculation based on the 
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Fig. 10. LPMS model: (a) and (b) are [001] projections of  metal 
atoms of  the models with the (2.1)~ and (2.1)4 modes of  lattice 
modulation, respectively, where only Bi atoms are seen. The 
rectangles show the three subunit cells, ao x 4.5b. x co (the 
crystallographic unit cell a. x % .  x col ao x 5h. x (.. and a. x 
4b,, x co. (c) [100] projections of  metal atoms in the three 
subunit cells. The large, medium, small and very small circles 
represent Bi. Sr. Ca/Pr and Cu atoms, respectively. 

LPMS model with the (3,1)5 mode (b=37bo) is 
compared with the observations in Figs. 2 and 3. For 
example, the 0(H),90(K),0(L) reflection with the 
wave number qc = 0.4324b* has an appreciable inten- 
sity of - 1 0  (Fig. 2a). Here, the HKL indices are 
based on the lattice with b = 37bo in place of that 
with b = 9bo used before and the K interval of 16 
corresponds to 2A (=q).  Most of the other 0K0 
reflections have intensities less than -0 .02 ,  except 
those with K = 58 ___ 2 and K = 90 ± 2. The reflec- 
tions corresponding to the weak spots G, L M and N 
(Figs. 3c and 5) have rather strong intensities, 
0.04-0.1, in comparison with other reflections. 
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