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The structwre and defect structure of Bi,_ Pb,Sr;.Cu,
(CO;)04. ; compounds with 0 = x = (.75 are carefully investigated
by electron diffraction and high-resolution electron microscopy.
All compounds have an orthorhombic structure with a = 5 = 5.4
Aand ¢ = 39.5 A. The length of the b-axis decreases monotonically
with increasing x. The space group for the basic structure is Abm2.
The structure can be considered as an intergrowth of Bi,Sr,CuQ;
lamellae with Sr,Cu0,(CO;) lamellac along the c-axis. CO, groups
behave as bridges connecting the CuQ; octahedra. In the x = 0
compound the carbon atoms are shifted away from their symmetry
positions; the orientational ordering of the CO; groups (or the
carbon shift) in successive CO planes alternates along +& and — .
Typical Bi-type and Pb-type modulations are found along the b-
axis up to a Pb content x = 0.5. Electron beam irradiation destroys
the ordering of the CO; groups and alters the modulated
structure. © 1994 Academic Press, Inc.

1. INTRODUCTION

Recently superconductivity was detected in oxycarbo-
nates Bi;Sr,Cu,(CO,)04 (1, 2) and BiySrsCu;(CO;),0,,(3).
These structures can be considered as intergrowths of the
22 K superconductor Bi,Sr;CuQ, (4) and the nonsuper-
conductor Sr,CuQ,{CO;) {5). It is remarkable that the
intergrowths have a transition temperature superior to
that of the two basic structures; for Bi,Sr,Cu,{CO;)}0; one
finds a T, of 30 K (1, 2), while for the second compound,
B1,S1r;Cu,(CO;),0y4, a T, of 40 K has been measured (3).
In spite of this, CO, groups have been known to connect
the CuQOy octahedra in the structure, their arrangements
and orientations are still not clear.

In all of the compounds studied that are similar to the
basic Bi compounds, a one-dimensional modulated struc-
ture has been observed. High-resolution electron micros-
copy (HREM) of the pure Bi compounds has shown that
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the modulation is mainly located in the double BiO layers
(6-8); this idea has been subsequently supported by X-
ray and neutron diffraction studies (9, 10). Much discus-
sion has been devoted to the origin of this modulation. A
reasonabie proposal was made that if the modulation was
primarily attributed to the lattice mismatch between the
perovskite block and the bismuth oxide lamella, the re-
sulting strain was partially relieved by the accommodation
of excess oxygen in the BiO lamella and by the associated
creation of holes in the conducting CuQ, [ayers. However,
it was suggested that the 6s> lone pair of Billl could also
play a role. We will not cite the whole literature here; a
survey of the present understanding can be found in
(11-13). It is well established that the partial substitution
of lead for bismuth drastically changes the modulation;
for large a Pb content it tends to disappear (14-17). These
experiments suggest that the lone pairs play a prominent
role, since it is well known that Pbll is much less stereo-
active than Billl. However, a partial oxidation of Pbll
into PbIV during the synthesis always remains possible.
Moreover, the ion radii of Pbli and Billl are different;
the substitution may decrease the mismatch as well.

One of the purposes of this paper is to search for a
possible CO, ordering in the structure. We also studied
the evolution of the modulation as a function of the Pb
content in the carbonated compounds, Bi,_ Pb_Sr, .Cu,
(CO4)04_5. for x values between 0 and 0.75. Since the
bismuth oxycarbonates have been prepared in sealed
tubes, oxygen uptake into the BiO layers is avoided.

No superconductivity was detected in the as-synthe-
sized samples, but after annealing under oxygen pressures
of 1 to 40 bars, superconductivity up to 30 K was measured
for x = 0.4 and x = 0.5 (18).

2. SAMPLE PREPARATION

Samples were synthesized from mixtures of the oxides
Biy05, SrC(,, PbO, SryCu0,, and CuQ. The mixtures
were prepared in order to have the theoretical composi-
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FIG. 1. Schematic representation of the Bi,_ Pb Sr:Cu,(CO;)0q
structure, without taking into account the orthorhombic deformations
and the modulations, Oxygen in BiO planes is ignored in the drawing.
The perovskite-based unit celi is outlined. A denotes a 2201 lamella
and B denotes a Sr,Cu0,{CO;) lamella. Only part of carbon atoms
is represented.

tion Bi,_, Pb Sr; (Cu,{CO,)0,_,, with x = 0, 0.15, 0.25,
0.4, 0.5, 0.75. The compound Bi,sPb,;Sr,Cu,
(CO4)0,_; was also prepared starting from PbO, rather
than from PbO in order to investigate the influence of
PblV on the structural properties of the material. The
mixtures were heated for 6 hr at 800°C and quenched to
room temperature. Powder X-ray analysis was performed
on all samples in order to verify the crystallinity, the
purity, and the basic structure. The morphology of the
samples was investigated by scanning electron micros-
copy (SEM).

Samples for transmission electron microscopy (TEM)
were crushed and dispersed on a holey carbon grid (Ni and
Al for microanalysis and electron diffraction) or directly
glued on a copper grid for HREM observations. Observa-
tions were made at room temperature, using a Philips 200-
kV microscope with £60° itlt angles or using a Jeol 400-kY
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high-resolution instrument. Microanalysis measurements
were performed on Link equipment. Image simulations
of high-resolution observations were performed using the
Mac Tempas program.

3. STRUCTURAL ASPECTS OF THE BASIC STRUCTURE

The basic structure of the compound Bi,Sr,Cu,
(CO4)04 _; can be described as an intergrowth along the c-
axis of perovskite blocks with rock salt SrO-(BiQ),—SrO
blocks. The copper single perovskite layers are separated
by CO, groups; the CQO; triangular groups behave as
bridges and connect the CuQ, octahedra as illustrated in
Fig. 1. The complete structure has been described by
Pelloquin er al. (1) as a result intergrowth of 2201-type
lamellae Bi,Sr,CuQ, with Sr,Cu0,(CO,)-type lamellae.
Both building blocks have been indicated as A and B,
respectively, in Fig. 1. In this figure, the successive CO,
groups have been given the same .orientation, since no
data are as yet available on their exact orientation. The
basic pseudo-tetragonal unit cell of 3.8 x 3.8 x 9.5 A is
outlined in Fig. 1, ignoring any lattice modulation, which
will be discussed below.

It should be noted that the CO; arrangement in one of
the component lamellae, the Sr,CuO,{C0O;) blocks, has
been studied by Miyazaki et al. (19) and by Milat et al.
(20). A superlattice with a unit mesh 2a, x 2a,, where
the index p refers to the perovskite unit cell, has been
detected. As we will see, we did not find any indication
of this type of superstructure in our compounds. We there-
fore have to assume that the CO; groups behave differ-
ently in the intergrowth structure and in the mother phase.

4, RESULTS AND DISCUSSION

4.1. Morphology Studies

Before the TEM investigation, all ceramic samples were
investigated by SEM, in order to have an idea of the
morphological changes due to Pb substitution. All samples
Bi, Pb,Sr; sCu,{(CO;)04_5(x=0,0.25,0.4,0.5,and 0.75)
consist of plate-like grains (Fig. 2). The grain size is largely
independent of the Pb content and on the average about
is 10 to 20 pm wide. An exception however is the x =
0.25 sample prepared on the basis of Pb(Q, (noted x =
0.25* hereafter). The grain size is considerably smaller
than that in the PbO-made samples, and a mumber of
needle-like crystals are distributed among the plate-like
grains. Similar needle-like crystals are also found in x =
1.5 and x = 0.75 samples, but the proportion is much less
than that in the x = 0.25* sample (see Fig. 2). These long
needles have been further investigated by TEM; they have
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FIG. 2. SEM images of the different Bi,_Pb,Sr; sCu,{C0O;)04. 5 samples for the values of x indicated. All images are made at the same
magnification: note the needle-like precipitates for x = 0.25*,

a hexagonal structure with [attice parameters consistent 4.2, Study of the Basic Structure of

with the SrsPb,CuQ, structure (21), though Bi is often Bi,_ Pb S5r; sCu,(CO5)05_

detected. Presumably PbQ, is stimulating the growth of

Bi-containing SrsPb,;Cu0),, which relies on PbIV. These The X-ray measurements as well as the selected-area
SrPb,Cu(y,-type crystals thus belong to a foreign phase  electron diffraction (SAED) studies confirm the existence
and will not be considered further. of a solid solution Bi, Pb Sr; ;Cu,(CO,)04_; for x values
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{a) [001], tb) [110], (c) 1100], and (d) [010).

up to 0.75. All patterns can be indexed on an orthorhombic
lattice with @ = b =~ 5.45 A and ¢ = 39.5 A. The detailed
changes of the lattice parameters with the Pb content are
shown in Table 1. g does not vary significantly with x,
while b decreases monotonically. Similar phenomena
have been reported (21, 22, 23). ¢ however reaches a
maximum for a composition corresponding to x values
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Series of electron diffraction patterns from the Pb-free sample Bi,Sry sCu3(C04)05_5. Arrowheads indicate some superstructure spots.

between 0.15 and 0.25. This behavior is probably due to
the interference of two effects acting in opposite sense;
a decrease in size of the cations in the BiO layers reducing
¢ and a decrease of the oxygen content due to the replace-
ment of Billl by Pbll, which increases c.

In the SAED patterns we particularly concentrated on
four main zone axes [001], [110], [100], and [010]. In Fig.
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FIG. 4. Same diffraction series as in Fig. 3, but for Bij ;sPby 25513 sCu,{C0;)04.5. Arrowheads and arrows indicate the Bi-type and Pb-type
modulation satellites, respectively. No superstructure spots appear as those indicated in Fig. 3.

3 we show these different sections for the undoped x =
0 compound, in Fig. 4 the same sections are shown for
the compound x = 0.25 (compounds with x = (.25* and
x = 0.4 show identical patterns), and finally Fig. 5 shows
the diffraction pattern as observed inthe x = 0.50rx =
0.75 compound. The basic reflections in all patterns are
clearly consistent with an orthorhombic structure. The

Bi-type satellite reflections (see, e.g., (6)) are found in the
x = 0 sample, while in the x = 0.25 and 0.4 samples a
mixture of the Bi-type modulation and of the Pb-type
modulation is present, as indicated by arrowheads and
arrows, respectively, in Fig. 4. In the x = 0.5 and 0.75
samples there is hardly any visible modulation, though
weak and very diffuse streaks can be identified passing
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FIG. 5.

through each reflection and running along the b-axis (see
the [100] SAED pattern of Fig. 5). In Fig. 5, some addi-
tional spots can be found as indicated which are attributed
to a nonhomogeneous Pb distribution in these high-Pb-
doped compounds, as we will discuss in the next section.

For each of these compounds, the lattice parameter a,
b, ¢, the modulation wavelength A, and the modulation
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Same diffraction series as in Fig. 3, but for Bi, 4sPbg 35813 sCu,(CO;)0;_5. Arrowheads indicate the supplementary reflections.

vector ¢ have been determined directly from the SAED
patterns. The variation of the lattice parameters, mea-
sured from a submicrometer area, is similar to the average
one found macroscopically by X-ray measurements (18).
The transition from a pseudo-tetragonal to orthorhombic
structure is mainly due to adecrease of b. A similar behav-
ior has been reported by Ikeda er al. for Bi-Pb—Sr-Cu-0O
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FIG. 6. Reconstruction of the reciprocal lattice for the two different
families discussed in Figs. 3, 4, and 5. Large black dots represent perov-
skite-based reflections, small black dots indicate reflections due to the
orthorhombic distortion, and small open circles could be associated
with ordering of the CO, groups. Reflections due to the modulation have
not been indicated in this figure.

compounds (22) and by Flower er al. for Bi-Pb-—
Sr-Ca-Cu-0 (23).

By carefuliy recording different sections of the same
sample, the reciprocal space of the basic structure (with-
out modulation) can be reconstructed. As shown in Figs.
3, 4, and 5 we can discern two different cases: (a) for
x =0, and (b) for x = 0.25 to x = 0.75. They are repre-
sented schematically in Fig. 6, taking into account the
reciprocal unit cell dimensions and the intensity of the
reflections. If the additional spots marked by open circles
for the x = 0 sample, which we will show below are related
to an orientational ordering of the CO; groups, are not
taken into account, the reciprocal spaces for all samples
are the same. The reflection conditions for the basic struc-
ture are in agreement with the space group Abm?2 (No. 39).

4.3. The CO, Sublattice

The supplementary reflections such as (00/), | = odd,
marked by small open circles in Fig. 6a, can be observed
in the experimental diffraction patterns of Fig. 3. They
have been indicated by white arrowheads in the [110} and
in the [100] zone-axes SAED patterns (Figs. 3b and 3c¢).
However, they do not appear in the [010] SAED pattern
of Fig. 3d. This is clear evidence that these supplementary
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reflections do not originate from the basic structure.
Moreover, the supplementary reflections at (RAD, h =
odd, ! = even, in the [110] pattern of Fig. 3b cannot be
explained by double diffraction. Their presence alters the
reflection conditions and consequently the symmetry
since reflections with (000), ! = odd, and (khl}, h = even,
I = odd, are now allowed. Small arrows in Fig. 3¢ indicate
the additional modulation satellites which do not belong
to the Bi-type modulation. They may be caused by double
diffraction of the reflections indicated by arrowheads in
Fig. 3c.

The CO, groups tends to form ordered arrangements
as found in similar materials (19, 20). In our case, the
intensity of the additional reflections is very weak, and
they form a superlattice of the basic lattice; moreover
they disappear under electron irradiation. We therefore
attribute the extra satellites to a change in the orientation
of the CO; groups in subsequent layers.

Instead of the fourfold symmetry of the shifts of the
carbon atoms in the (001) plane of tetragonal Sr,Cu
0,(CO,) (18), the carbon sublattice in Bi,Sr; Cu,
(C0,)04_; could have a lower symmetry because of the
orthorhombic environment of the basic structure. If we
assume that all carbon atoms within a single (001) plane
are to be shifted in the same sense along the preferential

[001]
CO
395 A
co _
bp
— [010]o
ap
5.46 A
[100]o

FIG. 7. Schematic representation of the shift of the carbon atems
along successive ((001) planes. Only two CO planes are drawn. Small
arrows represent the carbon shift directions.
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FIG. 8. Structural representation of Bi,_ Pb, 8r,Cu,{CO4)C; similar

to Fig. 1, but with an ordered arrangement of the CO, groups in succes-
sive CO planes.

[010], direction, i.e., the [110], direction (subscript “‘0”’
refers to \/Eap X V2a, X ¢ orthorhombic structure}, but
in successive (001) planes along opposite senses (Fig. 7},
we change the symmetry. The regular arrangement along
the ¢-axis transforms the A-centered symmetry of the
basic structure into a primitive one (Fig. 8), Along the
[110], or the [100], zone axis, this effect will be visible
(Fig. 7), and the kh! and h0! reflections (/ odd) will appear
in the diffraction pattern of Figs. 3b and 3c. Along the
[010], direction, however, which views the structure par-
allel to the carbon shifts, the superstructure is not visible,
in agreement with the absence of supplementary reflec-
tions in the [010], zone-axis diffraction pattern of Fig. 3d.

The streaking of the superlattice reflections indicates
that considerable disorder is present in the regular alterna-
tion of the shift of the carbonate groups. The fact that the
reflections disappear under intense irradiation is consis-
tent with the ordering of these carbon shifts; at 400 kV
one can easily imagine that as a result of atom displace-
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ments the small carbon shifts become uncorrelated and
that the superstructure disappears.

High-resolution images of the basic structure can be
obtained along the [110] (or [110]) sections, since in these
sections no satellites due to the modulation are present.
The result is shown in Fig. 9, and the optical diffraction
as well as the calculated image are shown as insets. The
simulation is based on the model of Fig. 1, at the Scherzer
defocus of —40 nm and for a crystal thickness of 3 nm.
A good match has been achieved between this simulation
and the experimental image; therefore the black dots in
Fig. 9 correspond to the cation columns. One easily recog-
nizes the stacking of the atomic layers according to the
sequence ...-BiO-BiO-5r0-Cu0,-Sr0-CO-8rO0-Cu-
0,-SrO-BiO-. .. , with a repeat unit of about 39.5 A
along the ¢ direction. Double BiQO layers are easily
recognized by their very dark contrast, while the carbon
layers have the brightest contrast. If we want to image
the effect of the carbon shifts, we have to keep in mind
that the carbon—oxygen distance in the CO, triangle plane
is about 1.29 A (19, 20); the shift of the carbon in the
(001) plane is on the order of 0.65 A, which is far beyond
the point resolution of the microscope (1.7 A for the JEOL
4000 EX). The determination of the configuration of the
carbon sublattice by HREM is therefore not straightfor-
ward. The less perfect fitting at the position of the CO;
triangle plane is most probably introduced by local strains
and slight cation displacements associated with the pres-

TABLE 1
Lattice Parameters, Wavelength, and Wave Vector Determined
by SAED for Bi,_,Pb,5r; {Cu,(C0O;)04_;

a b ¢ A (A) 9gi
X (A) (A} (A) Apy (A) ey
0 5.46 5.46 19.3 24.3 (4.45h) 0.22b* + ¢*
0.25 5.46 5.45 39.6 25.9 (4.78h) 0.21b* + c*
40.0 (7.385) 0.14h*
0.4 5.46 5.44 193 24.0 (4.415) 0.23b* + c*
45.2 (8.315) 0.12b*
0.5 5,46 5.42 39.3 — —
0.75 5.46 5.42 39.6 — —

Note. The camera constant of the electron microscope is calibrated
according to the data obtained by powder X-ray diffraction from the
same samples (I8). Aq = Ab = +0.04 A, Ac = Ak = *04 A, Agi-
wavelength along the b-axis of the Bi-type modulation; Ap,, wavelength
along the b-axis of the Pb-type modulation; qg, modulation vector of
the B-type medulation; gp,, modulation vector of the B-type modulation;
—, no modulation or only a vague modulation visible.
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FIG. 9. HREM image along [110], taken close to the Scherzer value of —400 A. The darker dots correspgnd to the Bi conﬁguratioon, while
the lighter dots indicate the carbonate groups. The unit cell is outlined. The calculated image for Af = —400 A and a thickness of 30 A and the

optical diffraction pattern are included as an inset.

ence of the CO, groups. We have calculated and compared
the [110] HREM images for the situation shown in Fig,
1 where all carbon shifts are in the same direction (Fig.
10a) and for the situation shown in Fig. 8 where the carbon
atom shifts alternate along the ¢-axis (Fig. 10b). Only very
minor changes in the dark dot configuration at the level
of the CO plane can be seen. Such minor changes can
hardly be expected to be observed in the experimental
images. In the Scherzer defocus HREM image of Fig. 9
there are locally some indications of the off-symmetrical
location of the dark dots at the CO positions, which could
be interpreted as due to the shift of the carbon atoms;
they have been indicated by white arrows.

The center of gravity, or the shift direction of the car-
bon, is probably controlled by the charge distributions
due to neighboring ions. Adding Pb to the structure leads
to a new charge balance, and the carbon shifts in subse-

quent carbon layers are affected. They probably become
more random, and the additional reflections in the [110]
SAED pattern for Pbfree (x = 0) sample disappear for
Pb-doped samples. Even for the Pb-free sample, electron
beam irradiation or in situ heating destroys the carbon
superstructure. The supplementary reflections are then
replaced by streaks, as we discuss in Section 4.6. It should
be pointed out that the CQ, related supplementary reflec-
tions appear also in SAED patterns from some regions of
x = 0.5 and 0.75 samples, as indicated by arrowheads in
Fig. 5. This implies a nonhomogeneous Pb distribution in
these high-Pb-doped samples.

4.4. Modulated Structure

Satellite reflections can be clearly observed in the [001]
and the [100] SAED patterns {a) and (¢} of Fig. 3, respec-
tively. For the different compositions, the modulation
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FIG. 10. Calculated [110] images at a thickness of 30 A and Af = —400 A for two different configurations of the CO; groups. (a) All CO,
groups oriented the same way (Fig. 1); (b) CO, groups oriented as presented in Fig. 8.

vectors A are listed in Table 1. In x = 0 sample, only the
Bi-type modulation is present, which is characterized by
‘‘antiphase’” waves predominantly located on the double
BiO layers. The cations move along the &- and c-axes to
form the Bi-modulated bands, regions of Bi contraction
and regions of Bi expansion. Such observations are well
known for Bi,Sr,CaCu,0y compounds (see, e.g., (6-8)).

For the x = 0.25 and 0.4 samples, the diffraction pat-
terns reveal a mixed Bi-type and Pb-type modulation. The
Pb-type modulation, which is also mainly located at the
level of the (Bi, Pb)O planes, produces “‘in-phase’” waves
(15), and the Bi modulation ‘‘out-of-phase’’ waves (e.g.,
(6-8)). [100] HREM images exhibit the mixed Bi-type and
Pb-type modulation; the situation is well represented by
Fig. 19¢ in (6).

In the samples with the highest lead content (x = 0.3
and 0.75) the modulation is completely absent in the corre-
sponding diffraction patterns (Fig. 5). However, the Pb-
related structures change significantly under electron irra-
diation, as we will see in Section 4.6.

4.5. Local Modulation and Stacking "'Defect’’ Structures

As mentioned above, the modulation can be regarded
as a periodic arrangement of Bi-contracted areas. In the

lead-free sample (x = 0), the average distance between
subsequent contracted regions should be about 4.5 basic
units along the b-direction. However, as can be seen from
the HREM images, a variety of modulation vectors may
locally occur. Equivalent regions are therefore no longer
aligned along the c-axis (as it should be for a modulation
vector along b*} but are shifted along the b-axis with
respect to each other about one unit length by, When
these b-axis shifts are introduced regularly, additional
reflections arise in the [100] SAED pattern, as indicated
by white arrowheads in Fig. 3c. More generally, the A-
centered orthorhombic symmetry is locally destroyed and
the local symmetry becomes monoclinic. Such modula-
tion defects have also been observed in the pure Bi sam-
ples (24); they produce streaking and contribute to the
diffuse character of the satellites in the diffraction pattern.

In general the stacking of the basic Bi oxycarbonate
is rather perfect with a periodicity of 39.5 A; however,
stacking errors, particularly in the undoped sample, are
regularly encountered. As we have shown, the structure
of Bi,_,Pb Sr; ;Cu,(CO;)04_; can be described as the
stacking along the c-axis of 2201 blocks and Sr,CuQ,(CO;)
blocks. Bi,_, Pb, Sr; s;Cu,(C0O,)0;_; actually presents the
n=n' = | member of a series [Bi,_,Pb.Sry_, Cus6], " [S1,



NN W N e T A . KEETR T W T T o

. - e Y
.ar*fl'l"'..ﬁ.,..'.”s
- lri...l:._la’..u! s | ey ey ay,
Ao SR S AR
E RN Y. ¥ ‘ od
«?_ﬂ.._f, A A N RS
. Wi 5 W SR R R WY
i A e 0 A iy, Ko e e ke, A
e 3 b ,.._.\..:,\.o..déi:..riw)'l
b o
" - & - A
¥ERY AT NS SR
L h
% .o)aa\‘ff:x!t".l‘l..

!}.?.!F*’.*bg.ff!!bls!_!.
i B B o Wi -..-,u..a;’ LT Y

el N R e r.} f!.!.‘l*'.".
._!.!.__,. -~ t!! !,..r...r._... f.

. 8 Db!?lﬁ.r‘.,,_

© a N . -, oy

;. Ny S,
r.,..—..imr._

-»..«do.hrwtﬂi
& Dy W Wy, B W B G R

et : L)
1._382::_._-!.- il

“ = v.l’.’.!l’.
- g N A J...._.,........_I.L.

w e N St N My

oo, g i’.fu.’r.

; " ja&.l .-fJ..J..b‘..
2 &&&!!ﬁka_. VRIS

. TYAEEEAETE RN

. - ..t..)'..rl!.f. Lt

N e, AP _,_.... ¥ ' - .... Y cr,. a

» W &

REEEERENSS "S5

S A ot R A c

% % LT
. S X F X & 5 b oo AT T bl b 41884 5484

N R

{c) different numbers of 2201 blocks can be randomly incorporated into the structure.
337

)

[110] (a, b) and [010] {c) HREM images of Bi,Sr; sCuy{CO;)045. (2) An extra 2201 block is incorporated into the perfect structure

2); (b) two extra 2201 blocks are incorporated (n = 3

FIG. 11.

(n
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In the Pb-containing (x = 0.25) material local regions of the n’ = 2 structure, inducing an extra Sr,Cu(0,(C0O,) block between two

2201 blocks, have been regularly observed. Note also the presence of a 90° twin interface at the level of the black arrows. In the top part of the
figure the viewing direction is [100], and in the bottom part it is [010]. Growth takes place on a common (001) plane.

CuQ,(CO;}],,. However, stacking defects occur where
two 2201 blocks are inserted between Sr,CuQ,(CO,)
blocks and where locally the n = 2, #’ = | member is
formed (Fig. 11a); in other regions (Fig. 11b) three 2201
blocks are in between Sr,CuQ,(CO,) slabs, so that the
n=23,n" = 1compound is formed. A common feature in
the Pb-free sample is apparently the loss of Sr,Cu0,(CO,)
blocks and the formation of continuous 2201 slabs of vari-
able thickness. In the [010] image of Fig. 11c several n
values ranging from 1 to 10 can be observed. In the lead-
containing samples this kind of defect has almost never
been observed; it seems that adding Pb to the structure
reduces this kind of defect lamellae and favors a more
homogeneous distribution of the carbonate groups.

In the Pb-containing (x = 0.25) material, local regions
of the n = 1, 1’ = 2 compound have been detected. In
this case an extra Sr,Cu0,(CO;) block is inserted between
two 2201 blocks. CO layers, 7.3 A apart, rather than the
normal 19.5 A separation, along the c¢-axis are visible in
the image of Fig. 12; the CO layers can be clearly dis-

cerned as bright lines. In addition, a 90° rotation twin,
located at the position indicated by black arrows, is pres-
ent in this area. In the top part of the figure the viewing
direction is [100]; in the bottom part it is [010]. Growth
takes place on a common (001) plane. Such (001) twins
have also been observed in the pure Bi compounds (24},

Budin er al. (25) recently reported that in Bi-Pb—Sr-
Ca—Cu-0, the Bi atoms shift slightly (0.12 A) away from
the rock salt fcc positions along the & direction, resulting
in the formation of Bi pairs when viewed along the [010]
direction. These Bi pairs form a centered unit mesh in
the [010] HREM images, resulting in a Bbmb symmetry.
However, deviations from this B-centered structure were
reported (25). Since the structure and defect structure of
Bi,_ Pb, Sry;Cu,(CO;)04_; are apparently quite analo-
gous to those of Bi,_,Pb,8r,CaCu,0,, in spite of the in-
serted CO layers, we can expect similar effects in the
present compounds. In the [010] HREM image for a com-
pound with x = 0.5 this Bi pairing is visible (Fig. 13). In
contrast to the B-centered unit mesh observed for Bi,
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[010] image of Biy sPbysSr; sCu,(CO;)04.5; the coupling of the Bi positions is clearly visible, giving rise in general to a primitive unit

mesh along this projecting direction. Some B-centered unit meshes however are locally observed; they are indicated here. In the electron diffraction
pattern the rows # = odd contain the A-type reflections as well as the weak B-type reflections (indicated by small arrows).

Sr,CaCu,0y_; (25}, a primitive unit mesh, ie., a
noncentered unit mesh, is far more abundant in the [010]
HREM image of Bi,_ Pb, Sr; sCu,{C0;)0;_s; this can be
deduced from the [010] diffraction patterns in Figs. 3-5.
The projected primitive unit mesh in Fig. 13 actually cor-
responds to the A-centered structure as deduced from
the electron diffractions (e.g., Fig. 3). The A-centered
structure will give rise to reflections at (hOf), [ =

while a B-centered structure would in the same projection

produce reflections at (h0), A + [ = 2n. In the HREM
images however one can locally detect deviations from
the A-centering; Fig. 13 is consistent with a mixture of
A-centering and B-centering (mixture of primitive and
centered meshes composed of Bi pairs). In the diffraction
pattern from this area (inset of Fig. 13) both types of (h0))
reflections with { = even and [ = odd are visible when
h = odd; the reflections corresponding to the A-centered
symmetry are much stronger, however,
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FIG. 14. Disappearance of the sﬁpplementary reflections indicated by arrowheads after electron beam irradiation in the [110] and [100] sections.
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A change in the modulation of the Bi,_ Pb Sr; ;Cu,{CO,3)05_; samples for x = 0.25, x = 0.4, x = 0.5, and x = 0.75.
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FIG. 16.
at 400 kV; a modulation at the level of the BiO layers is induced.

4.6. Irradiation Effects Due to the Electron Beam

The structure of Bi,_,Pb,Sr; ;Cu,(CO4)04_; is found
to be sensitive to the 400-kV electron beam. First, the
supplementary reflections in the [[10], [100] SAED pat-
terns of the x = 0 sample vanish upon irradiation. Further-
more, the modulation, particularly the Pb-type modula-
tion, changes during electron irradiation. We wilt discuss
both effects here in somewhat more detail.

Figure 14 shows that the supplementary reflections indi-
cated by arrowheads (see also Fig. 3) before electron
beam irradiation are seriously weakened and only a dif-
fuse streak is left after exposing the crystal to an intense
electron beam for a few seconds (actually the time to
take a HREM image). This is a strong indication that the
supplementary reflections are associated with a sublattice

ZHANG ET AL.
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[100] HREM image of the compound Bi; 5Py 55513 sCu, (CO;)04_;. (a) before irradiation; no modulation is present. (b) After irradiation

of light, mobile elements such as carbon, and/or oxygen.
The result is confirmed by the in situ heating of the x =
0 sample in the microscope. At temperatures as low as
50°C the superstructure reflections disappear irreversibly.
At such low temperatures, extensive displacements of
heavy atoms such as Bi, Sr, or Cuin the structure are very
unlikely, whereas the thermal energy or the momentum
transfer is enough to cause a change in the sublattice of
light elements. If the orientation of the carbonate groups
in successive layers becomes more or less random, streak-
ing of the supplementary spots will result, as has been
observed in Fig. 14,

Structure homogenization can be another effect of irra-
diation. As is known for Bi,Sr,CaCu,0,, the driving force
of the modulation is the lattice mismatch between the
BiO layers and the perovskite block. Buckling of the BiO
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TABLE 2
Irradiation Effects in Bi,_,Pb,Sr; ;Cu,(C(4)04_5

X Before irradiation After 400-kV irradiation
0 Bi-type Bi-tvpe
0.25 Bi-type and Pb-type Bi-type
0.4 Bi-type and Pb-type Bi-type
0.5 Pb-type Bi-type
0.75 No modulation Pb-type

layers caused by the atom shifts reduces this lattice mis-
match and gives rise to the periodic modulation. Extra
space to incorporate extra oxygen in the BiO planes is
formed by this mechanism, as proposed by Zandbergen
et al. (11). The same mechanism should apply and is
present, too, for our Bi,_, Pb, Sr; ;Cu,(CO4)04_; sampies.
However, since there 1s no excess oxygen in our samples
due to the vacuum synthesis, these extra spaces remain
unoccupied in the structure, leaving a certain mobility to
the atoms (in particular in the BiO planes). Local redistri-
bution of the atoms is thus to be expected by electron
beam irradiation.

The evotution of the modulated structure has been care-
fully studied during electron irradiation at 400 kV for each
composition Bi,_ Pb, Sr; Cu,{CO;)O;_;. Care was taken
to focus on exactly the same chosen surface area during
the experiment, and the [100] orientation was chosen for
all experiments. For the pure Bi-type modulation in the

= {} sample no change is induced, but in the x = 0.25,
0.4, 0.5, and 0.73 samples pronounced changes occur.
Figure 15 shows an overview of the modulation changes.
The mixed Bi-type and Pb-type modulation before irradia-
tion present in the x = 0.25 and 0.4 samples is transformed
into a Bi-type modulation during irradiation for times less
than 1 min (the time needed for focusing and taking a
HREM image). For the x = 0.5 samples, no apparent
modulation exists before irradiation, but a pronounced
Bi-type modulation is induced after irradiation; i.e., the
Bi-type modulation tends to be reinforced by electron
irradiation of Bi,_,Pb, Sr; sCu,(CO,)0;_; samples for x =
0.5. However, this is no longer the case for strongly Pb-
doped samples (x = 0.75), where before irradiation no
modulation is present but where after irradiation only the
Pb-type modulation is observed. There are indications
that continued irraciation in this case would transform
the Pb-type modulation further to a Bi-type modulation,
but the sample is in general degenerating before this oc-
curs. The irradiation results on the different samples are
described in Table 2, and the measured modulation vec-
tors before and after HREM are summarized in Table 3.

High-resolition observations of these changes are in
general hard to obtain for x < 0.5, since the image charac-
teristics change during observation. However, for the
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x = 0.5 or x = (.75 samples, no medulation is present in
the initial stage before irradiation (see the SAED of Fig.
5) and the formation of a modulated structure can be
followed in situ. Figures 16a and 16b show the same area
after only 15 sec of irradiation (Fig. 16a) and after 30 sec
of irradiation (Fig. 16b). In Fig. 16a there is no visible
modulation wave present, while in Fig. 16b a Bi-type
modulation is clearly forming; the Bi-contracted regions,
producing darker bands in the figure, are clearly visible.
Before and after irradiation the chemical composition of
the irradiated area was determined by EDX, We found,
within the experimental error, no change in the Bi, Pb,
Sr, and Cu content of the sample. Carbon and oxygen
can be detected in our EDX system, but oxygen changes
are t0o small to be detected, and the low carbon content
in the samples cannot be measured quantitatively {not
even qualitatively) because of contamination problems.
These measurements however confirm that the change in
modulation type is not introduced by a change in the
chemical composition of the cations in the material, but
that the type of modulation is more governed by the local
valency of the cations.

5. CONCLUDING REMARKS

We have investigated in great detail the changes in
structure of the Bi,_,Pb, Sr; Cu,(CO;)05_5 compounds
for different values of x ranging from 0 to 0.75. The sym-
metry of ali samples (not considering the modulation) is
orthorhombic. The reflection conditions are in agreement
with space group Abm2, and the structure can be consid-
ered a regular alternation of 2201 lamellae and Sr,Cu
0,(CO,) lamellae along the ¢-axis. The CO, configuration,
counecting the CuQOg octahedra, introduces a carbon shift
along the preferential [010], direction. For the x = O com-
pound, the carbon shifts of successive CO planes alternate
along +{010], and —[010],, resulting in the appearance of
weak supplementary reflections in the diffraction pat-
terns. This CO, orientational ordering is affected consid-

TABLE 3
Modulation Vectors for Different Compositions of
Bi,_,Pb,Sr; ;Cu,(CO;)04_5

x qBi q; gPb G
) 0.22b* + o 0.22b% + ¢ 8 0
0.25 0.21b* + ¢* 0.21b* + c* 0. 14b* 0
0.4 0.23b* + ¢* 0.21b* + ¢* 0.12b* 0
0.5 9 0.20b% + ¢* ) )
0.75 0 0 0 9.4h*

Note. 4Bi and qPb are the modulation vectors before irradiation (400
kV), and qf; and qp, are the modulation vectors after several minutes
of irradiation.
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erably by electron beam irradiation. The time required
for taking a single HREM image destroys this carbon
modutation. ““Normal™ Bi-type and Pb-type modulation
structures are observed along the b-axis and are studied
by electron diffraction and HREM. The Pb-type modula-
tion can be seriously weakened by a 400-kV electron beam
irradiation, while the Bi-type modulation is generally en-
hanced, even when no modulation was present before,
as in the x = 0.5 samples. In such complicated structures
a number of different defects may occur; they can be
connected to the basic structure, the CO, group insertion,
or the modulated structure.
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