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Assessing stacking faults in Bi-Sr-Ca-Cu-O 
phases by X-ray diffraction 
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A Hendricks-Teller analysis of the X-ray diffraction line shifts in Bi-Sr-Ca-Cu-O phases allows 
an estimate of the stacking fault probabilities (missing or extra Cu-O layers). The probability 
values suggest some conclusions about the mutual relationships of the 2201, 221 2 and 2223 
phases and the kinetics of their formation. 

1. Introduction 
Stacking faults are currently reported in samples 
prepared in the Bi-Sr-Ca-Cu-O and related systems. 
In a somewhat restricted sense of the term, they signify 
the occurrence of the wrong number of Cu-O planes 
in the elementary cell of a Bi/Sr2Ca,_ ~Cu,O~ phase 
(2201, 2212 or 2223 for n = 1, 2 and 3, respectively). 
This accounts for the occasional finding of 1 or 3 
Cu-O layers in a half-cell of the 2212 phase (correct 
number: 2) or 2 Cu-O layers in a half-cell of the 2223 
phase (correct number: 3). The presence of stacking 
faults appears natural if we consider the mutual rela- 
tionship (polytypism) between the 2201, 2212 and 
2223 phases. The main difference between them is the 
number of Cu-O layers per unit cell (thickness of the 
perovskite block), which determines the length of the c 
axis (c ~ 2.4 nm, 3.06 nm and 3.71 nm for n = 1, 2, and 
3, respectively). We should mention here that, 
although the formula for the n = 1 phase is Usually 
written as BizSrzCuO~,, investigation of the first syn- 
thesis stages of this phase [1] revealed that Ca is the 
first to enter it. 

The number of Cu-O layers per elementary cell 
seems to be related to the superconducting critical 
temperature (To) of the phase [2]. The continuous 
increase of T~ with the number of Cu-O layers in both 
Bi-Based and Tl-based systems strongly suggests that 
such a relationship exists. In the T1-Ba-Ca-Cu-O 
system, it was reported [3] that the presence of inter- 
growths of the 2212 phase inside 2223 crystals reduces 
T c by ~ 7 K, in comparison with defect-free crystals. 
This could explain the range of Tc values reported 
from resistivity and Meissner data for double and 
triple CuO 2 layer structures in this system. Therefore, 
the presence of stacking faults (SF) is also likely to 
alter the critical temperature. 

On the other hand, estimating the frequency of SF, 
e.g. in the 2212 samples obtained by different pro- 
cedures, could shed some light on the kinetics of 
obtaining the 2223 phase from the 2212 one. Experi- 
mental evidence suggests that the 2223 phase appears 

* High resolution electron microscopy 

by inserting an additional Cu-O + Ca-O pair of 
layers (per half-cell) into the stable 2212 phase. The 
kinetics of this process seems to be very sluggish, 
requiring long annealing time close to the melting 
temperature, in order to facilitate ion migration. Dif- 
ferent procedures were found, which reportedly accel- 
erate this process, e.g. partial substitution of Bi by Pb 
[4, 5], Bi and Cu excess over the 2212 composition 
[6], vacuum precalcination [7]. 

Stacking faults were noticed in the 2223 phase [8] in 
a TEM lattice image taken with the electron beam 
normal to the c axis, along which the Bi-Bi interlayer 
distance is normally ~ 1.9 rim. However, every 5 to 10 
layers, a 1.5 nm spacing is observed, indicative of the 
presence of two Cu-O layers instead of three. Also, 
high-resolution imaging of a 3.7 nm phase grain [9] 
showed coherent intergrowth oflamellae of the 3.0 nm 
phase, comprising up to three smaller Bi-Bi distances. 
Moreover, lamellae with a width larger than 1.85 nm 
were noticed, maybe similar to the 4 Cu-O layers 
phase (1234) in the T1-Ba-Ca-Cu-O system [10]. 

Lattice images reported by Veblen et al. [11] for the 
3.0 nm phase show defects consisting of a missing or 
an extra perovskite unit of ~ 0.4 nm thickness, nor- 
mal to the c axis. Also, Ramesh et al. [-12] found by 
HREM* and convergent beam electron diffraction 
that, at some spots inside a 3.0 nm grain, three Cu-O 
layers are present instead of two, as can be seen from 
the spacing difference of the Bi layers: Energy disper- 
sive spectroscopy (EDXS) confirmed that the regions 
with a higher concentration of such faults also have a 
higher Ca and Cu concentration [!2]. Stacking faults 
and larger scale intergrowths are also frequently re- 
ported in the related system T1-Ba-Ca-Cu-O, as 
revealed by transition electron microscopy (TEM) 
studies ([13] and the papers quoted therein). 

X-ray diffraction is sensitive to the presence of SF 
(extra or missing perovskite blocks) which cause pre- 
dictable changes in the position and width of the 
diffraction lines. This prompted us tO write a com- 
puter program which uses the position of diffraction 
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lines, in order to derive best-fit values for the SF 
probability and for the c axis length in 2201, 2212 and 
2223 phases. 

2. Hendr icks -Te l ler  ana lys i s  of  SF e f f e c t  
In a paper  [14], Hendricks and Teller (H-T) cal- 
culated the diffraction pattern for layer lattices in 
which different types of disorder are introduced, con- 
cerning the scattering power of the layers and/or the 
mutual phase shifts between neighbouring layers. 
Thus, the problem of n types of layers, each having a 
% contribution to the mutual phase shift, can be 
tackled. 

The structure of the three main phases in the 
B i - S r - C a - C u - O  system can be envisaged as a stack- 
ing of Bi2Sr20 4 sandwiches [8] which make the main 
contribution to the scattered intensity. The C u - O  
+ C a - O  layers which separate these sandwiches scat- 

ter much less but their number  essentially determines 
the distance between the Bi -Sr -O layers. Thus, the 
problem can be reduced to that of a single type of 
complex layer (Bi-Sr-O) but the phase shift q0 between 
successive layers can take three series of values q0 i, 
corresponding to the distances d i = cl/2 between the 
Bi -Sr -O planes in the three phases (c = crystallo- 
graphic a x i s  normal to the layers): phase2201: 
c~/2 "-" 1.2nm = dl; phase 2212: c2/2 ~- 1.5nm 
= d2; phase 2223:c3/2 ~ 1.85 nm = d 3. And % 
= kd~, where k -~ (4rt/X)sin 0 is the scattering vector 

and 0 is the Bragg angle. 
In the general formalism of H-T ,  the diffracted 

intensity 

I = I F I 2 ( 1 - C 2 ) / ( 1 - 2 C  cosCp + C 2) (1) 

where C 
fined by 

= (cos(q0 - q))) and the average q~ is de- 

(sin(q~ - q~)) = 0. (2) 

Here, F is the structure factor for the Bi2Sr20 4 layer 
and the average, ( ) ,  is taken over the volume investi, 
gated. 

Let us restrict ourselves to the case of interest, where 
only two % are present: the dominant one, q~o, correct 
for the phase being investigated and q~SF, correspond- 
ing to a particular type of SF within this phase. Then, 
if P is the probability of the SF appearing 

I = IFI2[1 - p2 _ (1 - p)2 

- 2P(1 - P)COS(q0SF -- %)] / [1  + p2 

+ (1 - -  p ) 2  + 2P(1 - P)cos [q0sv -- q0o) 

-- 2(1 -- P)(cosqosv + c o s % ) ]  

= [V[2 N u m / D  (3) 

if we take into account the definition in Equation 2. 
In the vicinity of a diffraction peak of the main 

phase: 

q0 ~ n2rt + 6; cosq0 ~- 1 - -  5 2 / 2  

with n = integer 

and the denominator, D, which determines the posi- 
tion of the peak, can be written as [8] 

D -~ aqo 2 q- bq~ + c (4) 

where a = 1 - P - P(1 - P ) c o s  q0SF; 

b = 2P (1 - P)sin q0sv , C = 2p2(1 -- cos q~sv )- 

Thus, I (k)  can be described by a Lorentzian 

I ~ ]Fl2Num/(aq~ 2 + bq~ + c) 

= IFlZNum/[1 + kZ(q0 - ~pd) 2] (5) 

with q% = - b / 2 a  determining the shift of the peak, 
due to the stacking fault probability, P. The argument 
above applies to (001) lines only, which are determined 
by the interlayer interferences. 

3. The optimization program 
The program works by minimizing the relative differ- 
ence between the calculated and observed diffraction 
angles 20. For this purpose, three parameters are 
varied: the SF probability, P; the c axis value; and a 
0-independent instrumental shift Y, which could be 
caused by sample surface displacement out of the 
diffractometer axis. 

Only the (001) lines participate in the optimization 
of P, while all the lines are taken into account for the 
refinement of c and Y. The residue 

R = ~ [(20oa,o), - (20ex~)32/(U - 1) (6) 

was calculated for the N diffraction lines, where 
20ca~c = 2 arcsin (X/2d) + D E P  + Y and d = 1/[(h 2 
+ k2)/a 2 + 12/c231/2, 

with a = 0.53909 nm (an average value for the pseu- 
do-tetragonal lattice) and k is the radiation wave- 
length. 

The line shift DEP, caused by the stacking faults 
was approximated, after Equations 4 and 5 as 

D E P  = - 180XP(1 - P) s in(kcsv/2)/Tz2ccosO 

x [1 -- P - P(1 - P ) c o s ( k c s v / 2 ) ] ,  (7) 

where c and Csv correspond to the majority phase and 
the SF one, respectively. Equation 7 yields DEP  in ~ 
This shift applies to the (001) lines only. 

The presence of stacking faults causes an additional 
line broadening as well, which also is roughly propor- 
tional to P. However, we relied in the present work on 
the line shifts only. 

The parameters, c and Y, were  assigned starting 
values, close to the expected ones, while P was initi- 
alized to 0. Each parameter  was varied in turn, by a 
fixed increment. The first parameter  was varied, while 
the other two were maintained constant, until the 
residue reached a minimum. The value corresponding 
to this minimum was assigned to the mobile para- 
meter and the second parameter  started its variation, 
the first and third ones being kept fixed. When all 
three parameters were optimized, a new cycle started 
with the optimized values for the second and third 
parameters, while the first one was initialized at its 
starting value. 
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The residue, R (r.m.s. deviation), was found to de- 
crease steadily inside each cycle as well as between 
cycles until an absolute minimum, Ro, was reached, 
typically after 3 to 20 cycles. The Ro value can be taken 
as defining the quality of the fit. Values ranging be- 
tween 0.003 and 0.12 were found for Ro in most of the 
runs. 

The order in which the three parameters were 
optimized was found to bring no or only minor 
changes in the final values and residue. For each 
sample and each phase (each set of diffraction lines), 
two optimization runs were taken, in the following 
conditions: (a) ]I, P and c are free to vary until 
reaching a minimal residue; and (b) Y is kept constant 
at a value determined by calibration of line positions 
with an internal KC1 standard, while P and c ate free 
to vary. 

4. Results and discussion 
The program was used to process diffraction data 
taken with CuK= radiation on two series of samples in 
the system Bi-Sr:-Ca-Cu-O, with prepared composi- 
tion 4-3-3-4 (series M) and 4-2.6-2.6-4 (series L). 
Also, a 2-2-2-3 sample with Pb addition 1-15] was 
investigated. The samples were prepared by solid state 
reaction at different temperatures and submitted to 
different annealing �9 (see Table I). The pro- 
gram was also applied to the 2-2-2-3 sample reported 
by Tarascon et al. I-8], using the data read from Fig. 4 
in their paper. This sample is denoted by T in the 
following. 

The samples comprised one or several phases from 
the series BizSrzCa,_lCu,O x with n = 1 (phase 1, 
2201, Cl -~ 2.4 nm), n = 2 (phase 2, 2212, c2 ~- 3.0 nm) 
and n = 3 (phase 3, 2223, c 3 -~ 3.7 nm) (Table I). Addi- 
tional phases (unreacted CuO and carbonates, mixed 
Bi-Cu-Ca Sr oxides) were found only occasionally in 
the samples calcined above 800 ~ 

In phase 2 we tried to determine both P1 (the 
probability of  finding 1 Cu-O layer) and P3 (the 

probability of finding three Cu-O layers per half-cell, 
instead of the correct value of two). In phase 1 we 
looked for P2  and, in phase 3, P2 was searched for too. 

A number of 3 to 13 diffraction lines was generally 
used in the optimization, depending on the concentra- 
tion of the phase in the sample being investigated, i.e. 
depending on the general level of line intensities. 
Partially overlapped lines were avoided, as were also 
higher angle ones, where several reflections are usually 
superimposed. Taking into account these poorly 
indexable lines was found generally to increase the 
final residue. 

Table I shows the optimized c parameter and stack- 
ing fault probabilities P1, P 2  and P3 in different 
samples and different phases. The values given are 
those corresponding to the run with minimal final 
residue. Exception was made for sample T, where the 
P 2  value corresponds to the instrumental shift Y and 
to the c 3 axis being fixed at the values 0 and 3.708 nm 
respectively (as reported in [8]). For obtaining P3 in 
sample T, only Y was kept constant at 0. It ought to be 
mentioned that the P2 value found in this sample (P2 
= 0.26), on the basis of the (0010), (0012) and (0014) 

lines, closely agrees with that reported in [8] (where 
P 2  = 0 . 2 5 ) .  

Fig. la and b displays the Pi and cz values (i = 1, 2, 
3) for a selection of samples. The error bar encompas- 
ses the results obtained from all optimization runs, 
performed for a given set of diffraction lines, under 
different assumptions. 

Several observations can be made on the data in 
Table I and Fig. 1. 

The SF probability P3 in the 2212 phase is van- 
ishing in preparations which contain phases 2 and 1 
only. However, Pa reaches measurable values in some 
of the cases when the 2223 phase is also present in 
considerable amounts (samples L2 and especially T). 
In both these latter samples, the 2223 phase also 
shows a considerable P 2  value (Fig. la). 

Samples L2 and T are examples of 2223 phases 
which are still poorly separated from the precursor 

T A B L E I Stacking fault probabilities P and c axis values, as obtained by the optimization procedure. Pi = probability of finding i C u - O  
layers in a half-cell. 

Sample Composit ion Annealing Phases Phase 1 Phase 2 Phase 3 
prepared (2201 ) (2212) (2223) 

P2 c 1 (nm) P3 P1 c 2 (nm) P2 c a (nm) 

L 1 4 -2 .6 -2 .6 -4  5 ON a at increasing T 
between 790-845 ~ 2 + (1) b 

L 2 as L1, additional 4 days at 
868 _+ 3~ partially melted 3 + 2 + 1 

L 3 " as L1, additional 1 day 
at 868~ 1 + (2) 

Ma 4 - 3 - 3 - 4  4 h at 730~ 1 
M z 4 h  at 770~ 1 + ((2)) 
M 3 24 h at 800~ 2 + ((1)) 
M 4 " 24 h at 850 ~ 2 + ((1)) 
G 2-2-2-3  1 ON at 800 ~ 

+ Pb + 5 0 0 h a t 8 4 5 ~  2 + 3 
T 2-2-2-3  [8] 3 + (2) 

0.07 2.451 
0 2.461 

0 0.03 3.055 

0.04 0 3.060 

0 0.03 3.064 

0 0.08 3.062 
0 0.06 3.058 

0.34 3.694 

0.01 0 3.077 0 3.704 
0.08 c c 3.073 c 0.26 3.708 d 

" O N  = overnight -~ 17 h; 1 day = 24 h; b( ) = small amounts;  ( ( ) )  = traces; ~ low precision data (very broad lines); a parameter fixed during 
optimization. 
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Figure 1 Stacking fault probabilities P and c axis values for selected 
samples: (a) �9 P3 for phase 2, �9 P2 for phase 3; (b) �9 P1 for phase 2, 
+ P2 for phase 1. Points indicate the results with minimal residue. 

Error bars give the maximum deviation between data obtained in 
optimization variants. Data from references are marked with [ ]. 

2212 phase and contain frequent SFs of the latter type. 
The 2212 phase also contains "germs" of the 2223 
phase, as SFs of the latter type. 

On the contrary, sample G displays a well-ordered 
stacking for the 2212 and 2223 phases (Fig. la), P3 and 
P2 both being close to 0. In this sample, the two phases 
are clearly separated. Thus, sample G seems to rep- 
resent the final stage of 2223 segregation from its 2212 

precursor, while samples L2 and T are intermediate 
stages. 

The data in Fig. la are illustrated by the diffraction 
patterns in Fig. 2a and b. It can be seen that lines of 
the 2223 phases which are strongly faulted (L2 and T) 
display shifts from the calculated positions towards 
neighbouring 2212 lines and also are considerably 
broadened. On the contrary, in sample G both the 
(0010) and (0014) lines of this phase are relatively 
narrow and located close to the calculated positions. 
The same observations can be made concerning the 
lines of the 2212 phase in these samples (Fig. 2). 

Phase 2212 shows, in most L and M samples, small 
( < 0.1) probabilities P1 of finding a single Cu-O layer 
instead of two (Table I, Fig. lb), pointing to a rather 
good separation of this phase from the 2201 precursor, 
even in the first formation stages (around 800~ 
Also, phase 1 is found to possess only slightly faulted 
stackings (P2 < 0.1) irrespective of the annealing tem- 
perature. 

These observations suggest that the formation of 
the 2212 phase from the 2201 one is relatively easy. 
Germs (stacking faults) of 2212 inside 2201 readily 
grow into fully-developed crystallites of the former 
phase, with low P1 values. On the contrary, the 2223 
phase which appears inside 2212 is strongly faulted in 
its first formation stages. 

The c values for the 2201, 2212 and 2223 phases, as 
determined by the optimization program, are also 
shown in Table I and Fig. 1. For the 2212 phase, they 
are in the range of values reported in the literature for 
Sr/Ca = 1 ratio [16, 17]. The c 2 axis of the 2212 phase 
is expected to increase when 2223-type faults are 
present, while that of the 2223 phase (Ca) should 
decrease upon faulting. A slight tendency in this sense 
can be noticed in Fig. la. However, a corresponding 
trend, relating phases 2201 and 2212, is absent in 
Fig. lb. 

5.  C o n c l u s i o n s  
The analysis of stacking fault probabilities in a series 
of samples, prepared in different conditions, confirms 
a strong structural relationship between the 2201, 
2212 and 2223 phases in the Bi Sr-Ca-Cu-O system. 
These phases seem to form each from the preceding 
one, by insertion of additional Cu-O and Ca-O 
layers, when the temperature and/or annealing time 
are increased or, generally, when ion migration is 
enhanced. In this process, imperfect stacking (memory 
of the precursor stacking) could be characteristic for a 
given phase in the first stages of its formation, while 
further annealing can lead to stacking improvement. 
Stacking defects of the "next" phase-type could also be 
seen as nuclei for growing this phase inside the domi- 
nant one. 

The stacking defects could influence the mechanical 
properties of the material, which are essential for its 
applications. Also these faults, inside a grain of super- 
conducting phase, could act as pinning centres for the 
magnetic flux lines. Work is now in progress to 
search for a correlation between SF probabilities and 
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Figure 2 Fragments of the diffraction patterns for selected samples. Ideal positions for 2223 and 2212 lines were calculated with 

c3 = 3.708 nm and c 2 = 3.064 nm, respectively. X = unidentified line. The phase to which each line belongs is marked as subscript. 

inductively measured Tc in samples of the 
Bi-Sr-Ca-Cu-O system. 
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