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The location of I3~ linear molecules intercalated in Bi,Sr,CaCu,0, has been determined using elec-
tron diffraction and high-resolution electron microscopy observations along the [001] direction. The
analysis of short-range-order diffuse scattering and superlattice spots on the diffraction patterns showed
that I3~ units are present in between the facing BiO layers, and that they lie with their long axis parallel
to the [010] direction and form locally regular arrangements. The existence of small domains of ordered
phases was confirmed by high-resolution microscopy. From these observations a structural model is
proposed in which the I;™ units stack side by side to form zig-zag ribbons extending in the [100] direc-
tion. This model can also explain previously reported results and removes the discrepancy between their

interpretation.

I. INTRODUCTION

The intercalation of iodine into the Bi-Sr-Ca-Cu-oxide
superconductors has received much attention because of
the possibilities that this process offered for tuning the
superconducting parameters through both structural and
electronic modification of the parent phase. Specifically,
the intercalation of iodine increases the separation of the
CuO, planes by 0.35 nm and is also responsible for
charge transfer to the CuO, planes, with concomitant
changesin 7T,.!

The guest iodine is located between the weakly bound
Bi-O bilayers.? High-resolution electron microscopy re-
sults were originally interpreted on the basis of isolated
iodine atoms located between every pair of facing oxy-
gens in the neighboring BiO planes.>* However, Raman
measurements® showed the presence of linear I;” ions,
aligned parallel to the a or b axis and placed in sites of
low symmetry. Mossbauer measurements® confirmed I;”
as the chemical species of iodine present in the lattice.
The structural configuration of triiodide ion chains in the
host crystal is still an open problem.

In order to find a model consistent with the different
observations, we have carried out a comparative c-axis
electron microscopy study of the intercalated and parent
phases. Observations along this zone axis, neglected in
previous microscopy studies, have revealed not only the
location of the linear I, ions, but also the presence of lo-
cally ordered iodine structures responsible for short-
range-order diffuse scattering and long-range-order su-
perlattice reflections in the electron diffraction patterns.

II. EXPERIMENTAL DETAILS

Single crystals of the Bi,Sr,CaCu,0, (Bi2212) phase
were grown by the floating zone technique in an infrared
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imaging furnace,’ using feed rods of cation stoichiometry
Bi, ;Sr; gCaCu,. Samples were intercalated by sealing
with elemental iodine in evacuated Pyrex-glass ampoules
and annealing at 180 °C for periods of up to two weeks.

TEM foils were prepared in three different ways: ar-
gon ion milling, cleavage and crushing in an agate mor-
tar.

Conventional transmission electron microscopy and
energy-dispersive spectroscopy (EDS) microanalysis were
performed at 100 keV, using a Philips EM400T micro-
scope equipped with an energy-dispersive x-ray-analysis
(EDAX) spectrometer. High-resolution observations
were carried out at 300 keV, using the Philips EM430ST
microscope of the Centre Interdépartemental de Micros-
copie Electronique, Ecole Polytechnique Fédérale de
Lausanne, in Switzerland (point-to-point resolution 0.2
nm and spherical aberration constant 1.2 mm).

Calculations of electron diffraction patterns, modeled
supercells and high-resolution electron microscopy
(HREM) images were carried out by using the software
package EMS.® The software SEMPER was employed for
filtering the experimental images.’

III. RESULTS AND DISCUSSION

Structural considerations

The comparison between x-ray!® and selected area
electron-diffraction patterns of iodine-intercalated and
parent Bi2212 phase have shown that the intercalated
material has a primitive orthogonal unit cell and that the
lattice parameters are @ =b =0.54 nm, as in the parent
phase, and ¢ =1.89 nm, i.e., 0.35 nm longer than half of
the ¢ parameter of the parent phase. The intercalated
crystal exhibits an incommensurate modulation along the
b axis as in the parent phase.!! No extinction has been
observed.

16 220 ©1995 The American Physical Society



51 ELECTRON MICROSCOPY INVESTIGATION OF IODINE. ..

Electron diffraction: Short-range-order diffuse scattering

In addition to the fundamental Bragg reflections corre-
sponding to this crystal structure, which represent the
host material, all the [001] zone axis diffraction patterns
of the I-Bi2212 compound contain more or less intense
diffuse scattering intensities as shown in Fig. 1. The
diffuse scattering features, which are related to short-
range order of the intercalated iodine sublattice, are often
very weak and appear clearly only on long-exposure pat-
terns. This could be the reason why they had not previ-
ously been reported for this compound. Several authors
have shown that even the diffuse scattering of x rays is
very sensitive to the state of order of intercalated iodine
and, in particular, of triiodide ion chains in various com-
pounds.’2~15

The typical short-range-order (SRO) intensity distribu-
tion (Fig. 1) consists of diffuse superlattice reflections,
which are split and elongated. An important aspect of
this distribution is the existence of a modulation with a
period of 1.84b*. In direct space, this corresponds to a
distance of about 0.54b, or half the length of the triiodide
linear chain (about 0.59 nm). This is the signature of the
molecular nature of iodine in the host material. In Ap-
pendix A it is shown that the observed diffuse scattering
can be related to a displacement disorder due to iodine
atoms that do not occupy an atomic site corresponding to
the space group of the host material. The modulation
arises because there exists a spatial correlation between
the iodine atoms within an individual chain: the iodine
atoms at the ends of the chain are correlated to each oth-

FIG. 1. Typical long-exposure [001] zone axis diffraction
patterns observed in single crystals of the I-Bi2212 compound.
In addition to the fundamental Bragg reflections corresponding
to the crystal structure of the host material, the pattern shows a
distribution of diffuse scattering intensities characterized by
modulated diffuse superlattice reflections split and elongated
along the direction indicated by the short arrows. The period of
modulation of the diffuse streaks is 1.84b*.
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er and to the atom at the center of the chain. The period-
icity of the modulation is inversely related to the intera-
tomic distance of a correlated pair. This suggests the ex-
istence of an arrangement of linear I;~ molecules all
parallel to the b axis with the two iodine atoms at the
ends of the chains not lying in one of the atomic sites of
the host lattice.

A model based on arrangements of I~ chains parallel
to the b axis, with the central atom between two oxygen
atoms of facing BiO layers and chain end members slight-
ly displaced with respect to the facing bismuth atoms (be-
cause the chain length is a slightly longer than the lattice
parameter), is able to explain the modulation of the
diffuse scattering intensity distribution. Furthermore,
this kind of configuration is also very reasonable from the
point of view of the Coulomb interactions and of the
atomic radii. The central iodine atom can sit in between
two oxygen atoms and, because of its neutrality, behaves
covalently (with a radius of 0.133 nm), whereas the iodine
atoms at the ends of the chain, which are both charged
— -é—, have an ionic radius of 0.216 nm and are close to the
Bi* cations of the neighboring BiO layers.

The diffuse scattering maxima in Fig. 1 are split, indi-
cating the existence of small ordered domains with anti-
phase boundaries. Appendix B shows that the direction
of the splitting, parallel to the a * axis, is parallel with the
normal to the translation interface and the magnitude of
the splitting, Ja*, is equal to the inverse of the average
spacing between antiphase boundaries. This suggests the
presence of a translation interface normal to the a axis
every two unit cells. Figure 2 proposes an example of an
ordered domain, which is able to explain the observed
distribution of split diffuse scattering maxima. The
iodine chains form ribbons running parallel to the a axis
comprising zig-zag motifs. The SRO scattering arises
from the presence in the host material of this kind of or-
dered domain, which can be more or less elongated in the
direction of the a axis.

The presence of diffuse scattering implies not only the
absence of periodicity along the b axis, along which the
linear I, ions are randomly distributed, but also that or-
dered domains are not strongly correlated to each other
along the ¢ axis. This is not surprising due to the dis-
tance between iodine layers (1.89 nm). The SRO of
iodine has essentially a two-dimensional character.

The dark-field micrographs taken with the SRO diffuse
scattering confirm the existence of ordered microregions
sprinkled through the sample. However, the image inter-
pretation is difficult because of the weakness of the diffuse
maxima, the overlap of domains and the dynamical
diffraction effects.

Electron diffraction:
Long-range-order superlattice reflections

In the same sample, there are sporadic areas whose
[001] zone axis diffraction pattern contains a number of
extra spots that reveal a long-range ordering of the linear
I,” ions, instead of SRO diffuse scattering. Figure 3
shows that the extra reflections can be attributed to two
identical lattices related to each other by a 90° rotation
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about_the ¢ axis. The two_variants are based on
(a V2,aV2,¢) and (a@V 2,%01/2,c) unit cells, respective-
ly. In fact, the basic spots 110 and 110 correspond to the
reflections 100 and 020 of the first variant and to the
reflections 200 and 010 of the second, respectively. The
superlattice spots that do not correspond to any basic
reflection are split. They are typical of crystals contain-
ing a periodic array of antiphase boundaries and, more
precisely, of translation interfaces characterized by a
translation vector equal to half a lattice parameter (see
Appendix B for more details). Variant I exhibits anti-
phase boundaries characterized by the translation vector
+ [010], which corresponds to the translation vector 1
[110] in the basic crystal, and which splits the spots
along rows corresponding to odd values of k. Analogous-
ly, in variant II the translation vector is 1 [100], or 1
[110] in the basic crystal, and the spots split if 4 is odd.
In both cases the translation corresponds to a 1a V2 dis-
placement, along [110] and [110] directions of the basic
structure, respectively. A very important point is that
the distance between split spots is about five times smaller
than the reciprocal vector corresponding to 110: this
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FIG. 2. A structural model showing the configuration of I~
ions relative to the bismuth and the oxygen atoms (small black
and large light gray circles, respectively) in the underlying BiO
layer, which is able to explain the observed distribution of
diffuse scattering (Fig. 1). The iodine chains form bidimensional
ribbons parallel to the a axis constituted of zig-zag motifs due to
the presence of antiphase boundaries, normal to this direction,
every two unit cells.
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FIG. 3. [001] zone axis diffraction pattern observed in a sin-
gle crystal of the I-Bi2212 compound. The pattern shows sharp
superlattice spots instead of the diffuse scattering intensities of
Fig. 1, and can be attributed to two identical lattices related to
each other by a 90° rotation about the c¢ axis, as shown in the
simulation. Small open circles refer to the superlattice spots
that do not correspond to any reflection of the basic crystal (in-
dexed black circles), and are split. The basic spots 110 and 110
correspond to the reflections 100 and 020 of the first variant and
to the reflections 200 and 010 of the second one, respectively.
The splitting is typical of crystals containing a periodic array of
antiphase boundaries as explained in Appendix B.
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means that the average distance between adjacent anti-
phase boundaries is about 2.5¢v2. It should be noted
that the structural modulation periodicity is about five
times the lattice parameter b, indicating the possibility of
a correlation between iodine long-range order and the
modulation.

A model of the superlattice due to iodine chain order-
ing is illustrated in Fig. 4. Antiphase boundaries and
several superlattice unit cells showing the translation of
adjacent domains are underlined. This model is con-
sistent with the measured composition, the conclusions
drawn from the diffuse scattering observations, and the
geometry of the experimental diffraction pattern. Be-
cause of the complexity of the host crystal, we did not at-
tempt to calculate the observed intensities. The ordering
of iodine chains along the two diagonals of the basic unit
cell is equivalent. For this reason, two variants of the su-
perlattice, perpendicular to each other, coexist in the
sample. Furthermore, they are intermixed because we
have never observed a diffraction pattern containing only
one variant. Unfortunately, we were unable to estimate
the extent of the long-range-ordered regions because they
were only observed in very small areas protruding from

> RO W

FIG. 4. Structural models showing the long-range order of
I;” ions relative to the bismuth and the oxygen atoms (small
black and large light gray circles, respectively) in the underlying
BiO layer, corresponding to the two variants of the superlattice
observed in the diffraction pattern reported in Fig. 3. The anti-
phase boundaries and a few superlattice unit cells showing the
translation between adjacent domains are marked. Regions
with high concentration of iodine alternate with regions of
lower content with a periodicity of about 5b, like the structural
modulation of the basic crystal.
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thicker flakes.

The model suggested in Fig. 4 shows iodine-rich and
-poor regions alternating with a periodicity of about 5b,
like the structural modulation of the basic crystal. The
connection between structural modulation and iodine
concentration is clear in HREM observations taken with
the [100] incidence (Fig. 6 of Ref. 3 and Fig. 1f of Ref. 4),
especially if compared with the corresponding image of
the nonintercalated material (Fig. 3 of Ref. 16). Iodine
seems more concentrated in the wider regions between
the BiO layers created by the modulation, enhancing in
this way the effect of the modulation on the micrographs.
The interpretation of Chenevier, Ikeda, and Kadowaki* is
based on alternation of I-concentrated and I-deficient re-
gions creating building blocks along the b-axis whose
length is six and seven times 1aV'2, which is approxi-
mately the distance of the periodicity of the modulation.
It seems that the modulation of the host crystal causes
constrictions in the location of the iodine chains. This
explains why the local arrangements of iodine chains
have a ribbon morphology with a narrow width along the
b-direction.

High-resolution electron microscopy

Our HREM observations concern only the [001] zone
axis, an orientation that has not been studied before to
our knowledge. The high-resolution image of Fig. S
shows a typical aspect of I-Bi2212 single crystals along
the ¢ axis. This zone axis is particularly relevant because
along this direction the heavy atoms of the host crystal
form columns that appear as white or black dots, depend-
ing on the specimen thickness. Therefore, it is possible to
get structural information even without image simula-
tion.

Figure 5 shows that the crystal is not perfect but con-
sists of small domains, which are more evident in the
thinnest region of the sample near the edge (top of the
micrograph). This is a direct consequence of the inter-
calation process. In fact, the 1a staggered stacking of
basic blocks of one molecular unit, bounded by BiO
planes, of the Bi2212 parent structure becomes a com-
monly registered stacking sequence in the intercalated
materials. Therefore, a new crystal contains only one
basic block per unit cell instead of two, and they are con-
nected by symmetrical BiO-I-BiO triplet layers, where
the Bi atoms in one layer are sited directly above the Bi
atoms in the second layer.!” The required shift of 1a of
one basic block with respect to another in order to
realign the BiO layers surrounding the iodine does not
take place simultaneously throughout the crystal, and so
induces the formation of domains related to each other
by a translation 1la, with the creation of defects between
them as shown in Fig. 6. This image was obtained by
filtering the experimental micrograph, i.e., by keeping the
reflections of the host material and eliminating the diffuse
scattering due to the iodine and the noise from the
diffraction pattern.

Figure 5 shows also another kind of disorder of the
basic structure in the thicker part of the foil (bottom
right). A different kind of contrast is present, locally, in



16 224

small regions elongated in the direction of the a axis. We
interpret this contrast as having its origin in the diffuse
scattering due to the short-range order of iodine linear
chains. Specifically, the presence in the micrograph of
bright white dots forming a square pattern along the di-
agonals of the host unit cell is related to the presence of
individual iodine chains without any hypothesis about
their mutual location in different layers, as shown by the
image simulation inset in Fig. 5. The model used here,
detailed in Table I, corresponds to the host material with
a random distribution of iodine chains parallel to the b
axis; this diagonal pattern cannot be simulated with mod-
els based on atomic iodine, sitting at regular lattice posi-
tions,> nor with the nonintercalated crystal.

We did not try to simulate other kinds of contrast
present in Fig. 5 because of the large number of possible
models corresponding to the several configurations of
iodine chains in an individual ribbon and the variety of
spatial combinations of ribbons. Although the interac-
tion between chains located in the same ribbon is
sufficiently strong to create an ordered domain, the in-
teraction is very weak for chains in different ribbons. For

st o
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this reason, we cannot obtain direct information about
the three-dimensional localized ordering of iodine. It
should be noted that the size and the number of ordered
islands shown by the HREM image does not necessarily
correspond to those of the actual domains. In fact, the
origin of the HREM contrast is related to the composi-
tion and periodicity of the atomic columns parallel to the
direction of observation, whose projection constitutes the
image.

Further simulations have demonstrated that the
present model involving molecular I;~ ions is also con-
sistent with the HREM observations of Kijima et al’
along the [010] and [110] zone axes. In fact, an im-
proved matching of the simulated and experimental im-
ages can be achieved by imposing on the iodine chains a
slight tilt in the c-axis direction. Such a tilt seems likely
due to the large separation of facing BiO layers, especial-
ly considering the real positions of atoms imposed by the
structural modulation,'! and also due to the length of the
I~ molecules slightly exceeding the spacing of Bi atoms.
However, the chains cannot be tilted more than 12° be-
cause of the large iodine ionic radius. It should be noted

FIG. 5. High-resolution electron microscopy image showing a typical aspect of I-Bi2212 single crystals along the ¢ axis. Small
domains interconnected by planar defects are visible in the thinnest region (top of the micrograph). In the thicker part of the sample
(bottom right) a different kind of contrast is present, locally, in small regions elongated in the direction of the a axis, which is hor-
izontal in this micrograph. The particular contrast arrowed, whose simulation is shown in the inset, corresponds to the presence of a
random distribution of individual iodine chains. The calculated image refers to a thickness of about 7.5 nm and to the Scherzer de-

focus (— 60 nm).
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FIG. 6. Filtered image obtained by masking the diffraction
pattern corresponding to the image reported in Fig. 5 in order
to improve the contrast due to the host material. Defects creat-
ed in accommodating the presence of domains staggered by %a

due to the realignment of BiO layers adjacent to iodine are evi-
dent.

though, that a very similar contrast can be obtained by
reducing the chain tilt and introducing instead a modula-
tion on the z coordinate of the Bi atoms stronger than
that in the parent phase. This would be consistent with
the apparently enhanced modulation discussed earlier.
With either the iodine chain tilt, or the increased Bi posi-
tional modulation, the achieved contrast is in good agree-
ment with the experimental contrast. Even the displace-
ment of a few atoms can produce an effect on the HREM
images because I and Bi are both strong electron scatters.
Moreover, the contribution to scattering intensities of
one atom of bismuth is about 70% stronger than that of
one atom of iodine.!®

IV. CONCLUSION

Electron diffraction and high-resolution electron mi-
croscopy observations along [001] of Bi2212 after iodine
intercalation have shown that iodine is present as I~
linear molecules in agreement with Raman studies. I;~
units are all parallel to the b axis with the central atom
between two oxygen atoms of facing BiO layers, and with
the two atoms at the ends of the chain slightly displaced
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in the b direction with respect to the opposing bismuth
atoms (because the chain length is about 0.05 nm longer
than the lattice parameter of the host material). The
short-range and long-range ordering of the triiodide ion
chains produce domains of ordered phases characterized
by different antiphase boundaries. The structural model
suggested is not only consistent with our present observa-
tions but reconciles previous results.

TABLE 1. Crystallographic data, atomic parameters and site
occupancy for the I-Bi2212 phase containing a random distribu-
tion of iodine chains parallel to the b axis. The atomic sites
have been calculated from the corresponding atomic positions
in the average structure of the parent phase (Ref. 11). A triclin-
ic unit cell was chosen because no information is available about
the symmetry of the intercalated material. The positions of the
iodine atoms belonging to the individual I3~ units have been
determined by siting the chain-center iodine atom between two
opposing oxygen atoms. The correct composition was imposed
by attributing to each iodine site a suitable occupancy parame-
ter. Crystal IBi,Sr,CaCu,0, configurations are @ =0.54 nm,
b =0.54 nm, ¢ =1.89 nm, alpha=90.00 deg, beta=90.00 deg,
gamma =90.00 deg, triclinic system, and a primitive Bravais lat-
tice.

Atoms coordinates

Element x/a y/b z/c Occupancy
1 0.250 0.250 0.000 0.50
I 0.750 0.254 0.000 0.25
I 0.750 0.246 0.000 0.25
I 0.750 0.750 0.000 0.50
I 0.250 0.754 0.000 0.25
I 0.250 0.746 0.000 0.25
o 0.280 0.250 0.175 1.00
o 0.720 0.750 0.175 1.00
o 0.750 0.250 0.284 1.00
o 0.250 0.750 0.284 1.00
(o] 0.000 0.000 0.413 1.00
(o] 0.500 0.000 0.413 1.00
o 0.000 0.500 0.413 1.00
(o} 0.500 0.500 0.413 1.00
o 0.000 0.000 0.587 1.00
o 0.500 0.000 0.587 1.00
o 0.000 0.500 0.587 1.00
(6] 0.500 0.500 0.587 1.00
o 0.750 0.250 0.716 1.00
o 0.250 0.750 0.716 1.00
o 0.220 0.250 0.825 1.00
(0] 0.780 0.750 0.825 1.00
Bi 0.780 0.250 0.175 1.00
Bi 0.220 0.750 0.175 1.00
Bi 0.720 0.250 0.825 1.00
Bi 0.280 0.750 0.825 1.00
Sr 0.250 0.250 0.323 1.00
Sr 0.750 0.750 0.323 1.00
Sr 0.250 0.250 0.677 1.00
Sr 0.750 0.750 0.677 1.00
Cu 0.750 0.250 0.413 1.00
Cu 0.250 0.750 0.413 1.00
Cu 0.750 0.250 0.587 1.00
Cu 0.250 0.750 0.587 1.00
Ca 0.250 0.250 0.500 1.00
Ca 0.750 0.750 0.500 1.00
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APPENDIX A: DIFFUSE SCATTERING DUE TO
A RANDOM DISTRIBUTION OF LINEAR I;” IONS

Following the formulation of the diffraction problem
for imperfect crystals suggested by Guinier!® and Cow-
ley,?° the scattering intensity I of the disordered crystal
that exhibits an average periodic lattice can be considered
the sum of the intensity diffracted by a perfect crystal
corresponding to the average structure I, (sharp Bragg
reflections at the reciprocal lattice nodes) and of the
scattering due to the deviations from the average struc-
ture I, (diffuse scattering in between the reciprocal lattice
nodes)

I=1,+1,=|{F)|>+|AF|?,

where (F) and AF are the Fourier transform of the elec-
tronic density distribution of the average lattice {p(r))
and of the deviation from the average lattice Ap(r), re-
spectively. In other words, the intensity of diffuse
scattering I, is the Fourier transform of the Patterson
function of the deviation from the average structure
Ap(r)* Ap(r).

The diffuse scattering observed in the pattern of Fig. 1
due to the disorder created by the presence of a random
distribution of linear iodine units in the Bi2212 crystal
can be analyzed from this point of view. The diffuse
scattering distribution corresponds to periodic functions,
whose period is 2L ~! (L is the length of linear I, ions),
with maxima at ¥« =(2n +1)L ~! in the diffraction pat-
tern rows corresponding to A =2r and inversely at
u =2nL ~'if h =2n +1 (where u is the reciprocal lattice
variable along the b* axis and 4 the conventional Miller
index). We will first treat the diffuse scattering distribu-
tion corresponding to # =0 and then explain its behavior
elsewhere.

Since the I, ions are linear and the observed diffuse
scattering is along the direction of the b* axis, we consid-
er a monodimensional model of the problem as illustrated
in Fig. 7. The Patterson peaks correspond to the possible
distances between scattering centers, in our case the
iodine atoms of the I3~ ions in which the characteristic
distances are 0,2L and L. The Fourier transform of this
function contains two periodic components, one corre-
sponding to a period 2L ~! and the other to a period L ~!,
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FIG. 7. Monodimensional diagrams representing the elec-
tron density distribution p(r) related to the presence of iodine
chains, the periodic average structure (p(r)), the deviation
from the average structure Ap(r), the Patterson function

Ap(r)*Ap(r), and its Fourier transform corresponding to the
diffuse scattering.

which could be expressed as
I,=1I,,(1—cosmLu +icos2wLu) ,

as shown in Fig. 7.

The main maxima of this function correspond to those
of the observed diffuse scattering corresponding to # =2n
(Fig. 1). This function can describe the diffuse scattering
intensity observed when A =2n +1 if a shift of half a
period is introduced. This effect can be seen as a sort of
extinction that arises because the bidimensional arrange-
ment of iodine chains in the a-b plane is characterized by
the translation £ [110].

APPENDIX B: DIFFRACTION EFFECTS DUE TO
A PERIODIC ARRAY OF TRANSLATION INTERFACES

The kinematical diffraction theory can be used to cal-
culate the diffraction pattern of a crystal containing
translation interfaces.?! We will consider only the simple
case of a periodic arrangement of translation variants re-
lated to each other by a translation corresponding to a
displacement vector R parallel to the interface and equal
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to half a lattice parameter. The first example in Fig. 8
corresponds to the variant I of the iodine superlattice
(Fig. 3) and shows that the faulted structure consists of a
sequence of finite slabs of crystal. Each slab contains n
lattice planes H,y, giving a width D =nd o, and with a
displacement vector R equal to £ [010].

To obtain the diffraction pattern of this structure we
need to calculate the Fourier transform of the lattice po-
tential. Let us assume that within a slab the lattice po-
tential corresponds to the potential of a perfect crystal
that can be represented by the Fourier series

V(r)=T3 Ve e
H

with the sum extended over the reciprocal lattice. The
lattice potential of the faulted crystal can be written as
the sum of the potential of each slab. Since there are two
kinds of slabs, I and II, the lattice potential can be

a 1 o 1
? 0 9 0 90 0 90 ¢
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1 1
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FIG. 8. Two examples of periodic arrangements of antiphase
boundaries with the same orientation, but corresponding to two
different displacement vectors (R=21[010] and R=21[110], re-
spectively) and the corresponding diffraction patterns. The
presence of the translation interfaces affects the intensity of a
series of basic reflections that split into two superlattice spots if
HR is half an integer. The splitting distance is the inverse of
the distance between two translation interfaces and the splitting
direction is perpendicular to the translation interfaces.
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represented as:
Ve(r)=V(r)+V,(r),

where V,(r) and V,(r) are the potentials of the slabs I
and II, respectively, and can be represented as follows:

Vi(e)=V(r)U(x)

with U(x)=1 for nD <x <(n +1)D and zero elsewhere,
and

V,(r)=V[r—(D+R)]U(x —D) ,

where D +R is the translation between the origin of part
I and the corresponding origin of part II. The lattice po-
tential of the crystal containing the translation interfaces
is then

Ve(r)=V(r)U(x)+V[r—(D+R)]JU(x —D) .
The Fourier transform F(g) of Vyz(r) is the sum of

F,(g) and F,(g), the Fourier transforms of V,(r) and
V,(r), respectively:

F(g)=F,(g)+F,(g)

with
F(g)=F(g)xU(g—H)=3, VyU(g—H)
H
and

Fz(g)=F1(g)e —2wi(D+R)g=2 Va U(g'—H)e —27i(D+R)g
H

Note that H and g are both vectors of the reciprocal lat-
tice: H corresponds to the reflections of the perfect crys-
tal (basic spots), whereas g corresponds to the reflections
of the faulted lattice (superlattice spots, Fig. 8). The
presence of the translation interfaces affects the intensity
of a series of basis reflections which split into two super-
lattice spots. In order to see this, let us consider the am-
plitude 4y4(g) of a generic Bragg reflection H:

Ay(g)=VyU(g—H)[1+e 2mP*RE]

Figure 8 shows that in the reciprocal lattice the u axis
is perpendicular to the translation interfaces and that
g—H=u=ue,, so that

Ayx(g)=VyxU(g—H){1+exp[ —2mi(D+R)(H+ue,)]}
with
(D+R)(H+ue,)=HD+uD +n

with n an integer. Using the explicit expression of the
function U, the amplitude of the reflection H becomes

Ag(g)=Vyexp —‘rriuDSIﬂu—Q [1 + ¢ —2mi(HR+uD)

and its intensity is then

. 2 D
V2 sin“mTu
" (uD)?

The last factor determines the position of the maxima of

Iy(g)=Ay(g)Afx(g)=4 cos’r(HR+uD) .
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Iy(g), i.e., the position of the superlattice spots corre-
sponding to the basic reflection H. This function de-
pends on HR and, in our case, can have two different
behaviors,

cos’7(HR +uD)=cos’>ruD if HR is integer ,
cos’r(HR +uD)=sin?ruD if HR is half integer .

This means that, if HR is an integer, the function Iy(g)
has a central main maximum at u =0, as in the case of a
perfect crystal. On the other hand, if HR is a half in-
teger, Iy(g) has two symmetrical and identical main
maxima at ¥ ==+(2D)" . In this case, on the diffraction
pattern the basic reflection H is split into two superlattice
spots D ~! apart (corresponding to the Fig. 8). Note that
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D! is the inverse of the distance between two transla-
tion interfaces and that the splitting direction is perpen-
dicular to the translation interfaces.

Figure 8 shows two different kinds of periodic arrange-
ment of translation variants: the first is the one just treat-
ed in which the displacement vector R is parallel to the
translation interfaces, whereas the second is a more gen-
eral case, and R also has a component perpendicular to
the interfaces (R is equal to 1 [110]). The kinematical
theory can be applied in the same way to this
configuration and the resulting diffraction pattern will
contain split spots. The splitting direction is perpendicu-
lar to the translation interfaces and does not change by
changing R. The difference is that, in this case, other
spots are split because they must correspond to a vector
H whose scalar product with R is half an integer.
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FIG. 1. Typical long-exposure [001] zone axis diffraction
patterns observed in single crystals of the I-Bi2212 compound.
In addition to the fundamental Bragg reflections corresponding
to the crystal structure of the host material, the pattern shows a
distribution of diffuse scattering intensities characterized by
modulated diffuse superlattice reflections split and elongated
along the direction indicated by the short arrows. The period of
modulation of the diffuse streaks is 1.84b*.
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FIG. 2. A structural model showing the configuration of I~
ions relative to the bismuth and the oxygen atoms (small black
and large light gray circles, respectively) in the underlying BiO
layer, which is able to explain the observed distribution of
diffuse scattering (Fig. 1). The iodine chains form bidimensional
ribbons parallel to the a axis constituted of zig-zag motifs due to
the presence of antiphase boundaries, normal to this direction,
every two unit cells.
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FIG. 3. [001] zone axis diffraction pattern observed in a sin-
gle crystal of the I-Bi2212 compound. The pattern shows sharp
superlattice spots instead of the diffuse scattering intensities of
Fig. 1, and can be attributed to two identical lattices related to
each other by a 90° rotation about the ¢ axis, as shown in the
simulation. Small open circles refer to the superlattice spots
that do not correspond to any reflection of the basic crystal (in-
dexed black circles), and are split. The basic spots 110 and T10
correspond to the reflections 100 and 020 of the first variant and
to the reflections 200 and 010 of the second one, respectively.
The splitting is typical of crystals containing a periodic array of
antiphase boundaries as explained in Appendix B.
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FIG. 4. Structural models showing the long-range order of
I;” ions relative to the bismuth and the oxygen atoms (small
black and large light gray circles, respectively) in the underlying
BIiO layer, corresponding to the two variants of the superlattice
observed in the diffraction pattern reported in Fig. 3. The anti-
phase boundaries and a few superlattice unit cells showing the
translation between adjacent domains are marked. Regions
with high concentration of iodine alternate with regions of
lower content with a periodicity of about 5b, like the structural
modulation of the basic crystal.
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FIG. 5. High-resolution electron microscopy image showing a typical aspect of I-Bi2212 single crystals along the ¢ axis. Small
domains interconnected by planar defects are visible in the thinnest region (top of the micrograph). In the thicker part of the sample
(bottom right) a different kind of contrast is present, locally, in small regions elongated in the direction of the @ axis, which is hor-
izontal in this micrograph. The particular contrast arrowed, whose simulation is shown in the inset, corresponds to the presence of a
random distribution of individual iodine chains. The calculated image refers to a thickness of about 7.5 nm and to the Scherzer de-
focus (—60 nm).
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FIG. 6. Filtered image obtained by masking the diffraction
pattern corresponding to the image reported in Fig. 5 in order
to improve the contrast due to the host material. Defects creat-
ed in accommodating the presence of domains staggered by %a
due to the realignment of BiO layers adjacent to iodine are evi-
dent.



