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INTRODUCTION 

Superconductivity was discovered in 1911 when H. K. Onnes found no electrical 

resistance in Hg cooled to 4.1 K. Over one thousand additional "low temperature" 

superconductors were discovered prior to Bednorz and Muller's discovery! of 

"high temperature" (40 K) superconductivity in BaLaCuO compounds in March of 1986. 

This discovery generated much scientific interest in oxide superconductors. Less than one 

year later2 the now well known YBaCuO class of superconductors raised the highest 

known superconducting transition temperature to 90 K, well above the boiling temperature 

of liquid nitrogen. In the following year, the highest recorded transition temperature was 

raised to 105 K by the BiCaSrCuO system.3.4 This system extended obtainable values of 

not only transition temperature, but also critical magnetic field, and critical current. 



BACKGROUND 
CRYSTAL STRUCTURE 

The Bi2CanSr2Cun+10 6+2n+o (BCSCO) family of superconductors has a perovskite-like 

layered structure,5•6 in which perovskite blocks are separated by a Bi-0 double 

layer.(Figure 1) This is clearly evident in the plate-like microstructure of the material as 

observed through optical, and scanning and transmission electron microscopy techniques. 

The flaky microstructure results from weak chemical bonding between the double Bi-0 

layers, being separated by 3.2 A in this structure.7 Three scanning electron microscope 

stereopairs of images (Figure 2) dramatically show the plate-like grains of a cleaved 

pellet of Bi2CaSr2Cu208+o. 

The best known member of the BCSCO family of superconductors, and the main focus of 

this paper, has the composition Bi2CaSr2Cu208+8 (n=l); and has unit cell parameters of 

a = 5 .41 A, b = 5. 3 9 A, and c = 3 0. 7 A. This structure8
•9 belongs to the 

orthorhombic space group Bbmb, number 66 (Cccm) in International Tables for 

Crystallography. 10(Figure 3) The two mirror planes, normal to the c-axis, pass through 

the two Ca layers in this BCSCO structure. The screw diads, also perpendicular to the 

c-axis, pass between the double Bi-0 layers. The n=O, n=l, and n=2 structures have c 

parameters of 24.6 A, 30.7 A, and 37.2 A; and superconducting transition temperatures 

up to 22 K, 80 K, and 105 K, respectively.U 

MODULATIONS 

Transmission electron microscopy (TEM) investigations of Bi2CaSr2Cu20 8+0 (n=l) have 

identified an incommensurate12 superstructure along the b-axis. 13• 14 This modulation has a 

repeat period of approximately 4.8 unit cells. Although the exact cause of the 

incommensuration has yet to be determined, there is general agreement that it is associated 

2 
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Figure 2 (d-f) 

Figure 2 

Three scanning 

electron microscope 

stereopair images of 

cleaved BiCaSrCuO 

pellets. The porous, 

platy microstructure is 

clearly evident in 

each of the three 

regions. 
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Symmetry operations contained within the orthorhombic space group 

Cccm , No .. 66 in International Tables of Crystallography. 10 

with an aperiodic lateral displacement across the double Bi·O layers. In the BCSCO crystal 

structure, the long Cu-0 bonds are much more rigid than the Bi-0 bonds, hence the double 

Bi-0 layers deform by stretching to match the periodicity imposed by the Cu-0 planes.15 

Within each layer of the structure, considerable displacement from the overall average 

atomic position is seen along the .modulations. 16 Bismuth atoms undergo the largest 

displacement, up to 0.5 A along the b-axis, resulting in Bi-rich and Hi-deficient 
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regions.'7(Figure 4) These regions are situated such that a Bi-rich band is positioned 

directly adjacent along the c-axis to a Bi-deficient band. In the Bi-rich bands, the 

separation between the adjacent Bi layers is increased.18 Calcium and copper are displaced 

along the c-axis, while strontium is displaced intermediately along the b- and c-axis. The 

Ca, Cu, and Sr displacements follow the contour of the surrounding distorted Bi-0 layers. 

The amount of displacement is seen to vary sinusoidally along the modulation for all of the 

atomic species sites. These displacements are consistent with high-resolution TEM images 

from the [100] zone axis. 19
•
21 

To date, most of the proposed models for the origin of the modulation belong to one of 

three categories: 22 1) a partial substitution of Bi by Cu or Sr, 2) ordering of Sr 

vacancies, or 3) extra oxygen within the Bi-0 layers. Proposed models must explain the 

presence of the large atomic displacements within the modulated structure. 

The first model to explain the incommensurate modulations involves substitution of Cu, or 

up to 40% Sr, on Bi sites in the Bi-deficient bands.21 Because a lone pair of electrons on 

the Bi atoms maintains a Bi-0 layer separation of 3.2 A, these layers would then be 

allowed to come closer together under conditions of Bi being replaced by a cation such as 

Cu which lacks a lone pair of electrons. Alternatively, a Bi atom could be replaced by a 

larger Sr atom, relaxing lattice distortion in the double Bi-0 layers. These models, 

however, are not supported by either elemental x-ray spectroscopy measurements or 

electron image simulation experiments. 

The second category of models involves ordering of both Sr vacancies, and the atomic 

displacements caused by these vacancies, to generate the modulation in structure.23 This 

ordering would lead to tilting of the rigid Cu05 polyhydra24 in the n=l material. However, 

high-resolution TEM shows that the maximum atomic displacements are found not in the 

6 
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Figure 4 

Atomic positions of the modulated Bi2CaSr2Cu208K> structure are shown along the [01 0] 

zone axis. Five unit cells, one of which is outlined in black, span one complete 

modulation. The five regions of excess oxygen within the double Bi-0 layers are starred. 

Atoms of all elemental species are displaced from their respective average position as a 

result of the excess oxygen. (adapted from A. Yamamoto, 1990) 

XBL 903-1181 

7 



Sr-0 layer, but in the double Bi-0 layers. Also, for the case of the n=O compound, we 

would expect to see a modulation displaying coupling between the Sr-0 layers because the 

oxygen atoms in these layers are incorporated into opposite vertices of a rigid Cu06 

octahedron.22 The modulation experimentally seen in the n=O material, however, does not 

match the one predicted by this model. 25 

Most recently, x-ray and neutron diffraction data, through a refined Rietveld Analysis 

program, 17 reveal that extra oxygen within the double Bi-0 layers is the origin of the 

one-dimensional modulation. Neutron scattering is commonly used to refine structure 

parameters for oxygen in the presence of heavy atoms.26 Excess oxygen is found to raise 

8 to a value of 1.0 for Bi2CaSr2Cu20 8+0 within the Bi-deficient region of the modulation. 

Due to the structure's a and b parameters being determined by the perovskite blocks located 

between the stretched double Bi-0 layers, there exists ample capacity within these Bi layers 

for excess oxygen. This study also finds Sr sites in the Bi-deficient bands partially filled 

by Ca and Bi atoms, and occasional randomly positioned Ca sites occupied by Sr atoms. 

Other experimental techniques also indicate that a variation in the Bi:O ratio is the primary 

cause for the incommensuration.27
•
28 Scanning tunneling microscopy (STM) of the Bi-0 

layer in the n=l compound15 images the incommensuration, and points not to a periodic 

excess of oxygen in this layer, but to a related periodic deficiency by 10% of Bi. Data from 

complimentary experiments22 show that oxygen can be forced into particular layers within 

layered compounds similar in structure to BCSCO, while maintaining unit cell dimensions 

prescribed by other layers within the structure. 

Any relation between the modulated structure and superconducting properties of BCSCO 

has not yet been proven; however, excess oxygen and oxygen vacancies are felt to play an 

8 

.. 



essential role in the superconductivity of oxide compounds. 29 The copper-oxygen 

arrangement is also considered important for superconductivity in these materials. 
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EXPERIMENTAL PROCEDURE 

Transition-Metal Doping 

Because superconductivity in the high-T c oxides is thought to be directly linked to the 

copper-oxygen arrangement30 within these materials, an effort to achieve better 

understanding of the high-Tc superconducting mechanism has led to the "doping" of 

Bi2CaSr2Cu20 8+0 with up to five atomic percent (with respect to Cu content) of either Co, 

Ga, Fe, or Ni by the Texas Center for Superconductivity at the University of Houston 

(T cSUH). The objective was to study transition-metal's effects upon superconductivity 

when substituted onto Cu lattice sites. At this time the actual location of these dopants in 

the crystal structure has not been confirmed experimentally, although other studies have 

confirmed the substitution of Tl onto Cu sites in BiCaSrCu0,31 and Fe onto Cu sites in 

YBazCu30y.32 The material used here was prepared at TcSUH by sintering a mixture of 

individual oxide powders. The resultant pellets were then repeatedly reground and 

resintered until homogenized. 

Instrumentation 

The morphology and microstructure of the Bi2CanSr2Cun+10 6+2n+o (BCSCO) family of 

superconductors has been studied using mainly energy dispersive x-ray spectroscopy and 

electron imaging. High-resolution transmission electron microscopy (TEM) was carried 

out in a JEOL JEM 200CX microscope equipped with a double-tilt, top-entry specimen 

holder and a LaB6 filament operating at an accelerating voltage of 200 kV. Conventional 

TEM was done on a Philips EM301 operating at an accelerating voltage of 100 kV. 

Scanning electron microscopy (SEM) was performed on a JEOL 35-CF microscope 

equipped with a Tracor 5502 x-ray detection system. Fine probe x-ray analysis was 

performed on a Philips EM400 transmission electron microscope equipped with a LaB6 

filament and a Kevex-ray® x-ray detection system. 

10 



Specimen Preparation for Electron Microscopy 

Since specimen ~uality is of critical importance in high-resolution TEM studies, care must 

be taken to choose the most appropriate specimen preparation technique for the material 

under study. The sintered BCSCO material investigated here was in the form of sintered 

pellets with a porous microstructure which consists of small, randomly oriented, poorly 

connected, plate-like grains.(Figure 2) It has been found that this morphology 

significantly affects the production of suitable TEM specimens. 

The simplest and most rapid specimen preparation method employed consists of crushing 

a small amount of the starting material to a fine powder in an agate mortar, and then 

suspending the powder in pure ethanol or propanol. An eye dropper or syringe is then 

used to transfer 4-6 drops of the suspension onto a holey carbon film supported by a mesh 

grid, thus effectively dispersing the powder across the grid. The strong tendency for the 

crystal to cleave along (001) planes, due to the weak bonding between double Bi-0 layers, 

results in fl~e-like particles which exhibit a preferred [001] orientation on the grid.33 A 

conventional TEM image of a specimen prepared using this method is shown in 

Figure 6. Some specimens produced in this manner are unstable under a 200 kV 

electron beam (with LaB6 filament), with heavy damage occurrin·g within the time that a 

through-focus series of micrographs can be exposed. This effect is probably due to 

insufficient thermal contact between the BCSCO flakes and the supporting film, resulting 

in heating of the specimen. It is also important to note that since separation occurs along 

grain boundaries during crushing, this is not the method of choice for imaging grain 

boundary structures. 

A related method of specimen preparation for the superconducting oxides involves 

mounting small, but still "macroscopic" particles onto an oval TEM grid using an 

1 1 
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electrically conducting adhesive (such as EPO-TEK™ H20E silver epoxy from Epoxy 

Technology, Inc.), so that thin edges of the material are exposed.34(Figure 5) The 

particles to be used are produced by either very coarsely crushing the material, or by using 

a sharp blade to cleave macroscopic flakes from the starting pellet. This configuration has 

the advantage of larger continuous material mass and greater thermal contact with the 

supporting grid, thus improving the stability of the specimen during exposure to the 

electron beam. Because of the porosity and the natural cleavage of the material, the only 

regions found to be thin enough for TEM were again frequently oriented near the [001] 

zone axis. 

Obtaining maximum information from high-resolution TEM studies of the layered 

superconducting oxides requires the ability to directly image the c-plane stacking, thus 

necessitating a specimen which is sufficiently thin along the [001] zone axis . In this 

respect, the methods described above are unfortunately limiting. Therefore, other 

specimen preparation techniques which are not controlled by the natural cleavage of the 

material have been explored, and these provide access to a wider range of crystallographic 

orientations. 

One promising method of this type is non-reactive milling with Ar+ ions.35 Specimens are 

first mechanically thinned using standard metallographic techniques until a thickness of 

less than 150 j.lm is reached. The specimen is next polished flat to a thickness of less than 

100 j.lm using 6 j.lm diamond paste, and then mounted on a suitable oval or circular TEM 

grid (again using a durable conductive adhesive) since the superconducting oxides are 

generally too fragile to be self-supporting. After thinning to approximately 20-50 j.lm by 

dimple grinding using 6 j.lm diamond paste diluted in kerosene, the specimen is ion milled 

at liquid nitrogen temperature until perforation occurs. Because the pore size of the 

sintered BCSCO material is very large, 1 j.lm diamond paste embedded itself into these 

12 



Figure 5 Scanning electron image of TEM 
specimen prepared by mounting a small flake of material 
onto a copper grid using silver epoxy. 

Fi gure 6 Holey carbon film supporting flakes of 
material, as seen by TEM. 
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pores rather than polished the material, and therefore was not used for thinning. This 

problem was confirmed by both optical microscopy and by the extremely slow dimpling 

rate obtained with the finest diamond paste. Ion milling induces significant mechanical 

damage in this material. As shown in Figure 7, the porosity and poorly connected grain 

structure result in a thin edge containing numerous holes and large amorphous regions. 

This is due to the ion beam destroying the crystallinity of the thin platelets well before they . 

could be sufficiently thinned along the ion beam direction. A denser material would have 

to undergo less time milling once its thickness was reduced to one where its crystalline 

integrity was threatened. In our case, however, a flake oriented along the milling beam is 

actually thin enough to be easily damaged, yet very thick as far as the milling direction is 

concerned. A denser specimen, therefore, would resist damage introduced by the milling 

process. Various ion beam parameters have been used on these porous specimens, 

without appreciable improvement in specimen quality. In contrast, specimens prepared 

from a pellet which had undergone hot isostatic pressing after initial sintering were found 

to incur almost no damage during ion milling. This improvement is attributed to a less 

porous, larger-grained microstructure (Figure 8) produced by the additional processing. 

Other workers have also reported successful ion milling of the BCSCO family of 

superconductors. 36 

Ultramicrotomy is another specimen preparation technique which offers random 

crystallographic access for a TEM study. 37 The BCSCO material is crushed to a fine 

powder in an agate mortar, and then suspended in L.R. White ™ resin. 38 After the resin is 

cured, the block is trimmed and sliced using a diamond knife. Very thin (electron 

transparent) sections of resin are then floated onto TEM mesh grids. Under ideal 

circumstances, the embedded material is sliced along a variety of crystallographic 

orientations, while remaining thin enough for TEM without falling apart or separating 

14 



Figure 7 Transmission electron microscope image of ion mill 

induced mechanical damage, including large amorphous regions, in 

BiCaSrCuO superconductor. 

LB (a) Scanning electron image showing porous microstructure of "as 
sintered" BCSCO pellet. (b) Denser microstructure of pellet after hot 

._ isostatic pressing. 
Figure 8 
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from the resin. A sample prepared using ultramicrotomy is shown in Figure 9. I found 

it possible to image the material in many crystallographic orientations using conventional 

microscopy, but not possible to retain particles within the sections when sliced thin 

enough for high-resolution TEM, thus negating the benefits of this technique when atomic 

imaging is required. 

Finally, it should be pointed out that other methods39 (electro- and chemical-polishing, 

etc.) of specimen preparation also offer access to a full range of crystallographic 

orientations for dense materials. However, these methods often lack sufficient control 

over the polishing process and often produce artifacts, such as those resulting from 

chemical reactions, which may affect a TEM investigation. 

Computer Image-Processing 

Computers can be used in the analysis of high-resolution TEM images. A proposed model 

of the material's atomic structure, in this case Bi2CaSr2Cu20 8+8 having five percent of the 

Cu sites occupied by Fe, is entered into the computer. The computer program CEMPAS40 

then generates a simulated image for this material, based upon chosen microscope and 

specimen parameters, such as spherical aberration coefficient, defocus value, and specimen 

orientation and thickness. A visual match between simulated and experimental images over 

several defocus and thickness values validates the proposed atomic model. 

Computers can be used not only to generate simulated TEM images, but also to enhance 

experimental images. The program SEMPER41 is used to enhance digitized periodic 

images. One of its enhancement schemes involves digitizing an experimental image, 

mathematically producing its diffraction pattern by Fourier transforming that image, 

masking spurious signals in the diffraction pattern while leaving the brighter spots (which 

1 6 



correspond to the lattice periodicity), and finally forming a new image from the back 

transform of this "cleaned up" diffraction pattern.(Figure 10) 
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Low-magnification image of BCSCO prepared for TEM using ultramicrotomy. 
Figure 9 

(a) Digitized high-resolution TEM image before computer enhancement. 
(b) Computer-generated diffraction pattern from image in (a). 
(c) High resolution TEM image after computer enhancement, showing 

increased detail. 

Figure 10 
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Results and Discussion 

High-resolution transmission electron microscopy (TEM) has been used to directly image 

the microstructure of Bi2CanSr2Cun+10 6+2n+o (BCSCO) superconductors. This technique 

offers spatial resolution down to the atomic level, thus allowing direct imaging of crystal 

structures and defects. In the continuing effort to characterize and understand the 

"high-T c" superconducting oxides, high-resolution TEM has provided much useful 

information, and has led to the beginning of an understanding of the incommensurate 

modulation occurring within the BCSCO family of materials. 

The microstructure of the BCSCO pellets was found to greatly affect the obtained results. 

As previously discussed, the high porosity of the pellets voids many otherwise useful TEM 

specimen preparation techniques, such as ion milling. Most data was obtained from either 

the "crush and grind" or the "cleave and glue" methods. Because these specimen 

preparation techniques are mechanical in nature, and because the chemical bonding between 

the double Bi-0 layers is very weak, the resulting TEM specimens often contain flakes in 

which successive layers have been shifted slightly with respect to one another. This shear, 

when rotational in nature, is immediately evident in diffraction patterns.(Figure 11) 

Care must be taken when interpreting contrast in TEM images, since artifacts such as 

rotational moire fringes can result from the type of mechanical displacement just described, 

combined with underlying crystallography. In this case, moire fringes result from the 

addition of two overlapping contrast gratings (each due to the incommensuration) which 

produce a third contrast periodicity.42 The frequency and direction of these artifacts are 

governed by the frequency and relative rotation of the underlying modulations. 

Figure 11 also shows the combination of two square gratings producing a third, along 

with a conventional TEM image showing pronounced moire fringe contrast. This specimen 

was crushed m a mortar and pestle, not only cleaving it 

1 9 



Figure 11 
Upper Left: Electron diffraction pattern near the 001 zone axis indicative of rotational shear 

between two platelets of Bi;PaSr ;PuPStO. 

Upper Right : Transmission electron micrograph of crushed Bi 2CaSr2Cu 20 StO near the 001 

zone axis showing: (A) moire fringes, (B) wide cracks, and (C) small fractures or 

dislocations. 
Lower: Model showing the overlay of two square lattices, each with periodicity d, rotated 

with respect to one another by <I> . In this construction , mo ire fr in ges of 

periodicity D={d cos(<l>/2)} /{sin <I>} are produced . 

20 



along Bi-0 double layers, but also contributing to the formation of dislocations and cracks 

within the basal plane.43 

Resistivity data from transition-metal-doped Bi2CaSr2Cu20 8+o (Figure 12) show a 

superconducting transition temperature which is slightly lowered by Ga- and Ni-dopants, 

and markedly lowered by Fe- and Co-dopants. The superconducting transition 

temperature, defined44 by the temperature corresponding to the greatest slope on the 

resistivity versus temperature plot, is lowered from 80 K for the undoped material to 68 

and 67 K for the Ga- and Ni-doped materials, and to 52 and 49 K for the Fe- and 

Co-doped materials, respectively. Such behavior could be due to structural changes (grain 

boundary segregation, planar defects, etc.) introduced by the dopant atoms, or may be 

solely a manifestation of the differing electronic configurations of the dopant species. 

Figure 13 shows high-resolution electron micrographs of the doped BCSCO specimens, 

all near the [001] crystallographic zone axis. No crystallographic differences between 

dopants can be observed, although none would be expected when imaging through the 

layers in the structure. Computer simulated high-resolution TEM images, generated from 

proposed structural models (Figure 1) of the Bi2CaSr2Cu20 8+o superconductor having 

five percent of its Cu lattice sites randomly occupied by Fe atoms, unfortunately did not 

show marked changes in appearance when compared to the undoped material viewed along 

(001), (100), (010) or <110> type zone axes.(Figure 14) Therefore it appears that 

high-resolution TEM will not be able to directly indicate substitution of the dopant atoms if 

located within the structure where anticipated (Cu sites). 

The crystal structure of Bi2CaSr2Cu20 8+o belongs to the space group Bbmb 

(Figure 3), which gives rise to the reciprocal lattice illustrated in Figure 15. The 

primary reflections, as well as their superlattice reflections, are shown. The superlattice 
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Figure 12. 
Temperature (Kelvin) 

Electrical resistivity of transition-metal-doped Bi2CaSr2Cu20 8+8 , measured at 

the Texas Center for Superconductivity at the University of Houston. 

reflections, along [b*+c*], are indicated out to only second order, as this is near the 

resolution limit for electron diffraction.45 The weak presence of the (101) reflection,46 as 

seen due to rei-rod extension into the Oth Laue zone in this [001] orientation, must arise 

from the basic structure since it generates superlattice spots. This reflection is forbidden in 

the 14/mmm space group, leading from this to the Bbmb space group assignment for 

Bi2CaSr2Cu20 8+o. 

The diffraction pattern from the [001] zone axis (Figure 16) shows the superlattice 

reflections, surrounding the primary reflections, both in and above the Oth Laue zone. 

These reflections are extended into the Oth Laue zone through rel-rod extension attributable 
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Figure 13 
High-resolution transmission electron micrographs of Bi2CaSr2CuPSto 
near the (001] zone axis. Materials from left to right are: undoped, 
Fe-doped, Ni-doped, Co-doped, and Ga-doped. 

Figure 14 
Computer-simulated high-resolution transmission electron images of 
Bi2CaSr2Cu20 140 along the (1 00) zone axis. Four microscope defocus 
values at three specimen thicknesses are simulated . 

2J 



' . ~ '• 

• 0 

0 • 

000 020 
---o~t---------,- - - - - - - ·- -0 - • 0 • 

I 

I 

·,. 

111 

I 

• 0 0 • 0 • 0 

• 0 ·-o--•--------------·-0-· 0 • 
200 [001] 

002 .. ' . . ,------·-~-, .. 
I b• I . . --- ... -------------- ·----. . 

000 [1 00] 020 

000 002 -· 

·---· 200 

[01 0] 

Figure 15 (Above): Reciprocal lattice construction for Bi~aSr2Cu208 structure 
with large or small circles representing primary or superlattice reflections; and 
solid or open circles representing reflections in or above the plane of the page 
respectively. The dimensions of the real-space unit cell are outlined in solid lines. 
(Below): Actual electron diffraction patterns from the [001] and [01 0] zone axes. 
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Figure 16 
A). 000 reflection 
B). 200 reflection 
C) . 020 reflection 
D). Characteristic su_perstructure surrounding primary reflection 
in Oth Laue zone ( 220 ) 

(1 ). primary reflection in Oth Laue zone 
(2) . weak superlattice reflection above Oth Laue zone 
(3) . weak superlattice reflection in Oth Laue zone 

E) . Characteristic supers.tructure surrounding primary reflection 
above Oth Laue zone ( 101 ) 

(1 ). primary reflection above Oth Laue zone 
(2). weak superlattice reflection in Oth Laue zone 
(3). weak superlattice reflection above Oth Laue zone 

(barely visible in Oth Laue zone) 
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to the plate-like microstructure. The intensity of the reflections streaked into the Oth Laue 

zone, for example D-2 and E-3, are seen to be very weak when compared to analogous 

reflections positioned within the Oth Laue zone, such as E-2 and D-3 respectively. This 

experimental pattern closely reflects the reciprocal lattice construction in Figure 15, and 

demonstrates the very weak presence of the <111> reflections, when compared to the 

<101> reflections. 

In samples prepared using cleaving techniques, by far the most common zone axis obtained 

was [001]. Occasionally c-planes could be imaged edge on, however only along the [010] 

and never along the [100] zone axes. We infer from this that the crystal structure fractures 

more easily along the Bi-rich and dilute bands than it does across them. 

The incommensurate structure shows itself in TEM images as modulations in intensity 

along [0 10], and as characteristic spotting along the b * direction in diffraction 

patterns.(Figure 17) Images confirm that the modulations are not periodic, but do have 

a repeat distance which does not vary far from 4.6 unit cells, equal to 25 A, along [010] . 

The modulations displayed are projections of the [010] incommensurations onto a plane 

perpendicular to the electron beam ([411] zone axis in this case). In the diffraction pattern, 

we find ten satellite reflections per allowed main-lattice reflection along the b* direction, 

corresponding to a complete modulation approximately every five unit cells (27 A) along 

the [010] real-space direction. 

No differences in modulation behavior between the variously doped BCSCO specimens 

were found in this study. This follows intuitive expectations because if the modulations are 

generated within Bi-0 double layers, and the dopant atoms substitute for only a small 

percentage of Cu atoms on the Cu02 layers, then the doping process would not be expected 

to noticeably affect the crystals discommensuration.(Figure 4) 
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High-Resolution Transmission Electron Microscope 
images and diffraction pattern of iron doped Bi2CaSr2CuPo 
in the 411 zone axis . In the top image, the projection of 
the b* direction is indicated , and the incommensurate 
modulations are seen as horizontal bands. A cross 
section of the unit cell is noted in white , right , in the 
enlargement of the same area; and the markings in black 
show that the modulation frequency is slightly less than 
five unit cells in length along the b* direction. 

Modulation satellites around 
diffraction spots are clearly seen 
along the b* projection in the 
diffraction pattern , bottom. 

Figure 17 
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Because the unit cells for the BCSCO structures are very large, and consist of several 

different elements, it is not surprising that the sintered product contains many 

crystallographic defects. One obvious defect is the formation of a polytypoid 

structure.47 .48(Figure 18) In the high-resolution image at the left in this figure, each of 

the n=O, 1, and 2 polytypoids of Bi2CanSr2Cun+10 6+2n+o are clearly seen. One-half unit 

cell along the c-axis is indicated for each polytypoid, while the lower half of the image 

consists only of the n=O phase. Streaking49 in the enlarged diffraction pattern is further 

evidence of the polytypoid structure, and indicates the dominance of the n=O phase in this 

region. 

Another type of defect often seen in high-resolution TEM images is partial dislocations. In 

the high-resolution image of the n=O polytypoid material,(Figure 18) the uppermost 

double Bi-0 layer appears shifted lf4 unit cell along [110] when critically compared to the 

lower eight double layers. 

Large-angle grain boundaries have been frequently observed in high-resolution TEM 

images of Bi2CaSr2Cu20 8+8 superconductors doped with from one to five atomic percent 

Fe, (with respect to Cu).(Figures 19, 20) When the matrix is viewed along the [001] 

zone axis, a direct view of the c-plane stacking is observed in small, high aspect-ratio 

grains. In the matrix material labeled "B" in the lower image of Figure 20, projections of 

the incommensurate modulations are seen. These perpendicularly oriented grains have 

widths along the [001] direction on the order of hundreds of Angstroms. This type of 

microstructure has not been found in BCSCO doped (five atomic percent, with respect to 

Cu) with other transition metals (Co, Ni, Zn and Ga), nor in undoped material. Therefore, 

its presence suggests that the introduction of Fe must cause a change in the interfacial 

energy, and hence microstructure, of the material. 
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Figure ·18 High-Resolution Transmission Electron Microscope images and 

diffraction patterns of iron doped BipanSr2Cun+,O(O+a,) near the 11 0 zone axis , showing 
c* planes edge on. In the left image, each of the n=O, n=1, and n=2 po lytypoids are 
represented . An enlargement. lower right, displays the planar stacking of the n=O unit 
cell. The enlarged diffraction pattern , upper right, shows intensity variations 
corresponding to the polytypoid structure. 
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Transmission electron micrograph and associated selected area diffraction pattern of Fe doped 
BiCaSrCuO particle showing high angle grain boundaries. In the image, the background region (a) is 
viewed close to [001]; and in the diffraction pattern, corresponding rows of spots are seen along b* 
which result from an incommensurate modulation in the structure. Region (b) is viewed perpendicular 
to [00 I], and its corresponding rows of spots are seen in the diffraction pattern along c*. 

Figure 19 
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Figure 20 Two transmission electron micrographs of Fe doped 
Bi2CaSr2Cu20Btd showing high angle grain boundaries. In the regions marked 
"A", the c planes are seen edge on, while in the regions marked "B" the c 
planes are approximately perpendicular to the incident electron beam di rection. 
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Elemental x-ray analysis, performed using both scanning and transmission electron 

microscopes, shows the presence of the various dopant species throughout the bulk pellets. 

Fine probe analysis on a single crystal of Fe-doped, n=l polytypoid, BCSCO crystal 

reveal the correct stoichiometry for the base compound, and an Fe concentration higher 

than that of the overall starting material (Fe0.15Bi2.02Ca0.99Sr2.00Cux0y versus expected 

Fe0.10Bi2Ca1 Sr2Cu1.90 6+2n+li ). Unfortunately, the very small size of the perpendicularly 

oriented grains in the Fe-doped material does not allow elemental analysis of this grain 

boundary structure. It is known that Fe induces severe twinning when substituted for Cu 

in YBa:z(Cu 1_xFex)30y .50
•
51 From this it is speculated that segregated Fe also generates the 

observed microstructure in the BCSCO system. 

Microstructural defects, especially those interfering with the copper-oxygen arrangement 

thought necessary for superconduction, would be expected to affect properties of 

superconductivity. The microstructure associated with the introduction of Fe, as well as 

partial dislocations and stacking faults, would be expected to affect the critical current, and 

possibly the critical field and transition temperature of superconduction. 
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Conclusion 

The Bi2CaSr2Cu20s+B, as received, was found to have a porous, plate-like microstructure 

which greatly limited the workable transmission electron microscope specimen preparation 

techniques, and was found to cause imaging artifacts such as moire fringes. The most 

satisfactory techniques involve mechanically crushing the starting material and then 

dispersing or glueing the particles onto a transmission electron microscope grid. 

Incommensurate modulations were experimentally observed using high-resolution 

transmission electron microscopy (1EM) as well as electron diffraction, and were found to 

closely match the reported periodicity of 4.8 unit cells along the b-axis. Findings thus 

neither proved nor disproved the theory that the modulations are caused by periodic regions 

of excess oxygen within the double Bi-0 layers. 

The superconducting transition temperature for Bi2CaSr2Cu20 8+B is lowered slightly upon 

the introduction of the transition metals Ga and Ni, and lowered more significantly with Fe 

and Co. None of the dopants affect the crystallography of the system, nor the 

incommensurate modulation periodicity or direction. 

Although the material consisted primarily of the n=l phase of Bi2CanSr2Cun+l06+2n+B, 

the n=O and n=2 polytypoids were also imaged using high-resolution TEM. Within single 

polytypoid material, stacking faults were also imaged. These defects are expected to affect 

the materials superconducting properties. 

The material doped with Fe (one to five atomic percent, with respect to Cu) was found to 

contain small, perpendicularly oriented crystallites, suggesting that Fe changes the surface 

energy of this material. It is interesting to note that the introduction of Co reduced the 
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superconducting transition temperature to nearly the same value as the Fe-dopant, but did 

not induce this high-angle grain boundary structure. Elemental x-ray work indicates that 

the Fe is incorporated into the Bi2CaSr2Cu20 8+o structure, presumably replacing Cu. 

The microstructure found in the Fe-doped materials may also significantly affect 

superconducting properties, due to weak conduction links and flux pinning at grain 

boundaries. The superconducting transition temperature of the Fe-doped material is 

markedly lower than in the undoped material. Although the increased grain boundary area 

of this microstructure may be responsible for some of the lowering of the transition 

temperature, its effect on the critical current and critical magnetic field of the 

superconductor is expected to be much more dramatic. 
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