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Quantitative analysis of twist boundaries and stacking faults in Bi-based superconductors
by parallel recording of dark-field images with a coherent electron source
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Using a 300-keV transmission electron microscope equipped with a field-emission gun, we study grain
boundaries by forming a coherent electron probe 100—2@iGabove the specimen and observe in the diffrac-
tion mode the angular distribution of the transmitted electrons within the convergent beam disks. We studied
Bi-based high-temperature superconductors containing stacking faults and twist grain boundaries with accom-
panying displacements perpendicular to the boundary plane. We observed strong intensity oscillation from the
planar faults even when they were viewed edge on, in agreement with model calculations. At twist boundaries
we observed rigid body translation normal to the boundaries as large as @@Bnm, and determined the
displacement vector associated with the addition or subtraction of one bilayer of, QL&) to be 0.320
+0.002 nm for the intrinsic and extrinsic layers in,Bi,CaCyOg, as well as for the intrinsic layer in
Bi,SrL,CaCu0;9. We also briefly address the possibility of determining the profile of the inner potential
across grain boundaries using this coherent electron probe.
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[. INTRODUCTION take advantage of to perforaoherentconvergent beam elec-
tron diffraction®% With this technique, which was briefly
The presence of defects strongly influences the propertiesescribed recentf{} we determine displacement vectors at
of the high-temperature superconductbis, particular their  grain boundaries and planar faults with accuracy that is an
current carrying capaciti€s Thus a major challenge we order of magnitude higher than using any established elec-
face is to identify the factors that limit the current density. It tron microscopy techniques.
is known that stacking faults and grain boundaries play an We study grain boundaries and planar faults in the Bi-
important role in determining the superconducting transporbased high-temperature superconductors. The Bi-based su-
properties, and substantial efforts have been made into reperconductors form a homologous series
ognizing the effects of different types of two-dimensional Bi,Sr,Cay_ 1CUnO4ssoms s (M=1, 2, or 3.1213 The super-
defects?~" Two variables that characterize a grain boundaryconducting transition temperatures of these cupratesTare:
are its inner potential and lattice displacement such as rigiec10 K for m=1, i.e., BLS,L,CuQ; (hereafter denoted
body translation that are a consequence of the modified loc@i2201), T,~80 K for m=2, i.e., BLSr,CaCy0q (Bi2212),
atomic arrangement at the boundary. Thus accurate measurgnd T,~110 K for m=3, i.e., Bi,Sr,CaCu;0,, (Bi2223).
ments of the displacement vector and inner potential distriThese phases have structural similarities with lattice param-
bution are of great importance in understanding grain boundetersa~b=0.54 nm. The stacking along tleaxis differs
aries. Knowledge of this rigid body translation is a for the three phases, and can be considered as consisting of
particularly useful constraint in theoretical studies and atomsequences of about 0.22-nm-thick oxide layers:
istic computer simulations of the grain-boundary strucfure. BiO-BiO-SrO-CuQ-(m— 1)[Ca-CuGQ]-SrO-BiO-BiO (m
For the high-temperature superconductors there has beenl,2,3). The repetition of this sequence is half a unit cell
only modest success in growing large perfect single crystalsglong thec axis owing to a glide plane in the crystal unit cell.
not to mention ideal bicrystals of bulk materials with suffi- The number of layers in one unit cell is 1th€ 1), 14 (m
cient high quality to perform quantitative experiments using=2), and 18 (n=3), respectively, and their lattice param-
synchrotron x rays. Thus the major technique to address theters are:a®??%'=0.5361 nm, b®?2%'=0.5370 nm, c®220!
structure of grain boundaries and planar faults in these ma=2.4369 nm)* aP?%12=0.5408 nm, bB??!2=0.5413 nm,
terials has been transmission electron microsc6pgM),  cF2212=3.0871 nm!® and a®?223=0.54029 nm, bB2223
both in diffraction and imaging. Up to now, measurements of=0.541 54 nm, and®?%%°=3.7074 nm'®
interfacial displacement on the atomic scale have been fo- Addition or subtraction of a slab, consisting of a GuO
cused on the use of high-resolution electron microscopynd a Ca layer, hereafter referred to as a (£40Oa) bi-
(HREM), however, due to the presence of third- and higherdayer, is the most common defect in Bi-based superconduct-
order astigmatism of the objective lens the accuracy of thers. We mostly studied Bi2212. Here subtraction and addi-
measurements obtained is often insufficient. Outside th&on of a slab of (Cu@+ Ca) can be looked upon as resulting
electron microscope community, at least, these techniques an intercalated layer of thickness half the lattice parameter
are considered rather qualitative. In the present study we usdong thec axis of the Bi2201 and Bi2223 phases, respec-
an alternative TEM technique. Our transmission electron mitively. Along the longc axis, i.e.,(001 direction in these
croscope is equipped with a coherent electron source that weseudotetragonal crystal structures, the bonding between the
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adjacent BiO planes are rather weak. Thus between these two
planes the crystal is prone to the formation of twist grain
boundaries in polycrystalline Bi2212. Also present are asym-
metrical tilt boundaries and boundaries with both tilt and
twist components with one of the adjoining crystal grains
tending to terminate on the-b plane, while symmetrical tilt
boundaries are rare.

This paper is organized as follows: After a brief orienta-
tion about the specimen fabrication procedure and the trans-
mission electron microscope experiments, we describe in FIG. 1. Examples of shadow images of the coherent convergent
some detail the technique of coherent convergent beam elebeam electron diffraction recorded in the back focal plane of the
tron diffraction that is used to extract comprehensive infor-objective lens in a microscope with a field-emission g@.(000
mation about defects in materials. We then present experiisk in vacuum, i.e., without specimetiy) (008) reflection from an
mental results and interpret these for planar faults and twistrea consisting a stacking fault in Bi2212. Note that the intensity
grain boundaries in Bi-based superconductors, followed by ascillation at the rim of the disks is due to the wave interference
discussion. A short derivation of the lattice displacement at &om the condenser aperture, while the vertical fringes are due to
twist boundary related to the interfacial energy of the boundthe existence of the fault.
ary and surface energy of the crystal is included in the Ap-
pendix. may differ greatly when defects are present within the illu-

minated area of the crystal. On the other hand, CBED pat-
Il. EXPERIMENT terns from a perfect crystal are virtually the same with a
coherent and an incoherent electron source when the CBED

The material we studied was-axis aligned Bi-cuprate djsks do not overlap. This may be explained by realizing that
platelets from Ag-sheathed tape, fabricated through the certain point within a CBED disk receives contributions
powder-in-tube proces$ TEM samples were prepared Using from only one direction within the incident-beam cone when
a dedicated mechanical polishing technique that providege crystal is perfect because then there is no diffuse scatter-
large area of view, and subsequently ion milled. Coherenfng due to defects. However, when defects and deviation
convergent beam electron diffractie@BED) patterns were  from perfect periodicity are present within the illuminated
obtained at 300 keV with our JEOL 3000F transmission eleCarea of the Specimen1 there are no |Onger 0n|y delta-function-
tron microscope equipped with a field-emission gun and ajke reciprocal vectors. Thus different incident beam direc-
Gatan imaging filtefGIF). Most of the coherent CBED pat- tjons within the CBED cone contribute to the amplitude at a
terns were recorded using a Fuji FDL5000 imaging-plateparticular point in the CBED disk. Hence, even when the
system, which gives an area of view equal to a conventionaisks do not overlap, coherent and incoherent probes give
photographic film, while selected CBED disks were energygifferent results for crystals with faullswe now briefly
filtered and recorded using a charge-coupled deW@@D)  present the way we calculate coherent beam electron-

camera. The experimental procedure we use differs frongjiffraction patterns and illustrate this by showing examples
conventional CBED in two ways: We focus the incident elec-of calculations for a simple model.

trons to form a crossover above the specimen with a conver-
gent beam angle small enough to avoid overlap between the
diffraction disks associated with the individual reflections.
This ensures that each of the nonoverlapping diffraction A comprehensive dynamical calculation, including
disks form a shadow image of the specimen with reciprocalanomalous absorption, of the coherent CBED pattern for a
as well as real-space informatioRig. 1). The other way the sample containing defects is a formidable task, so we limit
procedure differs from the traditional approach of obtaining ahis study to kinematical diffraction. Experimentally we
CBED pattern is that the probe is coherent, which turns oufound that our measurements of displacement vectors were
to be particularly useful to address the rigid body translatiorinsensitive to small variations in sample thickness and crys-
at planar faults and grain boundaries when these are viewadllographic direction of the incident beafaarying set of
edge on. We have previously focused iamoherentprobe  excitation errors for the reflectionsThus this approach is
above the edge of a wedge-shaped, defect-free specimen figliable and robust with respect to extracting values for the
study the intensity oscillations as a function of thickness inparameter we are going to measure, namely the rigid body
different reflections. The purpose of those experiments waganslation vectoR.

to study charge transfer in high-temperature superconductors

by accurately determining the structure factors of low-order 1. Contrast from lattice displacement

reflectionst8-2°

a b

A. Calculations

We explain the calculation procedure for the kinematical
coherent convergent beam electron-diffraction pattern from a
sample containing a planar fault by referring to a schematic
in Fig. 2. The short vertical planes represent #hé planes

Convergent beam electron diffractidt€BED) patterns  with periodicity ¢ in the thin crystal normal to the incident
that are recorded with coherent and incoherent illuminatiorbeam directionH is the distance from the source or cross-

Ill. COHERENT CBED: CONTRAST UNDER COHERENT
ILLUMINATION
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FIG. 3. The effect of the displacemeRtand the distancél
between the crossover and the specini@nR=0, H=160um. (b)
R=c/4, H=160um. (c) R=—c/4, H=160um, and(d) R=c/4,
H=1600um. The arrow pairs irfb) and(c) indicate the asymme-
try of the fault contrast, which can be used to determine the sign of
the displacementie) The effect ofAn on the fault contrast. Note
that the fault contrast is clearly visible farn=0.02.

is the radius of the beam at the specimen vtk (2r
+c—R)/2c. The convergent beam angle i&2 2r ., /H.

] ] ) Figure 3 shows the calculated shadow images of a sys-
FIG. 2. Schematic of the experimental setup showing how the(ematic row of reflectiongOth—6th ordey, using a model

phase of the electrons that are scattered into a particular diredio@rystal containing a set of identical lattice planes with a pla-
2a changes for different paths from the crossover through the spec'har defect in the middle, similar to that in Fig. 2. It demon-

men. The vertical planes represent atom planes separated by a SPefrates the effect on the diffraction pattern of the displace-
ing c. H is the distance from the source or crossover to the speci-ment vectoR and height from specimen to crossoverFor
men,R the horizontal displacement at the fault that is placed at th 9 P

vertical mirror in the figure, and®the angle relative to the vertical eRZO’ th? calculated shadow Images, Figa)3 only .ShOW.
axis. rings of interference fringes similar to Fresnel diffraction
from a circular aperture. For a lattice displacement along the
plane normal with an amplitud®= +c/4, we see Fresnel
fringes parallel to the defect in the reflectigrof 001, 002,
003, and 005, but not in 004 whegeR is an integer, Fig.

over to the specimerR the horizontal displacement at the
fault, and 2v is the angle relative to the vertical axis. We

calculate the amplitude and intensity at infinite distanceg b, Th he 002 reflecti
which is equivalent to the diffraction pattern in the back (b). The strongest contrast occurs at the reflection

focal plane of the objective lens, by considering the phasé‘yhereg' R=0.5. We also note that the fringes are asymmet-

difference for different paths through the specimen. Below€ for all odd reflections, a feature that can be used to deter-

the specimen the amplitude at infinite distance in the kinefnine the sign of the displacement. The thick black fringe,

matical or single-scattering approximation for a three-"?dicated by arrow heads in Fig(ha,_is on the right-hand
dim:ensional clage becomelsg pproximat side of the defect for the 003 reflection and on the left-hand

side for the 005 reflection when the displacement is positive,
( rH ) or tensile. The asymmetry is reversed for a negative displace-

Yy= E F 4 exp 2mi Ir+ ) ment, or compressioiR= —c/4, Fig. 3c). Also, by compar-
m,n,p Ao ing the calculated patterns in FiggbBand(c) with Fig. 3(d)

we note that increasing the distaridefrom the crossover to

the specimen makes little difference in the overall shadow

images, but the intensity oscillations are confined to a

Here \, is the wavelength of incident electrons, is the
structure factor, reciprocal vectay=ha* +kb* +Ic*, and

the position vector of lattice, smaller angle for largél. This is related to the magnification
within the shadow images or diffraction disks. For very large
_ | patmb+(n—N)c—(c/2+R/2) n<N H, when each disc corresponds to a conventional dark-field

r= pat+mb+(n—N—1)c+(c/2+R/2) n>N’ 2) image, the contrast from the fault is confined to a very small

angle, and thus difficult to see when the fault is observed

wherem,n,pare integers and, b, c are orthogonal direction edge on. Note the similarities with conventional dark-field

vectors of the system. The summation is over the whole ilimaging using a particular reflection where there is no con-
luminated area of the specimen, that|i$=r ., Wherer .,  trast from displacement wheg R is an integer.
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N ) s=s,i+s,j is the coordinate within the 000 disk, amgy
__\/J the maximum thickness of the specimen. We may choose any
_u_(e_) constant forz,,,,; we need only to ensure that the electrons
that have propagated a shorter distadeehrough the speci-

_ _ ) _ men have propagated the corresponding larger distarzce
FIG. 4. Experiment and calculations of the inner potential acros%rough vacuum

a grain boundary in Bi2212a) experimental(000) disk. (b)—(e)
calculations with various interfacial potentials shown(fin The
maximum amplitude of the potential is 2 VV and the full width at half
maximum is 1 nm. The sample thickness is 40 nm.

In the calculation in Fig. é) there is no inner potential or
thickness variation across the illuminated area of the speci-
men. In Fig. 4c) the electrons see a deeper potential well of
depth 2 eV and width 1 nrffull width at half maximum at

The calculations we presented in Fig. 3 are with a per—the boundanjFig. 4f)]. In Fig. 4d) we have only reversed

fectly coherent point source. In our experiments the probé‘he sign O.f the potential change at the bo_undary_. In Fig) 4
formed at crossover is not completely coherent. Thus W’_ie have interchanged the Gaussian profile, which describes

convolute the calculated patterns with a Gaussian bea hieL:?:E(reg)(;tenésrlsv?onzu?gel?a'i:rllg'(\;dv)él:,v\:\t/::hatﬂzt;gggtrl\?;t'ion
spread function before comparing the results of the calcula- 9 PP 9 y

tions with our experimental observations of Fig. 4(a). Here the potential at the interface is closer to
' that of vacuum than is the case in the matrix. The reason for

this may be a more open structure at the interface or electron
transfer to the interface area. Quantitative analysis of the
inner potential variation across interfaces is challenging in
An important, though not a central topic in this study, isthe sense that the measured projected potential is sensitive to
the inner potential across grain boundaries and across intethe local thickness and other parameters. Nevertheless, the
faces between dissimilar phases. Figufe) 4hows the en- measurements are in good agreement with an independent
ergy filtered 000 disc from an area with a twist boundary instudy of space charge in Bi2212 twist boundaries using off-
Bi,Sr,CaCyOg. The twist is around the axis, and also in  axis electron holography that gives an average value of the
this case the incident-beam direction is normal todleis.  boundaries potential of 2.18 V and the boundary width of
The reason why we focus attention on the 000 disc is that the.86 nm?! However, the advantage of the technique used in
mean inner potential mainly influences the scattering at smaliere is that we observe many dark-field shadow images si-
scattering angle, i.e., close to the forward direction. When wenultaneously. Since lattice displacement contributes only to
look at the 000 disk we need not consider the crystallinity ofthe intensity in the reflections, not the direct, or zero-order,
the material in the thin crystal limit where the kinematical beam, by examining the intensity oscillation of the boundary
theory applies, and the intensity distribution of the 000 disdn the zero-order beam we can determine the interfacial po-
is not affected by displacement. On propagating through theential without the knowledge of lattice distortion across the
thin foil the electrons undergo a phase shiftZ\,, where  poundary.
\m is the wavelength of the electron in the material ars
the thickness. The electron wavelength in a material is given

by

2. Contrast from mean inner potential variations
across planar boundaries

B. Error analysis

In this work, where we study displacements along the
U\ 2 axis of Bi2212 with the large dimension of the unit cell, we
1- E) ©) are in the fortunate situation that this reciprocal row is very
densely populated with reflections. Thus we can simulta-
Here\, is the electron wavelength in vacuumd,is the at- neously probe the contrast of many reflections. The planar
tractive (negative mean inner potential seen by the electron,fault that we barely see in the real-space image of a Bi2212
andE is the accelerating voltage of the microscope. Let thesample in Fig. &) is clearly visible in Fig. Bb) that shows a
inner potential and thus,,, be uniform through the thickness coherent CBED pattern where fringes from the planar fault
of the specimen, but the inner potential as well as the thickshow up simultaneously in more than 60 reflections in a
nessz be a function of the transversal positiéxy) on the  single acquisition. Similar to the extinction criterion that is
specimen. We thus get an additional term in the exponent insed for bright- and dark-field imaging in conventional
Eq. (1). Because we now do not deal with discrete atomicTEM, the fault in the shadow images is out of contrast when
planes, we formally need to write this as an integral, al-the scalar produd- R is equal, or close to, an integerThis
though in computation we divide the illuminated area intois nearly the case for th€0,0,10, (0,0,20, (0,0,28, and
finite elements: (0,0,30 reflection in Fig. %b) in the [—110] projection of

)\mz )\0
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FIG. 6. Coherent CBED when the electrons from the crossover

w*m‘ il > illuminate a(001) interface region between Bi2201 and Bi221&.

2 T. Experiment;(b) calculation. Note that the weak disk contrast above
the (00) systematic row ina) is due to the superlattice reflection

FIG. 5. An extrinsic stacking due to the intercalation of a of the structural modulation in Bi2212.

(CuG,+Ca) layer in Bi2212(a) A real-space imag¢002 lattice

fringes with the crossover above the sample, showing a wide latimages can be compared with the calculated ones with dif-

tice fringe at the location of the fault denoted by arroys. Dif- ferent values to search for the best fit to determine the dis-

fraction pattern near the{(110)* zone, recorded with an imaging placemenR. Finally, the comparison, or the goodness of fit,

plate system, showing high-order reflections. Note that reflectiongyas refined using a least-square-fitting procedure by finding

with | =10, 28, and 30 show weak contrast, but the most featurelesghe minimum in a best-fit parametgf as a function of ad-

reflection isl =29. justable parameters, whegg==3 (1 °—12/53, (|92,
Bi2212. The sensitivity gets higher farther out in reciprocal IV. OBSERVATIONS AND INTERPRETATION OF
space and that is why we see noticeable contra&d,’30, INTERFACES AND PLANAR DEEECTS

but not in(0,0,10, while in (1,1,29 there is no visible con- ) _

trast. The displacement vector is thiR=(30/29)(c/10) A. Interface between Bi2201 and Bi2212

=0.320 nm. A very conservative estimate of the accuracy is In Bi2212, sometimes we observe local Bi2201 phase
0.320 nm/28-0.01 nm based on the fact that we clearly seewhich lacks two (Cu@+ Ca) layers for each unit cell, re-
contrast in th€0,0,28 and(0,0,30 reflection in Fig. §0). In sulting in ¢??°* being 0.65 nm shorter thacf?*2 In experi-
general terms the error in such a measurement can be agrent, we have placed the coherent probe above a planar
sessed from visual inspection, i.e., whether the fault is out ofnterface between Bi2201 and Bi2212 with the interface nor-
contrast in a particulag of mth, or (m+1)th, order. Then, mal along thec axis, we observe an interesting pattern with
the error in the displacement vector®m. Evidently, the  two half-disks, each represents one side of the boundary,
accuracy improves with the order of the reflection. In thevarying their overlapping regions with reflectiof&g. 6(a)].
case that there is a weak, residual contrast of the fault, e.gThe incident beam is here, as in the following experiments
where the complete extinction of fault contrast is associatetve will present, normal to the axis so that the fault is
with a forbidden reflection, or a reflection not present in theviewed edge on. Note that the weak disk contrast shown
diffraction pattern, the criteriohg-R—n|[<An can be used above the systematic row of the (00Bragg reflections in
to estimate error in measurement. The ed& can then be the pattern results form the superlattice reflections due to the
expressed by structural modulation of the crystal. In Fig(th we compare
with calculations based on assuming a planar spacing of
|AR[=]An/g|, (5 ¢?292 on the right-hand side of the illuminated disk on the
specimen, an@?2°¥2 on the left-hand side. The agreement
with the experiment is quite good by including only these
two lattice parameters in addition to the heigthfrom speci-
men to crossover, which is the only adjustable parameter.
She good fit suggests that this simple kinematical approach
# sufficient to calculate the fringe contrast from planar faults
caused by the coherence of the electron probe.

whereAn is the deviation from the integer, andg is the
nth-order reflection in which the minimum contrast exists.
Figure 3e) shows the residual contrast folAn=
—0.01-0.05 for an arbitrary reflection which can be used a
a guideline to estimate the measurement error. We note th
for An=0.02, the fault exhibits visible contrast. The same
value applies to conventional bright-field imaging in TEM.
Thus, in practice, without the simulation, we can estimate the
measurement error associated wih for the shadow im-
ages with or without complete extinction of the fault con-  To the first approximation we may expect the displace-
trast. The extinction criterion works best for displacementment for the intrinsic fault in Bi2212 which corresponds to a
vectorsR larger thanc/40 which corresponds to 0.08 nm layer of thickness half a unit of Bi2212 being replaced by
because it is hard to observe the contrast and thus extinctidialf a unit cell of Bi2201 resulting iR, = 1/2(c**%'~ c**)

of contrast farther out in reciproca| space than @@,40 =—0.325 nm. Slmllarly for the extrinsic fault in Bi2212
reflection in these cuprates. With the inherent redundancy if2= 1/2(c****-¢#'9=0.310 nm, and the intrinsic fault in

the experimental data set caused by the fact that we obser2223 R;=1/2(c**'*~¢**)=-0.310nm. We now
many diffraction disks simultaneously, we can achieve muctpresent the experiments and determine these displacement
higher accuracy in the measured values of displacement ve¥ectors based on comparison with calculations.

tors. Quantitative error analysis procedures were undertaken . , .

by first calculating the shadow images of a large number of 1. The intrinsic stacking fault in Bi2212

reflections, then comparing these results with observations. Figure 7a) shows a coherent diffraction from an area with
For a planar fault, a line scan of many experimental shadova planar defect near the-(110)* zone. Examination of the

B. Intercalated layerdstacking faults
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FIG. 8. An extrinsic stacking fault in Bi2212a) Experimental
diffraction pattern of the  110)* zone recorded with an imaging
plate system. The same reflections in the box areda)irecorded
in a CCD camera are shown if) and (d). Calculated patterns
using the kinematical approach wik=0.320 nm are shown ift)
and(e).

0,08 0,010 0,012 1,127 11,29 1,1,31
FIG. 7. An intrinsic stacking fault due to the lack of a (CuO

+Ca) layer in Bi2212(a) Diffraction pattern near the-{110)* N . .
zone recorded(b) Enlarged reflections of 008, 0010, 0012, and +0.002 nm. We encountered many of this type of fault in

1127, 1129, and 1131 fror®). Note that the 0012 iria) was re-  OUr specimens, and all exhibited the same contrast regard-

placed by the one ifib) with shorter exposurec) and(d) Calcu-  1€Ss, of the difference in thickness and in crystallographic
lated reflections foR=—0.3195 nm(c) and R= — 0.325 nm(d). orientation with respect to the incident-beam direction. The

only requirement appeared to be that the reflections along the

pattern shows that the fault contrast is very weak in the® @XIS are visible, and preferably other reciprocal rows par-
0,0,10 reflection and because all the reflections with smallef!l€! to ¢* to observe high-order reflections witk-2n+1.

| exhibited clear contrast, the displacement vector is around
3.089 nm/16-0.309 nm. The contrast asymmetry is such
that the intensity of the fringes in 0,0,8 and 0,0,12 reflection We also measured the displacement of the intrinsic fault
is strong on the sides facing away from the 0010 reflectionin Bi2223 where a single (Cu@- Ca) bilayer was absent,
suggesting an intrinsic fault. This asymmetry in the contrasforming locally a slab of structure of Bi2212, i.e., an inter-
as well as the value of the displacement vector are consistentlation of half unit cell of Bi2212 in the Bi2223 matrix.
with the lack of the (Cu@+ Ca) bilayer in Bi2212, or the Figure 9 are the experimental shadow images covering an
intercalation of a half unit cell of Bi2201 in a Bi2212 matrix. area with such a fault near tfe 110] projection. Very weak
Further out in reciprocal space the sensitivity to displaceintensities of the fault were observed for the 0012, 0024, and
ment is higher, and for this fault there was no visible contrasiL123 reflections. Among them, 1,1,23 has the least contrast,
in the 1,1,29 reflection, as shown in Fig(by. Simulation ~ which gives the displacemerR=(2/23)d???*=0.322 nm.
using the displacement that equals to difference ofctht-  The sign of the displacement was determined by the simula-
tice parameters between Bi2201 and Bi2R2=1/2(c??°*  tion shown in Figs. &) and (c), with R=—0.322 nm for
—c?2'3=—-0.325 nm does not give good fit to the experi- contraction andR= +0.322 nm for expansion, respectively.
ment since the fault contrast in the 1129 reflection is tooThe calculated asymmetry of the fault fringes for the dis-
strong. By comparison between experiment and calculations

with the refinement procedure we described above, we ar- a ﬁ

rived at the conclusion thd&®= —0.3195-0.0010 nm, as in- ’M”‘fé" "'ﬁ%"

dicated in Fig. Tc).

3. The intrinsic stacking fault in Bi2223

1 i 0012 000 0012
& % e 2eSe000ss00000e0

2. The extrinsic stacking fault in Bi2212 & d
PR BTN DOEDEPBDEBDIINNDDDL
1123 1123

Figure 8a) shows another example of a planar fault re-
corded with an imaging plate system. For comparison, a & g o 4
CCD camera was also used to record selected disks. In Fig. OIDBDEDERDBDOEOO CORBRBEOBHRNNBD
8(a) the asymmetry of the fringe contrast from the fault is
reversed compared with the coherent diffraction pattern in g1 9. An intrinsic stacking fault due to the lack of a (CUO
Fig. 7(a). The reversed positions of the vertical, thick black 1 ca) |ayer in Bi2223.(a) Diffraction pattern near the«110)*
fringeS in the 008 and 0010 reflections are the most eVidenbone recorded with an |mag|ng p|a’[e systqm)__(d) Calculated
suggesting a positive displacement. It is this type of fault thateflections forR= —0.322 nm(b), which gives the best match with
was shown in Fig. &). By comparing with calculations, the experimental observationsR=0.322nm (c), and R=
Figs. 8b)—(e), we arrive at a displacement vecte=0.320  —0.310 nm(d).
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FIG. 11. Experimental shadow images(601) twist boundaries
in Bi2212 in coherent convergent beam electron diffraction for vari-
ous misorientation anglé. The corresponding calculation is listed
placement with a negative siiRig. 9(b)] shows good agree- below. (a) §=23.7° with R,=0.026 nm, (b) §=17.2° with Ry

FIG. 10. A small-angle tilt boundary in Bi2212a) Experiment;
(b) calculation. Note the fine periodic fringes running out of the
boundary that are caused by the grain-boundary dislocations.

ment with the experimental observation in Figa)Q On the  =-0.285nm.(c) #=11.5° with Ry,;,=0.345 nm.
other hand, the simulated pattern using the difference in the
c-lattice parameter between Bi2212 and Bi2223, ire. 2 Twist boundaries in Bi2212

= —(c??%-¢??13 /2= —0.310 nm, Fig. &), does not match
with the experimental observation because the fault contrast We now present our experimental results on the rigid
in 1123 is too strong, while that in 0024 is too weak. Usinghody translation at twist boundaries. The three examples we
the residual-contrast criterion, we estimated a measuremeshow here are all pur@01) twist boundaries with misorien-
error toAR=*0.003 nm. tation angles ranging from 11—24°, as defined by the crystal-
lographic orientation of the grains relative to each other. We
_ . start with an example with no intercalation at the boundary,
C. Grain boundaries Fig. 11(a), with calculation shown below the experimental
We now move on to grain boundaries, focusing(601)  observations. We then show a boundary with an additional
twist boundaries. At grain boundaries an expansion may b#trinsic stacking fault at the boundary, Fig.(ihL, and finally
expected.” In the Bi2212 superconductors we frequently en-a twist boundary with an extrinsic stacking fault, Fig(d1
counter a single stacking fault, either extrinsic or intrinsic at  Figure 11a) is coherent diffraction pattern from a twist
twist grain boundaries, as shown in Figs. 4 and 5 in Ref. 7. Iboundary with a geometry close ©13. The two grains
is worth noting that our technique measures the overall, oficross the boundary were rotated 23.7° aboutthris with
integrated, displacement across the boundary, thus the dithe (001) plane as its interfacial plane. We note in Fig(a1
placement value we obtain will then be the sum of that fromthat the contrast in the 002 disk is hardly visible, but in-
the stacking fault as well as from the grain boundary. Fortucreases gradually out to at least 0,0,30 in experiment. This
nately, since now that we have measured the displacemetfend is clearly demonstrated in the calculation. At even
vector associated with intrinsic and extrinsic stacking faultsjarger reciprocal distances, or in high-order reflections, we
the displacement due to the boundary can be determined. see the contrast from the fault, but local distortions and poor
signal/noise ratio make it hard to assess the amplitude of the
contrast. For reflections closer to the 000 disk than 0,0,30
reflection, the asymmetry of the contrast is consistently vis-
Figure 10 shows a coherent CBED from a small-angle tiltipje with the dark side of the fringes facing the 000 disk,
grain boundary in Bi2212, formed by a rotation of 5° aboutshowing with reference to Fig. 3 that there is an expansion at
the b axis. The misorientation angle can be easily measureghe poundary. We did calculations with different values of the
fr.om the splitting angle of the reflections representing ea?'?iisplacement vectoR and arrived at an expansioR,
S|de_: of the crystal across the_: boundary. There is interesting. 0.026+ 0.004 nm.
periodic-fringe contrast running out from the boundary, or Figure 11b) shows another example of a 17.2° twist

the split interface of the half disks. The periodicity of the :

. . ) boundary with geometry close ®25, however, the bound-
fringe contrast decreases with the increase of the order of théar has a stacking fault adiacent to it. as clearly seen in the
reflections. We attribute the contrast to the strain field, or a yl . 9 n th ! . t,l t y ¢
dislocation array, at the boundary. Using the Frank formulal€&-SPace Image. In the experimental patiern we see from

d=|b|/sin 6 (whered andb are the spacing and the Burgers the asymmetry of the contrast that the fault is intrinsic with
vector of the grain-boundary dislocations, afiit the mis- nearly extinction of contrast at 0,0,10 and 0,0,22 which cor-
orientation across the boundary. Using a simple geometri8SPONds of t®yy,= —0.2810 nm. This value deviates from
model, we calculated the shadow image of the coherent difR= —0.3195 nm we observed for an intrinsic stacking fault.
fraction pattern[Fig. 10b)], which is in good agreement We attribute the additional 0.038 nm to expansion at the
with the experimenfFig. 10@)], further suggesting the ca- twist boundary. In the calculation, we find the best fit to be
pabilities of the technique in studying interfaces and grainRiw= —0.285 nm and thus an expansion from the twisting
boundaries. is Re=0.03 nm.

1. Tilt boundaries
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A (001 twist grain boundary(11.5°, ~341) also associ- very small and difficult to measure experimentally. The
ated with a stacking fault is shown in Fig. (&L The asym- widely used coincidence-site-lattice model considering two
metry and extinction in Fig. I&) suggest a positive rigid sets of screw dislocations to accommodate the boundary mis-
body translation. Through comparison with calculations weprientation does not give rise to any lattice displacement in
found the resultant displacement vector iRy  the direction of the rotation axis, or boundary plane normal.
=+0.345nm, suggesting an extrinsic stacking fault withon the other hand, such a lattice expansion has been inferred
R=0.320nm and in additon an expansion dR.  as the general trend from theoretical studies and computer
=0.025 nm. modeling®®?® In the case of twist boundaries in Bi2212,

measurements of the distance between the BiO double layers
V. DISCUSSION at the boundary and away from the boundary using HREM
has failed to detect possible lattice expanSithrat was con-

In this study by coherent beam electron diffraction of sidered to be negligibly small due to the soft bonding of the
Bi2212, we find the displacement vectoR=—0.3195 Bj atoms normal to the boundary. However, due to the high
+0.0010 nm andRr=0.320+0.002 nm resulting from sub- sensitivity to the displacement of the technique we used in
traction and addition of a slab of (Cy® Ca) bilayer, i.e.,an the present work, we measured an expansion of 0.03
intrinsic and extrinsic stacking fault, respectively. Likewise +0.01 nm for the three boundaries we have studied so far.
the subtraction of such a bilayer from Bi2223 results in therFurther work is needed to assess the expansion as a function
rigid body translation oR=—0.322+0.003 nm. Within the  of the twist angle and density of interfacial coincidence sites.
experimental accuracy the amplitude of these three displacerhe coherent convergent electron-beam diffraction technique
ment vectors are the same. It thus appears that in this conteyfe developed appears to be a technique of sufficient high
the thickness of the (Cu- Ca) bilayer is 0.320 nm with no  accuracy to address this challenge even in complex system
significant difference even with accuracy as high as 1-3 pmsuch as high-temperature superconductors. It is robust in that
Bi2212 and Bi2223 have virtually the same lattice param-t is insensitive to microscope and crystal parameters and the
eters in thea-b plane resulting in no significant strain along exact orientation of the crystal relative to the direction of the
the ¢ axis. The immediate guess would then be that the inincident electron beam. Our values of the expansion of 0.03
tercalation of a half layer of Bi2223 in Bi2212, or vice versa, nm is within the range reported for metals and ionic materi-
resulted in|R| = 1/2(c?#?*-c#'4=0.310 nm. Similarly we als based on atomistic modelfigand some HREM experi-
may expect the displacement for the intrinsic fault in Bi2212ments for simpler materiafé:?°> Although the Bi-based su-
in R;=1/2(c*?°*-¢?*') = —0.325 nm, or somewhat more perconductors are oxides, the region around the neighboring
because the intercalated layer of Bi2201 in Bi2212 is in lat-BiO planes is considered to be metallic, and the fact that the
eral expansion and thus further shrinkage normal to therystal easily cleaves in between the two BiO planes sug-
boundary due to the largex and b lattice parameters in gests weak bonding across these planes that are separated by
Bi2212 than in Bi2201. A possible reason for the significanta distance as large as 0.340 nm. Based on the bond valence
discrepancy is that the reported lattice parameters are ngbncept, using the atomic positions for Bi2212 from Ref. 15,
accurate enough. In particular there are few measurements ahd the bond valence parameters of Brown and Alterfiatt
the lattice parameters of Bi2223, an accurate set that we akge find that the valence of the Bi-O bond across the two
aware of and use het&contained a fair amount of lead. For neighboring BiO planes is only 0.03, in each the four Bi-O
Bi2212 and Bi2201 there is significant scatter in the latticebonds in thea-b plane is 0.2, and in the Bi-O bond pointing
parameters reported in the literature. This spread is probablywards to the Sr-O plane is as high as 1.3. With this weak
caused by deviations from stoichiometry. Our decade longonic bonding across the BiO layers and the very strong
experience from high-resolution electron microscopy in thebonding in the opposite direction, one may expect that the
study of Bi-based superconductors suggests that it is verywo crystals after twisting may act as two intact crystals with
difficult to synthesize the pure phases. We frequently ennegligible relaxation of the outermost atomic layers, as sug-
counter intercalations which may result in deviations fromgested by HREM observations and calculatiéfihe weak
the true lattice parameter of the pure phases in diffractiorionic bonding across the BiO layers suggests that there is no
experiments. Among other possibilities, a very simple explaneed for strong interactions across the twist boundary to
nation for this discrepancy would be that it is the lattice saturate broken bonds.
parameter of Bi2212 we use in this study that is about 0.02 Knowledge of interfacial bonding and hence the displace-
nm too high. The difference between Bi2201 and Bi2223 arenent is of great importance in understanding the structure-
four bilayers that amounts to a thickness of>-c?*°)/4  properties relationships of polycrystal materials. The dis-
=0.318 nm for each (Cufx Ca) bilayer. We see that there placement is directly related to the boundary interfacial
are several parameters that have to be known better to dienergy and the surface energy of the two crystals that form
cuss our accurate measurements of displacement vectors, faine boundary. This is discussed in detail in the Appendix,
ther. Our finding is that with reference to Bi2201, the thick-together with a discussion of various mechanical and thermal
ness of the first bilayer added, which has a SrO layer on onproperties at the boundary. There it is shown that a simple
side and a Cu@layer on the other side, is 0.320 nm. The phenomenological model of interplanar interactions, ex-
same is the thickness of the next bilayer which can be looke@iressed in terms of suitably scaled variables, can be con-
upon as having a CuQon one side and Ca on the other.  structed in terms of a single dimensionless material param-

Lattice expansion at a pure twist boundary is generallyeterEd,/I"s, whereE is the elastic modulus for the relevant
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TABLE |. Effective values of the power-law exponemin Eqg. a Twist axis
(A4), chosen to match experimental data for various elements and !
compounds. ﬁr""Q Rigid pyramid 1
D 1
Element or compound Edy/Tg Neif Ref. 40 @ +q
d
Cu (fco) 50.7 74 31,32 Side view —. . —. . —.{.—.—.—. - Twist boundary
Fe (bco 15.1 5.4 31, 32
Cak 49.8 7.4 31, 32 +q @ 4 O-q
NaCl 61.5 7.9 31, 32 D ]
C, graphite(interplanay 33.1 6.5 33 J'—Q -Q Rigid pyramid 2
C, diamond(111 direction 32.7 6.5 34 .
]
b

cleavage straind, is the interplanar separation for the twist
boundary planes in a perfe@intwisted crystal, andl’ is
the surface energy of a crystal terminated by the twist bound- o
ary plane.(Cleaving a perfect crystal at the twist boundary ~ TOPView 1
plane requires an energy of'2.) In the Bi2212 case, the
relevant planes are those of the BiO double layer, which are
known to cleave rather easily, although the bonding in
Bi2212 is predominantly ionic in character. Thus we chose a,

the single parameter of the model, the power-law exponent,

to be midway between that for van der Waals bonded graph- FIG. 12. A toy model which demonstrates the displacement
ite sheets and that for ionically bonded NaGke Table). ~ Which accompanies a twist grain boundary.

With this choice, and the experimentally measured value,
0.13, of the fractional expansion of the interplanar spacing
which accompanies the twist boundary, we estimate that the This work was supported by Division of Materials Sci-
value of the twist boundary energy is about 85% of the valueences, Office of Basic Energy Science, U.S. Department of
of the energy of a BiO-terminated free surface and that thé&nergy, under Contract No. DE-AC02-98CH10886.

elastic stiffness of the BiO double layer at a twist boundary

is about 40% of its value in a perfect cryst@ee Table Il for APPENDIX: PHENOMENOLOGICAL MODEL OF THE

details) This expansion and softening of the twist boundary LATTICE DISPLACEMENT AT TWIST GRAIN

is likely to facilitate the insertion there of interstitial oxygen BOUNDARIES AND APPLICATIONS TO Bi2212

ions, thus resulting in oxygen segregation and overdoping of

the boundary. This could be an important factor in the ab- .F.'rSt’ we con3|_der a 5|_mple toy model t_o |Ilust_rate the
origin of perpendicular displacements at twist grain bound-

Eencc; c_)fg?uperconducting weak-link behavior at SUd}aries. This model is shown in Fig. 12 and consists of two
oundaries: rigid pyramidal halves which can be rotated relative to each
other (twisted about a common axis. The predominant co-
TABLE II. Mechanical and thermal properties of a twist bound- hesion is provided by the Coulombic interaction between the
ary in the BiO double layers of Bi2212, scaled by values for atwo ions with charge £ Q) at the top of the pyramids. This
perfect crystal. These values were calculated based on the expagimics that Madelung potential from the crystal on either
sion of the interplanar spacing obtained using Paretli=0.13,  gjde of the boundary. The net charge of each square planar
together with Eq(A4) with the_ exponenh=7; the uncertainty in  jgnic array at the bottom of each pyramidne of which is
the values were calculated with=6 and 8. seen from above in the top view in the figuis zero (no
monopole chargebut it has a quadrupole moment. This is a

ACKNOWLEDGMENT

Quality Scale value proxy for the BiO planes in the Bi2212 structure. Thus the
Grain-boundary 0.85+0.15 Coulombic interaction between the two planes varies from
energy:T' /T’ attractive to repulsive as the twist angle of the boundary

Relaxation of grain-boundary energy —0.30+0.05 between the two planes brings ions with like charges into
due to displacement\I' y/T's close proximity at a 90° rotation away from the low-energy
Elastic modulus 0.40+0.05 configuration with unlike charges facing each other. There is

Ego/Eo a core-overlap repulsive interaction between the ions facing
Cleavage stress 0.50+0.05 each other across the plane of the twist boundary, which for

ogpl oo simplicity we take to be independent of the twist angle. It is

Thermal-expansion coefficient 2.2+0.03 straightforward to calculate the resulting equilibrium spacing
ognl oo across the twist boundary and the relaxed grain boundary

energy as the angle of twist increases, for a given choice of
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the parameter®, q, D, anda, (which are constantdogether  where the first term is the interplanar overlap repulsion, the
with a suitable description of the repulsive interaction. It issecond term is a multipolar interplanar interaction which
also easy to calculate the cleavage energy required to sepgives rise to the twist boundary energy for misorientation
rate the two pyramidal halves to infinity, i.e., to create twoangle 6, the third term is the interplanar cohesion which re-
new surfaces. Such calculations are trivially easy to make fosists cleavage, and the final term is the cleavage energy. The
this model, but rather than displaying them explicitly, sincephenomenological coefficienks,, etc., are to be determined
the numerical results of such a simple model are not exfrom the equilibrium interatomic spacing, elastic moduli, etc.
pected to be quantitatively meaningful, we will summarize aThis power-law form for the cleavage energy is similar to
few general conclusions which may be drawn from the bethose widely used to describe the mechanical and thermal
havior of the model. We will then introduce a phenomeno-properties of solids under conditions of finite stréfrut
logical model based on the results which can be used twith the addition of the second term which describes the
discuss the expected behavior of twist boundaries for crystalsnergy of the twist boundary.
with various types of interatomic bonding, to place the ex- In order to discuss the twist boundary energy and its re-
perimental results for Bi2212 in context, and to estimate thesulting displacement, we will further simplify the model by
likely effects of such a boundary on the local elastic modulugputting it into a scaled form and picking a plausible particu-
and thermal-expansion coefficient. lar relation between the power-law exponents of the various
The numerical results for the toy model show that theterms. We choose the exponemtsand p to be 2 and 4,
fractional displacement at equilibriue® across the bound- respectively, which yields a one-parameter model for which
ary varies with the angle of twisl and can be expressed as the equilibrium displacement can be found from a simple
a function of I'y,(6)/2I's where I'y, is the relaxed twist quadratic equation. For example, when the repulsive term
boundary energy andl2, is the cleavage energy, wilhy the  exponent is chosen to be 7, the twist boundary exponent is 5
surface energy. Call this ratio of energyand letR, denote  (as in quadruple-quadruple interactiaand the cohesive ex-
the same ratio if no displacement across the twist boundarponent is 3. The value of the latter exponent is unlikely to be
is permitted. If the parameteR is greater than unity, the 1, as in the toy model, because cleavage planes and twist
crystal (in this case, the bipyramjdwill spontaneously boundary planes are not likely to interact by simple un-
cleave, i.e., the crystal is unstable. The fractional equilibriunscreened Coulomb interactions. For example, in a simple
displacements* diverges askR approaches unity. The nu- metal the long-range cohesive term can be approximated by

merical results can be described approximately by Lifshitz polarization interactiorf€ which yields a cohesive
exponent of 2, corresponding to an exponert6, whereas
% kR Al for the graphene sheets in graphitic structdfesan der
e (1-R)*’ (A1) Waals interactions yield an interplanar cohesive exponent of

. .4, which leads to an exponent=8 in our model. In scaled
wherek and « are numerical constants, the values of wh|chf P

depend on the parameters of the model as will be describe8rm the interplanar energy is given by
in the context of the phenomenological model to be dis-
cussed below. n—4 1 Ry#) n 1

Consider the form of the cleavage energy of the bipyra- V=T ?+ P +1. (A4)
mid toy model in the “narrow fiber” limit of the parameters,
i.e., the cleavage plane spacidgis large compared with
scale of interatomic spacingg, and D, d>a,, D. In this
case the interplanar cohesive eneggs a function of cleav-
age plane spacing is given by a monopole-monopole attra
tion cohesive force, an interplanar overlap repulsion, and 8
qguadrupole-quadrupole interaction which depends on th

where v is the interplanar cohesive energy per unit area
scaled by the cleavage energh g #is the interplanar spac-
é’[]g d scaled by the equilibrium value with no twist boundary
resent(i.e., a perfect crystal » can be expressed in terms
f a cleavage strain, i.e., astk. Ry is the scaled twist

twist boundary misorientatioft oundary energyl'q,(6)/2's, when no displacement across
the boundary is permitted. After allowing displacemery,
Q2 3q2a3 K decreases to its relaxed val®ewith an accompanying dis-
Vo= — g5 cosW+ m+2ls, (A2)  placement, expressed as a strain=Ad/d,. The latter is

measured using the Parodi method. If we choose a value of
where the repulsive force exponenis typically in the range the power-law exponenn, then we can use the observed
from 5 to 1227 The zero of energy is chosen to be that for novalue ofe* to calculate the ratio of the relaxed twist bound-
twist boundary ¢=0) and for the equilibrium spacind,  ary energy to the cleavage enerdjy(6)/2I 5. This is done
wherede/dd=0. This form suggests a simple phenomeno-using Eq.(Al), which describes quite accurately both the
logical model for the cleavage energy of an infinite crystalnumerical results from the toy model as well as those from
with a twist boundary for more general type of bonding.  the phenomenological model, EGA4). (The numerical val-
Let V be the energy per unit area as a function of theues of parameterk and « depend on the particular model,
interplanar separatiod: and for the phenomenological model they depend in particu-
lar on the choice of the power-law exponemn In addition,
V(d,0)= ﬁJr K- f(6)_ &+2F (A3) for a given choice of one can easily calculate the values of
' d" dagn-m dnP s several mechanical and thermal properties at the twist
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3.5

FIG. 13. Scaled interplanar in-
- teraction (cleavage energyas a
function of cleavage strain, calcu-
lated from Eq.(A4) with cohesive
exponenin=6 and the uncleaved
. twist boundary energyr, chosen
to yield a twist boundary displace-
mente* of 0.13.

Scaled Cleavage Energy

Cleavage Strain

boundary scaled by those for the perfect crystal, as discusseate that it is likely that the value ofappropriate to the BiO
below (see Fig. 1R double layer lies in the range between 6 and 8. An intuitive
A dimensionless ratio of physical propertigsdy /T, guess, based on the easy cleavage of the BiO double layer
where E is the elastic modulus associated with uniaxialand the fact of the predominantly ionic bonding of Bi2212,
cleavage strain, serves as a basis to make a choica, for Suggests an value somewhere between that of graphite and
based on values for various solids with different types ofNaCl. Thus we choose a value=7 to calculate various

bonding and structures. It is easily shown from E&g) for scaled mechanical and thermal properties for the BiO double
the perfect crystal casdRf=0) that layer twist boundary in Bi/2212, and use valuesre+r6 and

8 to estimate the uncertainty in the calculation. The results
Ed, are collected in Table Il. These results suggest that the twist
F_ —2n(n—4). (A5)  boundary energy is about 85% of the energy of a BiO-

s terminated surface and that the cleavage strength at a twist
Thus one can use experimental data for various substancestioundary is about 50% lower than that for a perfect crystal.
find an effective value of, which matches the experimental The twist boundary region is softer than the perfect BiO
data, as listed in Table I. Note that since E44) utilizes  double layer; the elastic modulus is reduced by 60%. The
scaled values of parameters, the power-law expondsta  expansion and softening should make it easier to accommo-
measure only of the shape of the interplanar potential. This idate oxygen interstitial atoms at a twist boundary than it is in
also true of the dimensionless paramdiat,/I'g, as illus- the BiO double layers in perfect regions of the crystal, thus
trated by Eq(A5). The data in Table | reflect this. Note that resulting in oxygen segregation and a consequent overdoping
the ionic crystals Cafand NaCl have almost the same of twist boundaries. This could be an important factor in
value, while van der Waals bonded graphite planes and caxplaning the experimental observations of strongly coupled
valently bonded close-packed planes of diamond have thgrain boundaries in bicrystal Bi2212 experiments on super-
same value, perhaps coincidentally. The data of Table I indieonducting critical currerft”
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