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Quantitative measurement of grain boundary potentials on the nanoscale
by off-axis electron holography
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We explore the quantification of the grain boundary potential accessis aligned twist boundaries in
Bi,Sr,CaCuyOg, 5 superconductors using off-axis electron holography. In separating the bulk contribution to
the potential profile we find that a kinematical treatment is sufficient to quantify the potential associated with
only the grain boundary. We model the measured potential with a Gaussian function to determine the charge
density across several boundaries as a function of the interface misorientation. We further examine the effect of
objective lens aberration and defocus on the potential quantification for subnanometer resolution and conclude
that it may be neglected for spatial resolution above 5 A, which is suitable for the boundaries under study. We
find no dependence of the measured potential or grain boundary width on the misorientation angle. We measure
an average grain boundary potential of 2£1812 V corresponding to about a 8.6 A interface width, and
conclude that a negative charge of&.7unit cell is associated with the grain boundary core. The treatment
presented here has general validity for the quantitative study of interface potential.
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I. INTRODUCTION fields in the sample. We chose to stu@0l) twist bound-
aries inc-axis aligned polycrystalline tapes as a first step for

One of the most challenging tasks in solid-state physicshe following three reasons: First, Bi/2212 textured wires and
and materials science research is to understand the electrori@pes are the most promising forms of superconductors for
properties of interfaces. For example, the electronic transpofractical large scale application, af@D1) twist boundaries
properties of interfaces between metals, semiconductors, ardfeé the dominant boundaries present in these matetials.
insulators in semiconductor devices play an important role ino€condly, benign and angular-independent transport proper-
determining the functionality of the deviden polycrystal- ~ (i€S Of these boundaries have been observed by careful mea-
line high-temperature superconductors, e.g., XBa0; , s, surements made on high quality bulk bicrystals. That is to

grain boundarieSGB's) are often considered a source of say, these boundaries do not act as weak links and carry

transport resistance, where the critical current can be signiffEurrent as their grain constituerifsyhich is not the usual

cantly lower than that of the grain interior for misorientation case for other h'gﬁ:c superconductorsFinally, the atomic
5o structure of GB’s generally depends on the exact boundary-
angles greater than 16°° This significantly hampers real-

ati f th ductors f il i plane normal. For example, tilt boundaries exhibit faceting
'(:Z;[i'::so € Superconductors for commercial power appli-,q meandering, especially in films, where the arrangement

i . of local interfacial defects often vary in extent and periodic-
‘Recent theory and experiment suggest several possiblg eyen for boundaries with the same geometry. In contrast,
origins for such grain boundary behavior, ranging from GBine atomic plane of thé001) twist boundary in Bi/2212 is
defects such as dislocations and depletion of oxygen holge|| defined, being located in the middle of the BiO-BiO
content due to interfacial strafif, to the phase shift of the |ayer. The interface is atomically sharp and straight, and the
dy2-y2 Wave symmetry function across the boundary. In parput-of-plane strain and displacement is negligibly small
ticular, it was reported recently that reducing the structurebased on atomic imaging and simulatidriThese character-
induced GB charge in YB&u;0-, 5 by replacing some of istics make(001) twist boundaries in Bi/2212 an ideal model
the Y3* ions by C&" ions enhances the GB transport system for one-dimensional potential measurement where we
propertied® All of these origins can be associated with can average the potential profile along the GB to obtain
bending of the electronic band structure at the interfacemuch improved statistic¢signal-to-noise ratipand derive
which leads to a change in the density of charge carries at th@eaningful values of physical quantities from the measure-
interface and the nearby grain interior. Therefore, being ablenents. Such a model system also allows ugljooptimize
to accurately measure, experimentally, the electrostatic paexperimental and reconstruction procedures to obtain a mini-
tential across an interface with known geometry is of considmum resolution required for the interface under st(idyour
erable desire. We set out to map the potential variatiortase, 0.6 nm, ori of the unit cell length normal to the
across GB's in the high-temperature superconductoboundary, (2) remove the effect of thickness, af@) sepa-
Bi,SrL,CaCyOg. 5 (Bi/2212) using off-axis electron hologra- rate the interface potential from the bulk contribution. The
phy. Electron holography allows retrieval of both the phaseesults presented here may provide a fingerprint for the in-
and amplitude of the electron waVepassing through the trinsic nature of negatively charged twist boundaries in Bi/
sample, and this is the primary advantage since the electra212 and hopefully stimulate study of the electrostatic po-
phase shift carries the information of electric and magnetitential at interfaces in general.
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Il. EXPERIMENTAL sured GB potential. The final preliminary concern before de-
. tailed study of individual grain boundaries is that of spatial
The rgsults OT holography experlmeqts .presented herfaesolution in the reconstructed phase. Since holography for-
were carried out in a JEOL 300B-field-emission TEM Op- o1y ajlows reconstruction of thenage wave (not object

erated at 300 kV. Our microscope is equipped for electronyaya one must consider the effect of objective lens transfer
holography with a retractable biprism assembly consisting of; the resolution being considered. In the following section

a platinum wire<0.6 um in diameter. The biprism wire is \ye also address this issue.
rotatable £90° and located approximately in the selected

area aperture plane of the microscope. The multiscan CCD IIl. QUANTIFICATION OF GRAIN BOUNDARY
camera located after the Gatan Image Fil@&lF) attached to POTENTIAL
the microscope was used to record holografns.

Samples suitable for TEM were prepared by standard A. Spatial resolution

techniques of mechanical thinning and polishing, with final It is conventional to describe the objective lens aberration
thinning using Ar ion beam at liquid Ntemperature. The and defocus by multiplication of the object waygye.(q)
final Ar milling produced a small perforation around which in reciprocal space by a phase factpfq) such that the
the material was electron transparent, and samples were offnage wave®

ented during preparation so that the vast majority of grain )

boundaries ended up more or less perpendicular to the per- Pimagd 9) = Yojec( A) XFLi X ()] )

foration edge. This provided the most favorable sample gea faithful transfer of object-amplitude to image-amplitude
ometry for the holography experimentwhere an adjacent and object-phase to image-phase occursiay) small. It is
sample edge is requirgtbr the following two reasons: First, - sufficient here to consider only the lowest order coherent

holograms could be recorded with significant regions of eacliens aberrations with radial symmetry so that the phase factor
grain present in the hologram. This allowed the “bulicr

grain interioy contribution from each grain to be indepen- , T 3.4

dently eliminated from the reconstructed phase, as discussed x(Q)=mhATG™+ 5 Cheq™. 2
later, leaving only contributions from the grain boundary for

further analysis. The second advantage was that higher qudtiere, Af is the lens focus). the electron wavelength, and
ity holograms could be recorded if the grain boundary wasCs the spherical aberration of the objective lens.

oriented perpendicular to the sample edge. For an edge-on We note that Eq(2) exhibits a global minimum for nega-
(001) twist boundary, each grain is in a systematic row ori-tive focus(i.e., defocused objective lenat

entation and Bragg diffraction occurs normal to the grain

boundary. Since the orientation of the holographic fringes is qo2= — Afy 3)
roughly defined by the sample edge and a biprism bias is 0 CS)\EZ’

used to separate the sidebands from the autocorrelation, ah Afo i . | def . i
lower biprism voltage is required for separation when the (;are o IS anybgnfetn enls elocus. AEIO’ §(|s_nega ve
systematic row direction is parallel to the fringes. This re-2Nd carries an absolute vaiue, Sgy, so 9.(2) gives

sults in better fringe contrast and higher quality reconstruc-

8 . . 2Xx0Cshe

tion for a given resolution. Afg=—\/———. (4
a

Before detailed studies, a large number of grain bound-

aries were surveyed in order to determine the optimum CONgjince is monotonically increasina fon> 3
ditions with regard to field of view, spatial resolution and x(q) y 9 1090, = Gmax

- . . -~ such that|y|<6 V g=< . In particular, settingy= +
hologram quality for reliable reconstruction of the grain andAf=i)§|o in Eq.Q(Z)('Jmax P X Xo

boundary potential. It was found that subnanometer resolu-

tion with high fringe contrast was required to obtain mean- 2x

ingful grain boundary data, implying small, narrow potential Ay’ = \/—03 (1+v2). 5)
distributions associated with the interfaces under study. Us- mCshe

ing the free lens control mode of our microscope we wereReturning to Eq(1), the reconstructed image wave will be a
able to record holograms with about 30—-35 nm field of viewsajthful representation of the object wave ¥{q) is close

and 20—25 % fringe contrast in vacuunt @A fringes. Un-  enough to zero for some range @fif one defines the mini-
der these conditions we can record hologramshvéit2 s mum resolution y,=1/0max, Obtainable for variations in the
exposure having suitable detection quantum efficiency of thgnhase factofy|<+ x,, then
CCD camerd* and mechanical stability of the sample stage

and biprism assembly. The reasonably large field of view TCA S
meant that about 5—8 half unit cellwheredyy,= 1.5 nm) of mln_(Z—XO
the grain interior on each side of the grain boundary were

present in the holograms. This was sufficient to assess thequation(6) gives the minimum resolution over which the
bulk contribution to the potential distribution of the grain phase factor deviates from zero by less than and gives
boundary region, as discussed in the next section, and athe resolution to which the object and image waves are the
dress the issue of dynamical scattering effects on the mesame within this tolerance.

1/4
) (1+v2)" 12 (6)
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FIG. 1. Real and imaginary parts cpsnd siny, respectively,
of the objective lens transfer function plotted for zero defocus along
the reciprocat* axis of Bi/2212. For resolution better than about 6
A the objective lens aberration begins to affect the reconstructed . . )
amplitude and phase. Objective lens aberrations may be neglected FIG. 2. (&) Typical hologram from Bi/2212001] twist boundary

. X . with 2 A interference fringes. The BiO-BiO layers are visible par-
for reconstruction with the aperture edge at {fierbidden 005 L ) i
Bragg reflection of Bi/2212. allel to the GB, indicating a nearly edge-on geomethy. Calcu

lated diffractogram of the hologram ite). The aperture(corre-
) sponding © 6 A resolution used to isolate the sideband fér)

For our microscopeCs=0.55mm and\=1.97 pm at  amplitude andd) phase reconstruction is indicated. The BiO-BiO
300 keV. Hence, for small deviation less than sgy layers are clearly visible in the reconstructed amplitude, while the
=0.1rad,ry,,=3.3 A. From Eq.(4) this corresponds to an GB may be discered weakly in the phase image. Averaging the
objective lens defocus of 8.3 nm. Since the lens defocus ighase parallel to the interface improves the signal-to-noise ratio.
not precisely known in these experiments, we may also esti-
mate the minimum resolution under the assumptidn=0.  extract the sidebant. The BiO double layers are clearly
From Eq. (2) with y=0.1 andq=1/r;,, we haver,;,, Visible in the amplitude image, while nearly invisible in the
=5.1 A. Hence, the lens defocus is not so critical as to limitphase image. Nevertheless, the grain boundary can be dis-
meaningful quantification provided it is close enouglithin ~ cerned and subsequent averaging parallel to the interface im-
~10 nm herg to zero. These results are shown in Fig. 1,proved the signal to noise.
where the real and imaginary partse&f at Af=0 are plot- For example, the estimated standard deviation to the mea-
ted along the Bi/2212 reciprocalaxis (normal to the grain  sured phase shift corresponding to the experimental condi-
boundary. The figure shows that with regard to the Braggtions and reconstruction in Fig. 2 is abaw®25 rad. Averag-

reflections, reconstruction of the holograms at ato pro-  ing parallel to the interface improves the estimated
vides the best spatial resolution where the objective lens agneasurement sensitivity to abowf130 rad. These values
errations may be neglected. translate to a sensitivity in the measured potential, assuming

a sample thickness of 10 nm, of about 2 V before averaging
and 0.3 V afterwards. These estimates indicate that our ex-
perimental conditions are sufficiently sensitive to measure,
Figure Za) shows a typical hologram with @01) twist  for instance, a 2 V GB potential after averaging along the
boundary viewed edge on. The parallel pairs of thin darkinterface. As we see below, however, a main source of mea-
lines in the hologram correspond to the BiO-BiO layers ofsurement error in determining the GB potential lies in esti-
the crystal with periodicity of 1.5 nm along theaxis. The  mating the contribution to the phase profile corresponding to
fine 2 A fringes running from the upper-left to lower-right of the grain interior. Consequently, we recorded a number of
the hologram are the interference fringes that carry the dehologramgusually 3 from the same grain boundary in order
sired phase information. Figuré€lf) is the corresponding dif- to further improve the signal to noise ratio and reduce sys-
fractogram of the hologram shown in FigiaR Although in  tematic artifacts associated with the reconstruction.
this case the grain boundary position is not ideal with respect Given an averaged phase profile across an interdgce
to the biprism, i.e., the systematic row not being normal tothe simplest treatment to access the contribution to the phase
the hologram fringes, the sidebands are well separated froshift due only to the GB is to write¢(X)= ¢gp(X)
the autocorrelation for 816 A numerical aperturéas indi-  + ¢, (X), whereggg(x) and ¢, (X) are the GB and bulk
cated by the circleused for reconstruction. The results of contributions, respectively. In general, this prescription is
reconstruction are shown in Figs(c? (amplitud¢ and 2d)  valid if there is not a strong coupling of scattering between
(phase. Artifacts at the edges of the reconstructed amplitudehe GB and bulk, which can be done by keeping the crystal
and phase are due to a Hanning window applied to the hosff any major zone axis. In our experiments we have tilted to
logram that was necessary to reduce artifacts associated withsystematic row orientation to minimize multiple scattering
the relatively small(Butterworth aperture function used to while retaining an edge-on view of the GB. To address the

B. Reconstruction and extraction of the GB potential
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FIG. 3. Dynamical multislice calculation of phase sliift radiang along thec axis of Bi/2212 unit celkin fractional coordinatesas a
function of sample thicknes$a) with and (b) without 2 V Gaussian GB potential. Full calculation included diffracted beams to 0050; the
profiles shown refleca 6 A resolution to simulate holography data) Difference profile(representingpgg) between(a) and (b) (i.e.,
b= Proa— Pou) Scales linearly with thickness indicating “kinematical” treatment of GB is valid.

validity of separating the total phase into GB and bulk con-that not only may the GB phase profile be obtained by a
tributions, we have performed a number of dynamical calcusimple subtraction of the bulk contribution, but that the re-
lations. sulting phase profile may be treated “kinematically,” as dis-
Figure 3a) is a series of dynamical multislice calculations cussed next, to obtain the GB potential profile.
of the phase profile expected across a 2 V Gaussian profile Since the multislice calculations show that the GB phase
twist boundary in Bi/2212 as a function of thickness from 5scales linearly with thickness, we may writébgg(X)
to 25 nm. The series in Fig.(l® are equivalent calculations ~CgVgg(X)t(x), whereCg is a constant that depends on the
with the GB potential omitted, i.e., calculations éf(X). accelerating voltage of the microscopégg(x) is the GB
The multislice algorithms and computer code was developeg@otential and(x) is the thickness of the sample. This is the
in house, and also used in our earlier publication involvingkinematical approximation commonly used to determine the
Bi/2212 (001) twist GB’s!® The GB supercell consisted of projected potential from the reconstructed phase in electron
four crystal unit cells on each side of the GB with interfacial holography. In principle, the thickness may be obtained from
plane located between the BiO double layers. Although thehe reconstructed amplitude imagé€x) as
model does not consider the out-of-plane atomic relaxations,
it agrees extremely well with the HRTEM observatidis. t(x)=—2\ InA(X), 7
The dynamical calculations shown in FiggaBand 3b) in-
cluded scattering up to the 0050 reflection with slice thick-where\ is the mean free path for inelastic scattertdt is
ness of 0.25 nmC,=0.55 mm, andAf=0, but the profiles essential, however, that the amplitude is reconstructed with
were calculated with a resolution restricterl@ A to simu-  the inclusion of all diffraction intensity of the sideband. This
late profiles obtained from holography experiments. The dyis certainly not the situation for our experiments, as clearly
namical scattering strongly affects the phase profiles, buevident from Fig. 20). To circumvent this problem, we
there is effectively no coupling of scattering between the GBmodify Eq. (7) by replacingh with an effective mean free
and bulk, as shown in Fig.(8), where the difference be- path\.4 appropriate for Bi/2212 in a systematic row orien-
tween the total profil¢Fig. 3(a)] and the bulk profild Fig. tation and for amplitude reconstructena A resolution. This
3(b)] is shown. Figure &) representshcg(x) which, further-  effective mean free path can be experimentally determined
more, scales linearly with thickness. This last point meandy recording holograms containing significant portions of
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0.10 @ 0.10 ©) the bulk crystal, shown by the thick lines in Figdajand
_ 005 _0'05* 4(b). The resulting bulk profiles were subtracted from each
g 0 g o data set, the phase was converted to potentialVag
3009 §009 = ¢gp/Cgt and the data sets were averaged together. The
A-0.10 ~-0.1 result for this GB is shown by the thin line in Fig(c}. The
0.15 0.15] variation in the potential profile away from the interface is
VN ST T s S e 154 s t_aken to represent a measure of error in_ the extracted poten-
GB Distance [nm] _ GB Distance [nm] tial. In this case, the standard deviation away from the
- (1): © :% 10 (d) Pr bogndary in Fig. &) is 0.46 \_/_a_nd is consis_tent with the
z ol S st estimated measurement sensitivity of 0.3 V discussed above.
g os z 0 Corresponding potential profiles were obtained for additional
£ ol 5 T GB’s, as discussed in the following section.
s A 10+
© -1y .15
: 200 p
e S Y IV. MEASUREMENT RESULTS OF GB POTENTIAL AND
R éZB-éis(t)ancle [121m]3 4 10 -OéB Dis(t)ance [n(r)nﬁ 1o CHARGE DISTRIBUTION

FIG. 4. (a) and (b) Experimental phase profild¢hin line9 re- A. Modeling potential and interface properties

constructed from different holograms of same GB. Thick lines, In order to address material properties of the grain bound-
representingpy,, are the result of averaging segments of half-unitaries that we have examined, and to facilitate quantitative
cells away from GB(c) Average GB potential fronta) and(b) after  comparisons, we modeled the GB potential as a Gaussian fit
subtraction of ¢,y and elimination of thickness dependence to the experimental profiles. Fitting results for the averaged
(t=—2\¢4in(A)) from each profile. The thick line is the result of GB profile are shown in Fig.(4) by the thick line. The main
fitting the GB potential to a Gaussian function; the residual Varia‘advantage of fitting the potential with an analytic function
tion in the potential away from the GB provides a measure of errory,55 to simplify interpretation of physical quantities derived
(d) Thick line is the total charge density profile obtained from POiS'from the potential distribution. In particular, the charge den-

son's equation applied to the GaUSSiar.' fitan The total Char.ge IS sic}y profile obtained from Poisson’s equation, which involves
g]c;orlgf (2) ?sa:lzetv?/l;gycr)r:r;tt?iiaﬁ; Lé?;)?;‘sédon;tte)orl:atptrsesegtén?e;c:3 second derivative of the potential, is sensitive to noise fluc-
senting frbee chargep() tuations and reS|du§I varla_mons. left in the potentla_l profile
' away from the GB if applied directly to the experimental
data. By fitting the potential profile, the charge density may
e calculated analytically. Figuréd) shows the charge den-
ity (thick line) corresponding to the GB in Fig.(@ calcu-
ted by Poisson’s equation

vacuum along with portions of bulk crystal icraxis row

orientation. The holograms were reconstructed as outline
above and the phase was uniquely determined by requiring '
to be zero in the vacuum region. From our calculations base

on an isolated-atom model, the average potential for Bi/2212
is Vo=19.5V, so ep p(X)=—g08,V?Vgi(x), 9)

whereeg is the permittivity of free space arg =2.55 is the
NS O ( 1 ) ® calculated relative permittivity of Bi/2212 The charge den-
e (—2InA(x)) (InA) | 2CgVy)’ sity profile indicates a negative charge associated with the
interface core and compensating positive space charge re-
where(---) denotes a local average over a Bi/2212 unit cell.gion.
Experimentally, the local averag¢g) and(A) were deter- Additionally, we may consider the extent of nonzero
mined for this measurement by fit of a third order polyno-charge density, which defines the width of the GB. We find it
mial. The result of Eq(8) gave\#=13=1.3 nm for these reasonable to take the width as the full-width-tenth-minimum
experiments. In subsequent data analysis, then, thef the Gaussian potential fit. In this case, the GB width
sample thicknesstaken as constant across the \GBas shown in Fig. 4 is 8.6 A and is representative of additional
estimated from the reconstructed amplitude imagetas GB’s summarized below. We note that this value is an upper
= —2Nei IN(A(r)) using\ ¢=13 nm. bound to the GB width due to ¢h6 A spatial resolution of
Figures 4a)—4(c) illustrates the steps outlined above to our holographic reconstruction. That is to say, a broadening
extract the interfacial component of the phase and quantifpf the measured GB in real space is expected from convolu-
the GB potential. Figures(d) and 4b) are experimental tion of the point-spread function associated with the aperture
phase profilesthin line) reconstructed from two separate ho- function used to extract the sideband in Fourier space. Nev-
lograms obtained from the grain boundary depicted in Fig. 2ertheless, our measured width is consistent with prior high-
The profiles are the result of averaging about 20 nm alongesolution TEM result§ where the out-of-plane strain was
the interface, and are typical of profiles obtained from thefound to extend less than 10 A across the GB.
(001 twist boundaries. For each phase profile, partial pro- The charge distribution calculated above may, in general,
files representing individual unit cells away from the inter- be described as the sum of charge distributions representing
face were extracted from the data and averaged together tharge bound to the interfagg,(x) and of unboundfree
produce an experimentally determined profile appropriate tehargep;(x) such thatp(r)=p,(r)+p:(r). For example,
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TABLE I. Summary of Bi/22124001] twist boundaries.

Misorientation Potential Boundary Net bound charge

angle V] width [A]  density[ e/cell]
GB1 2° 2.06:0.17 9.1 —-1.6
GB2 21° 2.31-0.46 7.7 —2.6
GB3 32° 2.26-0.36 8.6 -1.7
GB4 18° 2.38:0.24 8.0 —-2.0
Avg. 2.18:0.12 86 -17

the bound charge term may be due to off-stochiometric oxy-
gen at the GB, or by reconfiguration of the bonds at the
interface, while the free charge may be due to a compensat-
ing redistribution of nearby valence electrons or “holes.” For
simplicity, we suppose the bound charge has a Gaussian dis-
tribution centered at the interface, and that the free charge is . - (a)~(d) Portions of holograms from four GB's chosen
the sum of two Gay;smns displaced symmetrlc_ally from th‘?or detailed analysis as summarized in Table | corresponding to
GB. The reSL,"t Of fitting the charge density in this manner ISGBl—GB4, respectively. In each case, the orientation of the holo-
also ,S,hown in Fig. @,D' _W_here the _bc_)und ar!d free charge graphic interference fringes is indicated and the GB position is
densities are plotted individually. It is interesting to calculatenarked. The good interference fringe contréout 15—20 %is

the total charge associated with the bound charge density. Witical for reliable amplitude and phase reconstruction.

this casep,, corresponds to a total negative charge of about

2e per unit cell consistent with, for example, enrichment of letry. It is natural, then, to assume that the precise chemical
oxygen ion per unit cell at the GB. Similar analysis of addi- composition including the nature of interfacial defects and
tional GB’s and more detailed discussion of results are preaverage defect density is the most prevailing influence on the
sented next. electrical activity. Such differences between the GB and
grain interior may not be detectable by chemical analysis
using EDX and EELS or by dislocation analysis using dif-
fraction contrast for thesé01) twist boundaries® Never-
More than half a dozen twist boundaries were carefullytheless, our measurements indicate that the twist boundary
chosen for detailed analysis. As with most of 0@1) twist  potential appears independent of misorientation angle, which
boundaries in Bi/2212, the boundaries were located betweeig consistent with measured electrical transport properties of
the BiO layers and were atomically straight and sharp with-Bi/2212 twist boundarie¥ If our modeling assumptions
out apparent grooving as evaluated by HRTEMFour pure  about the bound and free charge components of our mea-
(00D twist boundaries are summarized in Table | those withsured charge profile are correct, these results may also ex-
Ca/CuO intercalation will be published separately. Portionglain why the critical currentl, assumes nearly the same
of holograms from each of the GB’s detailed in Table I, arevalue across the GB as in the grain interior. In particular, our
shown in Fig. 5. The holograms clearly show the interferenceesults suggest a net free charge, or accumulation of electron
fringes crucial for reliable amplitude and phase reconstrucholes, of+1.7e per unit cell near the grain interface. This
tion. The fringe spacing is abb@ A in each hologram, and increased hole concentration, along with the narrow GB
the BiO-BiO layers are clearly resolved indicating the GB iswidth may support incoherent Cooper-pair tunneling to ac-
viewed edge on. For each GB, the misorientation angle becount for the undiminished, .'? Analysis currently under-
tween the grains was determined from diffraction patterns ofvay of similar twist boundaries with adjacent stacking faults
the adjacent grains. The angle was defined by the orthorhongonsisting of extra or missing Ca/Cy@lanes in Bi/2212
bic symmetry of Bi/2212, so may range from 0°-90°. For theand examination of GB's in other highs superconductors
GB'’s detailed here, angles were measured to be 2°, 21°, 328ch as YBCO may shed additional light on the origin and
and 18°, respectively, for GB1-GB4. GB3 corresponds ttature of the GB potentials we have measured. Combined
the data presented above. with holography studies of GB'sRef. 19 and defect
The results of Table | do not show any trend of the meadislocationd’ in other materials, a better understanding of
sured GB potential on the misorientation angle where thenterfaces may be gained.
reported error is the standard deviation to the GB potential
fit. In fact, the weighted averag®y 1/0?) of the measured V. CONCLUSIONS
potential for these four GB's falls within the error bar of each
measurement, giving an average potential of 2.18 V with The modeling presented in this study based on off-axis
absolute deviation=0.12 V. This suggests that electrical electron holography measurements allows us to address one
properties of these twist boundaries are weakly governed bgf the most important physical properties of polycrystalline
intrinsic differences directly related to the interfacial geom-functional materials: grain boundary potential. The treatment

B. Summary and discussion of measurements
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we have outlined to separate out the bulk contribution at thén Bi/2212 bicrystals and tapes where the dominant grain
GB region provides a direct means to measure the potentiahterconnections are made K§01) twist boundaries. We ex-
distribution at interfaces on the nanoscale. We have analyzgokct the foundation put forth here to stimulate more compre-
the effect of objective lens aberrations and defocus on théensive modeling and additional experiments to further
guantification of measurements from electron holographybroaden our understanding of interfaces.

and we have found that they may be neglected for resolu-
tions above abdus A for our microscope. This relaxes ex-
perimental demands and significantly simplifies quantifica-
tion. We have applied our treatment to the casé6fl) twist We are grateful for the calculations of Haibin Su that
boundaries in Bi/2212, where we measure an average GBontributed to this work, and for useful discussion with
potential of 2.180.12 V independent of grain misorienta- Qiang Li over possible interpretations of our results. We are
tion at the interface. We further find an average GB widthalso grateful to Masaki Suenaga for stimulating discussions
about 8.6 A, and a negative charge at the core of the interfacand for providing the samples used in this study. This work
compensated by positive space charge in its vicinity. Theswas supported under U.S. DOE Contract No. DE-AC02-
observations may explain the measured transport properti€3CH10886.
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