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Using transmission electron microscopysTEMd we studied CaCu3Ti4O12, an intriguing material that exhibits
a huge dielectric response, up to kilohertz frequencies, over a wide range of temperature. Neither in single
crystals, nor in polycrystalline samples, including sintered bulk and thin films, did we observe the twin
domains suggested in the literature. Nevertheless, in the single crystals, we saw a very high density of
dislocations with a Burger vector off110g, as well as regions with cation disorder and planar defects with a
displacement vector14f110g. In the polycrystalline samples, we observed many grain boundaries with oxygen
deficiency, in comparison with the grain interior. The defect-related structural disorders and inhomogeneity,
serving as an internal barrier layer capacitance in a semiconducting matrix, might explain the very large
dielectric response of the material. Our TEM study of the structure defects in CaCu3Ti4O12 supports a recently
proposed morphological model with percolating conducting regions and blocking regions.
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I. INTRODUCTION

In recent years, CaCu3Ti4O12, or CCTO, has attracted
much attention due to its extremely high dielectric constant,
or permittivity, at low frequencies that persists virtually un-
changed over a wide temperature range, from 100 to 600 K.1

Different superlatives, such as giant, colossal, and enormous,
were used in reporting this high dielectric response. Practi-
cally all investigators observed a relative dielectric constant,
close to 104, from static fields up to kilohertz frequencies.
The high dielectric constant appears to be an inherent prop-
erty of the material because it is barely influenced by the
processing route used to synthesize single crystals or poly-
crystalline sintered powder, or thin films.1–4 But now, after
having scrutinized the material using x-ray-, optical-, and
neutron-diffraction techniques,1–5 impedance spectroscopy,6

and theoretical electronic structure calculations,7 most re-
searchers find it unlikely that the large dielectric response is
intrinsic. In this context, intrinsic means that the large re-
sponse would be present in a perfectly stoichiometric, defect-
free single-domain crystal of CCTO. Rather, they believe its
origin is extrinsic and related to the “real” microstructure,
such as domain boundaries. In particular, the idea of twin
boundaries was put forward based on the observation from
single crystal x-ray diffraction3 that pairs of reflections such
as shkld and s−khld reveal equal intensities. However, in a
twin-free crystal, the intensities of such pairs should differ
due to the lack of fourfold symmetry in CCTO with space
group Im-3sNo. 204d. Structure factor calculations suggest
that the intensities of many such pairs, e.g.,s310d and
s−130d are very different. The idea that the high dielectric
constant is caused by the presence of twin boundaries or
other planar defects is supported by two completely different
approaches: density functional theorysDFTd calculations of
the electronic structure7 and impedance spectroscopy
measurements.6 Independently they suggest a nonpercolating

semiconducting matrix caused by insulating layers across
twins, antiphase, or grain boundaries. The insulating layers
are thought to cause internal boundary layer capacitance
sIBLCd.6 Recently, six different morphological models, in
terms of percolating or nonpercolating conducting layers,
were offered as possible candidates to explain the atypical
dielectrical behavior.8

In the simple IBLC model, grain boundaries cannot be the
sole boundary because single crystals exhibit similar dielec-
tric properties. However, except for grain boundaries in poly-
crystalline materials of CCTO, domain boundaries are not
easily visible in this material using conventional transmis-
sion electron microscopysTEMd. Thus, the search for do-
main boundaries calls for another strategy. In this paper, we
first describe the types of possible domain boundaries ex-
pected in CCTO based on its crystal symmetry. Then, using a
variety of TEM techniques, we test for the presence of such
domain boundaries, namely, twin boundaries, antiphase
boundaries, and their combinations. Finally, we present our
observations of other types of defects including dislocations,
cation disorder, and grain boundaries observed in CCTO.

II. CRYSTAL STRUCTURE AND POSSIBLE DOMAIN
BOUNDARIES

The body-centered-cubic unit cell of CaCu3Ti4O12 has a
lattice parameter of 0.7405 nm at room temperaturessee Ref.
1 for the structure parameters used in this studyd that are 2
3232 times the unit cell of the perovskite subcell. Follow-
ing the notation used for perovskites, Ca and Cu are atA
sites and Ti atB sites. The Ti atoms are octahedrally coordi-
nated with the octahedra rotated the same amount around the
f100g, f010g, and f001g axes. According to Glazer’s
notation,9 the tilt is a+a+a+. The tilt is fairly large causing34
of the A atoms, i.e., the Cu atoms, to be four coordinated
with the four oxygen atoms forming a square with a Cu atom
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at its center. The normal to the square is thef100g direction,
or the equivalentf010g or f001g directions. The distance from
the Cu atom to each of the four surrounding oxygen atoms is
0.198 nm. The remainingA atoms, i.e., the Ca atoms have a
bcc arrangement, and each is surrounded by 12 oxygen at-
oms at a distance of 0.261 nm. At the bottom left of Fig. 1,
we show the structure of CCTO projected along thef001g
direction as indicated by the tilted TiO6 octahedra and CuO4
squares. The CuO4 squares with centers atz=0 andz= 1

2 are
represented by the full and dotted lines, respectively, and
normal to the sheet of paper show up as double lines. Note
the twofold symmetry of the projected structure, showing
that this cubic structure is not invariant to a rotation of 90°. It
is the arrangement of the oxygen atoms that breaks the four-
fold symmetry. If domains related by 90° rotation are present
within the crystal, then we are dealing with 90° rotation
twins. In addition to such twins, conceivably there may be
antiphase domain boundaries in the structure with the unit
cell displaced a vector ofR=f 1

2 0 0g or R=f 1
2

1
2 0g. Figure 1

shows possible domain boundaries based on this crystal sym-
metry and orientation variant argument. There are five pos-
sibilities: the 90° rotation twin boundary; the antiphase
boundary associated withR=f 1

2 0 0g, and with R=f 1
2

1
2 0g,

the combination of 90° rotation andR=f 1
2 0 0g, and 90° ro-

tation combined withR=f 1
2

1
2 0g. When these domains are

present in sufficient density, i.e., not separated by more than
a few tens ofmm, they can be easily observed using a TEM.
If the boundaries are scarcer, the likelihood of encountering
them decreases in the TEM’s limited field of view. Due to the

crystal’s cubic symmetry, the 90° rotation twin domains will
not split the diffraction spots, regardless of whether or not
they are combined with a translation displacement. Thus, it
will be very difficult to observe such boundaries using con-
ventional dark-field imaging that uses a well separated and
distinct diffraction spot. Nevertheless, we note the structure
factors of many reflections in the same family of the cubic
CCTO differ; exceptions are theshhld reflections. For ex-
ample, forh310j type reflections, although thes−130d and s
−310dT fsubscriptT refers to thes110d twing reflections over-
lap in reciprocal space their structure factors are quite differ-
ent sF−130=17.23,F−310T

=−10.18d. The same applies to the
h530j-type reflections. This suggests that an imaging method
based on the structure factor may reveal these twin domains
and their boundaries. An antiphase boundary gives contrast
for reflections whenR ·g swhereR is the displacement vec-
tor and g is the reflection used for imagingd differs from
zero, or an integer. Again, there are numerous possible
choices ofg vectors giving contrast.

III. EXPERIMENTAL

The TEM experiments were done with a JEOL 3000F
electron microscope operated at 300 keV, and equipped with
a coherent electron sourcesfield emission gund and a high-
resolution objective lens. Electron energy-loss spectroscopy
sEELSd was performed using a Gatan energy-filter system.
Diffraction simulations were carried out using both multi-
slice and Bloch wave approaches based on computer codes
developed at Brookhaven. Polycrystalline pellet samples
from sintered powder, single crystal, and thin film of CCTO
were studied. The powder sample was prepared by heating a
stoichiometric mixture of CaCO3 sAnalyzed Reagent
99.9%d, CuO sAlfa 99.995%d, and TiO2 sAlfa 99.99%d at
1050 °C for 16 h with intermediate grinding at 800 °C for
1 h. The sintered powder then was pressed into pellet. The
CCTO thin film was prepared by Dr. Weidong Si, Physics
Department, BNL, using the pulse-laser deposition method
ssee Ref. 4d. The film was structurally inhomogeneous with
large amount of as-grown defects and associated lattice dis-
tortion. The single crystal was grown by Wakimoto using the
traveling-solvent floating-zone method in an image furnace.
The sample was previously used for the optical, neutron, and
x-ray measurements reported in Ref. 2. For TEM observa-
tions, these samples were first cut into disks, then thinned
and polished by ion milling. Low-energy ion beam and
plasma cleaner were used in the final stage of preparing the
sample. The samples were studied at room temperature, and
at 86 K using a liquid-nitrogen cooling stage. Overall, the
samples showed many similarities. However, the thin film
had additional lattice defects associated with their expitaxial
growth, while, in sintered materials, the size of the crystal
grains ranged from submicrons to tens of microns. To avoid
confusion from these as-grown defects in thin films, we dis-
cuss our observations from single crystals and sintered poly-
crystalline samples only. The advantage of studying the latter
is that we have an easy access to crystal grains with various
orientations.

FIG. 1. Schematics of the five possible orientation domains in
CCTO: the twin boundarysdenoted as TB: II–IVd, antiphase bound-
ary sdenoted as APB: I, II; II, IIId, and combinations of twin and
antiphase boundariessI–IV; III, IV d projected along thef001g direc-
tion. The squares represent the unit cell with the diamond showing
its twofold symmetry. The detailed structure of the same projection
with TiO6 octahedra and CuO4 squares is included at the bottom
left. The CuO4 square viewed end on is shown as a double line.
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IV. RESULTS

A. Search for orientation domains

Figure 2sad is the electron-diffraction pattern from a
small-angle convergent beam showing the twofold symmetry
along thef001g direction in agreement with the simulation
fFig. 2sbdg based on the Im-3 space group for a crystal 9.2-
nm thick. Within the more than a dozen crystal grains we
studied we did not encounter any 90° rotation of this pat-
tern. Such a rotation would have signaled that we had
crossed a 90° rotation twin boundary. Imaging with dif-
ferent reflections at the Bragg position in a bright and
dark field did not reveal any domains and domain bound-
aries. As mentioned early, because of its cubic symmetry,
possible twinning in CCTO does not generate splitting of
the Bragg spots; thus, the twins and the matrix are always
imaged simultaneously. Even in relatively thin areas, mul-
tiple scattering can wash out the contrast difference be-
tween the two. A robust approach to image the twin do-
mains in CCTO will be a method that can separate
orientation domains and is sensitive to the structure factor.
Figure 3 shows a simulated coherent shadow-image
diffraction-pattern of as110d twin boundary in CCTO
using the PARODI methodsparallel recording of dark-
field imagesd we developed for mapping the distribution
of valence electrons and interface analysis in
superconductors.10,11 In this method, the electron beam is
focused above the sample thus illuminating an area of
interest, including a defect such as an interface. We then
record the images of many reflections simultaneously in
the back-focal plane of the objective lens. The image in-
tensities of these reflections strongly depend on their
structure factors. When a coherent electron source is used
strong interference fringes associated with the defect ap-
pear. In the calculation, as shown in Fig. 3 in as001d*

zone pattern, we include an area of 26 nm with the twin
boundary in the middle. We observed remarkable interfer-
ence fringes at the twin boundary in many diffraction
disks where, across the boundary, the corresponding re-
flection with different structure factor changes, say from
s−130d to s−310dT sF−130=17.23,F−310=−10.18d. A similar
situation applies to theh350j-type of reflections. Since the
structure factors for theshh0d- and sh00d-types of reflec-
tions are the same, no twin-boundary contrast is visible.

The PARODI method is powerful in searching for twining
that does not lead to the splitting of diffraction peaks, which
is often required for conventional dark-field imaging in
TEM. Nevertheless, after an extensive research using this
method in thin areas of both single crystals and polycrystal-
line samples as well as thin films, we did not observe any
orientation domain and domain boundaries.

B. Dislocations

We encountered dislocations in both sintered polycrystals
and single crystals. The dislocation density is very low in the
former, but rather high and varies with areas in the latter.
Figure 4sad shows the typical morphology of dislocations in
a single crystal. They usually do not exhibit clear and sharp
images, and often they are associated with complex strain
contrast, which may be attributed to the materials’s mechani-
cal properties. In some areas we also observed a tangled
dislocation network. The dislocations show strong contrast
with reflections ofg=020, 200, or 101. To determine the
Burgers vectorb of the dislocations, we tilted the sample to
various orientations to form a two-beam imaging condition
using the extinction criteriong·b=0. Figures 4sbd–4sdd
shows an example, imaged for the same two dislocations
usingg=020 sad, g=−101sbd, andg=−110scd, respectively.
We note that wheng=−110 is used the dislocations are out
of contrast, consistent with the Burgers vector ofb=110. We
characterized various dislocations in single crystals as well
as in the sintered polycrystals and found the majority are the
k110l type with a mixed edge-and-screw component. Al-
though we did not determine the amplitude of the Burgers

FIG. 2. Experimentalsad and calculatedsbd convergent beam
electron diffraction patternsconvergent angle: 1.64 mradd of s001d*

zone showing a twofold symmetry in the crystal.

FIG. 3. A calculated coherent PARODI pattern showing the in-
terference fringes of thes110d twin boundary and its adjacent twin
domains in thes001d* zone orientation. Note, the vertical fringes
originate from the twin boundary, and the circular fringes from the
condenser aperture that defines the edge of the disks. The twin
boundary, a 90° twinningsII–IV in Fig. 1d, is clearly visible in
shadow images of thes310d-type reflections due to the difference in
their structure factors sF−310=F−310T

=−10.18,F−130=F−130T
=17.23d, while invisible in thes220d-type reflectionssF220=F−220

=F−2–20T
=F−220T

=45.7d.
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vector, based on the crystal symmetry it can be either
u 1
2f110gu or u 1

4f110gu, corresponding to a lattice displacement
between theA atomssCu and Cad or between theA sCu/Cad
atoms andB sTid atoms, respectively.

C. Cation-disorder-induced planar defects in single crystal

Although we did not observe the orientation domain
boundaries proposed in Fig. 1, we did see planarlike defects
and regions with significant cation disorder, especially the
disorder of Ca and Cu atoms in single crystal CCTO. For a
perfect CCTO, the Wyckoff position for Ca is 000, while for
Cu it is 1

2 , 1
2 ,0. The intensity of theh110j reflectionssstruc-

ture factor squaredd can be determined to be 11.21. However,
when the Ca and Cu atoms change from the ordered to the
disordered state, that is, the two sites are randomly occupied
by Ca or Cu, the intensity ofh110j reduces drastically to
0.32, which becomes invisible in electron diffraction pattern.
This cation disorder lowers the crystal’s symmetry. Large-
scale disorder can be easily observed in selected-area-
diffraction patterns, while small area disorder can be seen in
lattice images. Figure 5 shows two such areas of disorder. In
Fig. 5sad, a high-resolution electron microscopysHREMd im-
age viewed in thes111d projection illustrates a disordered
region with a change of local crystal symmetry. Fourier
analysis of the image suggests that the lattice disorder occurs
along thef−101g andf01−1g directions in the left areafonly
the s−110d spot presentg, while along the f−110g and
f01−1g directions in the right areafonly the s−101d spot
presentg. Another area is shown in Fig. 5sbd, where the dis-
order occurs in thef−101g and f−110g directionsfonly the
s01−1d spot presentg. A displacement of half spacing of the

s110d lattice is clearly visible, as marked by two white lines.
The displacement is easy to see when the lattices are viewed
at a glancing angle. In Fig. 5scd an experimental selected-
area-diffraction pattern from a much large area also shows
the loss of the three-fold symmetryswith the ATiO3 subcell
symmetry in two directionsd, as compared with a typical
nondisordered CCTO diffraction patternfFig. 5sddg. Since it
is a local disorder, volume averaged x-ray diffraction cannot
reveal such a disorder, but will instead show a false threefold
symmetry.

In the f001g orientation, such a1
2s110d lattice displace-

ment caused by the disorder often takes the form of a planar

FIG. 4. sad A typical bright-field image showing a high density
of dislocations observed in the single crystal.sbd–sdd diffraction
contrast of the same two dislocations imaged usingg=020 sbd, g
=−101 scd, andg=−110 sdd reflections. Withg=−110, the disloca-
tions are out of contrast.

FIG. 5. sad A high-resolution image viewed along thef111g di-
rection in single crystal CCTO showing the loss of threefold sym-
metry, evident from the Fourier analysis of the image, with only one
of the threes110d reflections presentfs−110d in the left region and
s−101d in the rightg. sbd Another area in the same viewing direction
showing the presence of only the 01-1 reflection. The white lines
indicate a lattice shift in the region. The displacement associated
with the loss of symmetry is most visible when the images are
viewed along a glancing angle.scd Selected area diffraction from a
much larger areas1 mm acrossd showing the regional loss of the
CCTO symmetry along thef01-1g direction. The diffraction pattern
from an undistorted CCTO in a relatively thin area is shown insdd
for reference.
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defect as shown in a low magnification imagefFig. 6sadg. An
enlarged area is shown in Fig. 6sbd, with the s110d lattice
viewed edge on. Both sides of the lattice abutting to the
defect have the same crystallographic orientations while the
s110d lattices exhibit a half spacing shiftsi.e., a1

4f110g lattice
translationd when they cross it because they are scattered out
of phase. We note that the interpretation of high-resolution
images often is not straightforward and care must be taken in
reaching conclusions. We also note that such lattice displace-
ments exist in areas with no significant difference in thick-
ness; it is unlikely they originate from image artifacts. An
unusual temperature dependence of local atomic displace-
ments of Ca and Cu in CCTO has been observed using pair
distribution function analysis.5 The possible origin of the dis-
placements can be local cation disorder, i.e., exchange ofA
sCu/Cad and B sTid sites, as supported by our diffraction
study. A structural model for such a planar defect is depicted
in Fig. 6scd with the TiO6 octahedra across the interface
shifted 1

4f110g due to the movement of Ti to the Ca/Cu site,
as marked by the solid lines across the interface. To have the
octahedral match at the interface, an additional,6% lattice
shift sd=0.063f110gd was introduced in the direction perpen-
dicular to the boundary. The observed planar defect associ-

ated with the cation disorder reported here could have sig-
nificant implications since the disorder-induced lattice
discontinuity or displacement will cause IBLC and change
the local dielectric properties of the material. Along with the
high-density of dislocations that have same displacement di-
rection of the planar defects, we believe these intrinsic struc-
tural defects are responsible for the large dielectric response
observed in the single crystal CCTO.

D. Grain boundaries in sintered samples

The origin of the dielectric behavior in polycrystalline
samples can be totally different from that in a single crystal
since the polycrystals comprise many grain boundaries. The
polycrystalline samples we studied have an averaged grains
size of about 1mm, with few defects in the grain interior. To
search for the composition and/or electronic structural differ-
ence between the grain interior and grain boundaries, we
performed electron energy-loss spectroscopysEELSd on
these samples. The energy-loss spectra at 86 K from an area
far away from the boundary are shown in Fig. 7, both from
the low loss region, and from the core-losssK edge of oxy-
gen and theL edges of the metal atomsd regions. There was
no significant difference from those obtained at room tem-
perature. The low loss region contains information about the
complex dielectric function of the material, covering the en-
ergy range from visible light to soft x rays. The energy de-
pendence of the real and imaginary part of the permittivity
can be extracted from these spectra by Kramers-Kronig
analysis.12 The similarity of these spectra at 86 K and room
temperature suggests that the temperature dependence of the
dielectric function is limited to the frequencies lower than
that can be resolved with our electron energy loss spectrom-
eter. The near-edge structure of theK edge of oxygen is not
easily interpreted without electronic structure calculations in
this oxide where three different metal atoms surround each
oxygen atom. The whiteL2,3 lines from the metal atoms are
as expected. The typical crystal-field splitting effect is seen
for theL2,3 lines of Ti; each is split into two, which is typical
for Ti4+ at the center of an oxygen octahedron.13 White lines

FIG. 6. sad A planar defect observed in the single crystal.sbd The
high-resolution image of the same defect insad showing a lattice
shift sR= 1

4f110gd adjacent to the defect.scd A structural mode in a
f001g projection illustrates the possible origin of the planar defect
with a lattice shift ofR= 1

4f110g caused by Ca/Cu cation disorder
sbetween theA atomsd and the shift of theA andB sTi atomsd site.
To fit the TiO6 octahedra across the interface, a small displacement
sd=0.0603f−110gd perpendicular to the interface has to be intro-
duced. The parallel lines indicate the1

4f110g lattice displacement.

FIG. 7. Low-temperature electron energy loss spectra recorded
at 86 K from the polycrystalline sample. From left: low loss region,
L edge of Ca,L edge of Ti,K edge of O, andL edge of Cu.
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from Cu depend strongly on the oxidation state. The features
seen for theL2,3 lines of Cu in this material are consistent
with Cu2+.13

In comparing the EELS spectra from grain boundary and
grain interior, we focused on the oxygen concentration at the
boundaries since the resistivity of anATiO3 perovskite is
often extremely sensitive to its oxygen content. It was re-
ported that the room temperature resistivity of BaTiO3−d ce-
ramics decreases from about 1012 V cm for d,0 to about
10 V cm for dø0.0002.6 Under appropriate processing con-
ditions, minimal reoxidation can produce thin insulating lay-
ers on the outer surfaces or along the grain boundaries of the
material to form surface and internal barrier layer capacitors
sIBLCd resulting in a high “effective” dielectric constant of
more than 104.14

Figure 8 shows a spectra pair for the TiL2,3 and O K
edges from sintered bulk pellets at room temperature. We
used Ti concentration as a reference by comparing the O/Ti
ratio after subtracting the background and correcting for
multiple scattering of the spectra. By averaging the inte-
grated intensity ratiosusing a 50 eV energy window at a
50 mrad scattering angled for six boundaries, we found that
the grain interior is O/Ti=3, while, for grain boundaries, the
ratio ranges from 2.90 to 2.65. This suggests a 3–12 % de-
crease in oxygen concentration at grain boundariessthe av-
erage is about 6% decreased. The observations imply that, in
addition to the strain associated with misorientation at the
grain boundaries and the possible off-stochiometric compo-
sition of cations, there is a considerable variation in the
amount of oxygen at the boundaries, consistent with what
was observed with the impedance spectroscopy
measurements.6 Since oxygen is known to be crucial to the
local conductivity in peroveskite oxides, it is likely that the
grains are conductingsor semiconductingd and the grain
boundaries are insulatingsor blockingd, resulting in a high
dielectric response. Nevertheless, although we cannot rule

out that the reverse also is possible since conducting bulk
and the conducting interface morphologies are equally
plausible.8

V. DISCUSSIONS

The unusual dielectrical behavior displayed in CCTO has
numerous potential technological applications; however, the
origin of the high dielectric response is not fully understood.
In contrast to what was expected from the literature,15 we did
not observe twins or antiphase domains either in the single
crystal or in the polycrystalline CCTO using TEM. Based on
the crystal symmetry argument, these orientation domains
still may be there in single crystals, and we may not have
encountered them using TEM if they are several hundreds of
mm apart. Realistically, even such well separated domains do
exist they probably are not responsible for the IBLC effect.
In polycrystalline material, with typical grain size of 1mm,
the observed two-dimensional boundaries are mainly grain
boundaries. Even if twin or antiphase domains are present in
a small fraction of the grains, they cannot prevent percola-
tion.

The similar dielectric properties observed in single crys-
tals and polycrystals was puzzling. Based on our microscopy
observations, we now can attribute the cause of the barriers
for electrical conductivity to different structural defects in
the two different types of CCTO samples. For polycrystalline
samples, the main defects are the grain boundaries, while for
single crystals they are dislocations and planar defects
caused by cation disorder. These defects can form IBLC and
thus lead to the observed unusual dielectric properties. In
discussing possible morphologies, Cohenet al.8 point out: “It
is important to recognize that the mechanism leading to large
dielectric constants can differ in polycrystallinesceramicd
and single-crystal samples.” These investigators propose six
possible models for the large dielectric constants. Among
them, the one with a nonpercolating, conducting, or semicon-
ducting bulk and nonconducting grain boundaries is consis-
tent with our observations of the polycrystalline material
where grain boundaries exhibit oxygen deficiency in com-
parison with the bulk. On the other hand, the high density of
dislocations and the planar defects observed in our single
crystal can result in lattice distortions that may be accompa-
nied by heterogeneity in composition and dielectric proper-
ties. Thus, our observations on single crystals could fit their
proposed model with percolating conducting regions and sur-
face blocking. The breakdown of the IBLC at low tempera-
ture due to electronic localization associated with these de-
fects may be attributed to the temperature dependence of the
dielectric response in the material.

Finally, we would like to point out that recently high di-
electric response and a drop by a factor of 100 of the dielec-
tric response at low temperature has also been observed in
cuprates and nickelates, and it was related to an “electronic
glassy state.”16 Charge inhomogenaties in complex oxides
are due to competing interactionssi.e., spins, charges, and
straind and often results in nonuniform electronic, chemical,
and magnetic ground states. The unraveling of these defect
structures using local probes such as electron diffraction and
HREM is the basis for understanding of many intriguing
material properties.

FIG. 8. A pair of electron energy-loss spectra of the TiL2,3 and
O K edge acquired from a grain boundary and away from the
boundary at room temperature after subtracting the background and
correcting for multiple scattering, showing a low O/Ti ratio at the
grain boundary.
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