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Spatially resolved electron energy-loss spectroscopy (EELS) is rapidly developing into a unique and
powerful tool to characterize internal interfaces. Because atomic column resolved Z-contrast ima-
ging can be performed simultaneously with EELS in the scanning transmission electron microscope,
this combination allows the atomic structure to be correlated with the electronic structure, and thus
the local properties of interfaces or defects can be determined directly. However, the ability to char-
acterize interfaces and defects at that level requires not only high spatial resolution but also the
exact knowledge of the beam location, from where the spectrum is obtained. Here we discuss several
examples progressing from cases where the limitation in spatial resolution is given by the micro-
scopes or the nature of the sample, to one example of impurity atoms at a grain boundary, which
show intensity and fine structure changes from atomic column to atomic column. Such data can be
interpreted as changes in valence of the impurity, depending on its exact site in the boundary plane.
Analysis of this nature is a valuable first step in understanding the macroscopic structural, optical
and electronic properties of materials.

1. Introduction

The ultimate resolution in electron energy-loss spectroscopy (EELS) performed in a
transmission electron microscope is defined by two factors; the physical limit is set by
the spatial extent of the interaction between the excited atom and the fast electron
(impact parameter), while the diameter of the electron beam (probe) adds an instru-
mental limitation. Quantum mechanical treatments of the impact parameter give loca-
lization of the scattering event for higher losses below 0.1 nm (>100 eV for 100 kV
incident energy [1]), see Fig. 1. Although, this is much broader than the width of the
object function for Z-contrast imaging, for most practical purposes the dominating
factor controlling spatial resolution in EELS remains therefore the probe diameter.
There are two components that define the effective probe diameter; the first is the size
of the incident beam and the second is the broadening of the beam in the specimen.
The first component is defined by the microscope, while the thickness of an amor-
phous or off-axis crystalline sample controls the second one. However the study of
crystalline specimens in low-order zone-axis orientations [2], [3] preserves the probe
diameter within the specimen due to channeling. Thus the spatial resolution of the
energy-loss measurements under channeling conditions is again defined by the incident
probe.
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Fig. 1. The FWHM of the object
functions for 100 kV and 300 kV
incident electrons for K-loss excita-
tion of various elements shows a lo-
calization of the inelastic scattering
process below 0.1 nm
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The ability to form electron probes with diameters comparable to the lattice para-
meter of many crystalline materials has been available in commercial instruments for
almost ten years [4]. In the VG HB501 UX dedicated STEM, an optimum probe size of
0.22 nm full width at half maximum (FWHM) is routinely achieved. The small probe
size in combination with a high angle annular dark field detector (HAADF) [3, 4], allows
the acquisition of an incoherent image at atomic resolution, called a Z-contrast image,
because the detected electrons are to first order Rutherford scattered and therefore the
intensity is proportional to the mean square atomic number Z in the probed volume. In
this microscope, the cold field emission source provides enough signal to perform Z-con-
trast imaging with atomic resolution and EELS analysis under the same conditions [5], [6].

However, although the capability is there to achieve atomic resolution EELS, it has
been questioned why EELS at this level is not commonplace [7]. In fact, there is only
one example in the literature where a spatial resolution lower than 0.5 nm is demon-
strated with EELS [5]. There are several reasons why the resolution available in the
instruments has not yet been fully exploited. In this paper we discuss the application of
EELS to several materials to identify the limitations imposed on resolution by other
additional factors, such as the nature of the specimen. We progress from examples where
the specimens limit the obtainable spatial resolution to a case where the spatial resolu-
tion is limited by the instrument only. There, composition and valence states of impur-
ity atoms at a grain boundary were obtainable with atomic column resolution.

2. Experimental Considerations

The instrument used for all the results presented in this paper is the VG HB501 UX
dedicated STEM, operating at 100 kV and having an optimum probe diameter of 0.22
nm. The spectrometer/detection system follows the same basic principles as all currently
available parallel detection systems for EELS in TEM/STEM [8]. The original magnetic
sector prism serial spectrometer supplied by VG was modified by McMullan [9]. Here
two quadrupoles were added at the exit slit of the spectrometer to magnify and project
the energy dispersive plane onto a YAG scintillator. The so formed image on the scintil-
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lator is optically coupled to an efficient multi-phase pinned CCD camera. The aim in
using this CCD camera is to provide high efficiency for the low signal levels that are
expected from the use of a small probe and the study of energy-losses above 100 eV. In
fact, using this concept, single electron sensitivity is reached in the instrument used in
this study [10]. The high detectum quantum efficiency (DQE) of the CCD means that
the integration time for a single spectrum is only determined by the shot noise of the
electrons. This allows acquisition times for most core edges of interest to be limited to
10 s. This is a crucial factor for atomic resolution EELS because longer exposer times
limit not only the spatial resolution by instabilities of the microscopes but also enhance
the possibility of sample damage.

To study the fine structure of the spectrum it is essential that the obtainable energy
resolution is high. The cold field emission source in the VG HB501 UX enables us to
achieve an energy resolution better than 0.8 eV, even with a collection aperture as large as
30 mrad. This aperture size is a compromise between signal levels and energy resolution.
Using smaller collection apertures (e.g. 2 mrad) the intensity is much lower, but the energy
resolution can be improved to 0.3 eV. For atomic resolution analysis this lower signal level
increases the acquisition time and therefore reduces the spatial resolution due to micro-
scope instabilities. There is also the question of how coherency and diffraction influences
the intensity in the energy-loss spectrum. In a similar manner to the Z-contrast imaging
technique, the use of the large detector integrates all of these effects guaranteeing incoher-
ently generated spectra [1]. Additionally, large angle scattering events are more localized,
which may enhance the resolution of the EELS. The expected resolution for a series of core
losses is shown in Fig. 1, where large scattering angles are included.

In the system used, up to 100 spectra can be acquired consecutively and stored in the
computer memory. Line scans were performed by scanning the beam continuously along
a line, while spectra were continuously acquired and stored. During the acquisition of a
spectrum the intensity of the HAADF detector can additionally be observed on an oscil-
loscope, which is especially helpful when the beam is scanned along a line or kept sta-
tionary and no image is displayed.

In order to obtain meaningful data the tendency of the sample to damage under the
electron beam has to be explored. A time resolved acquisition of spectra with the same
electron dose per atomic column, as in the spatially resolved experiment below, allows
one to estimate the maximum acquisition time of a spectrum. If the sample does not
allow acquisition of spectra while the beam is stationary at one atomic column, the dose
can be reduced by scanning along a line parallel to a crystal plane. If even this is not
possible the spatial difference technique is the only way to extract spatially resolved
information, because the spectra are acquired while the beam is scanned in a rectangular
area thereby reducing the electron dose. This technique is also of use if no atomic col-
umn resolved Z-contrast image can be obtained. Recording several spectra per analysed
volume in all the above techniques is necessary not only to improve statistics by summa-
tion, but also to check possible electron damage of each analysed volume.

3. Experimental Results
3.1 Grain boundary in MgO

In our first example of spatially resolved EELS we discuss the results obtained from a
27° [001] tilt grain boundary in MgO. The Z-contrast images of this boundary [11] reveal
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an atomic structure which does not coincide with the structure in pristine grain bound-
aries in MgO according to previous experimental [12] and theoretical results [13]. The Z-
contrast images of the grain boundary here investigated showed increased intensity in
particular atomic columns at the grain boundary, which suggested a heavier impurity
atom may be segregated there. Also bond valence sum analysis [14], [15] indicated that
some atoms at the grain boundary do not correspond with their formal valence. The
chemical analysis of the vendor suggested two elements (Fe and Ca) as possible candi-
dates to segregate at the grain boundary. Both Fe and Ca are readily accessible by
EELS, allowing us to accurately quantify the presence of these elements at the grain
boundary.

Unfortunately, the atomic column separation, 0.21 nm, in the common (100) axis of
both grains adjacent to the grain boundary is just beyond the resolution of the VG
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HB501 UX. This makes direct atomic column resolved analysis impossible for this grain
boundary. In addition, the sensitivity of this material to the 100 kV electron beam makes it
unlikely that atomic column resolved EELS is possible at all in MgO. As an estimate of the
time before beam damage occurs, a time sequence or chronospectroscopy [16] has been
performed. A series of 100 spectra was acquired while the beam was continuously scanned
in a 1 nm by 2 nm rectangle in the bulk region. Electron beam damage in MgO results in a
pre-edge peak just below the onset of the oxygen-K ionization edge as shown in Fig. 2a. The
area under this pre-peak, which is plotted in Fig. 2b, increases exponentially until the mo-
ment a hole is formed through the entire specimen. The appearance is consistent with the
formation of Oy molecules within the specimen, which can disappear after hole formation.
The extrapolation of the curve in Fig. 2b leads to a maximum sampling time of 30 s. A
stationary beam, resulting in a much higher dose, damages MgO instantaneously.

The difficulty in performing a direct atomic column resolved analysis leaves no choice
but to use the spatial difference technique [17] in order to identify the segregated ele-
ment. Ten spectra each with an integration time of 2 s were acquired while the beam was
scanned over a 2 nm by 3 nm area with the grain boundary parallel to the longer axis of
the scanned rectangle. The spectra were summed after acquisition to improve statistics.
Another set of spectra was taken under the same conditions near the grain boundary to
make changes in thickness minimal. This reference spectrum was used to subtract the
background with less error, thereby giving higher compositional sensitivity [18].

The spatial difference spectrum in Fig. 3 shows clearly the presence of Ca at the grain
boundary. The quantitative analysis resulted in an area density of about 3 Ca atoms per
nm? of the grain boundary (approximately 0.2 monolayer), which is in the same order as
estimated from the Z-contrast image [11]. No iron could be detected using this method.

As no atomic resolution analysis is possible in this MgO boundary, the sites of the
calcium atoms could not be determined by spectroscopy. Also, as the fine structure of
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Fig. 3. The presence of the Ca-L edge is obvious in the EELS spectrum acquired from a 2 nm by
3 nm area containing a MgO grain boundary. The spectrum entirely from bulk material is used to
determine the background under the Ca-L edge from the interface
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the Ca-Ly 3 edge is not very sensitive to changes in coordination, bond lengths or angles
to the oxygen nearest neighbors, no information on the Ca sites can be extracted from
the spectrum. The analysis of the energy-loss near-edge structure of the Mg-Lys edge
and O-K edge in Fig. 4a, b do not show significant differences at the grain boundary
compared to the bulk. Interpretation of the results at this level must therefore be con-
fined to the suggestion that the coordination of Mg and O is very similar in the bulk
and at the grain boundary.

One means to identify the preferred Ca sites at the grain boundary is through ab-
initio calculations [19]. Plane wave pseudopotential calculations for this grain boundary
have shown a high segregation energy for Ca in specific atomic sites seen bright in the
Z-contrast image, and furthermore that the segregation induces a structural transforma-
tion [20].

60 1 T I T T T T T T

Intensity (a.u.)

N 1 1 | L
50 55 60 65 70
Energy Loss (eV)

T T I ’ I v 1

80 |-
60 |-
)
g
> 40
‘A
=)
2
=201 . . .
Fig. 4. The spatial difference of
L the Mg-Ly 3 (a) and O-K (b) con-
; spatial difference firms that there are no detect-
0 -t 4 able changes in the ELNES of
530 L 3 3' 5 L 54 0 1 3 5' 0 1 56' 0 both edges at the grain boundary

Energy Loss (eV)



Atomic Column Resolved Electron Energy-Loss Spectroscopy 333

3.2 BSCCO-tapes

Our second example of spatially resolved EELS concerns the analysis of grain bound-
aries in superconducting wires. Currently, the most developed material for power trans-
mission application, BiySryCasCuzO7_s (BSCCO 2223) cannot carry sufficient current
for commercial applications. The reason for this is the microstructure, and in particular
the grain boundaries that exist in the tape. In order to investigate detrimental influences
of the grain boundaries on the superconducting properties of this material, we performed
analytical studies on a sample showing low critical current characteristics.

While it is in principle possible to obtain a Z-contrast image from this material as
shown in Fig. 5, no grain with the dominating phase of BSCCO 2223 was found in the
right orientation. This highlights another difficulty in performing atomic resolution
EELS in a dedicated STEM; a specimen tilt capacity limited to +10°.

In this case, therefore, spectra were again acquired using the spatial difference techni-
que, with the beam being scanned over a rectangular area of 2 nm by 3 nm. Spectra were
obtained from the Cu-Ls 3 ionization edge, while the beam was scanned in a box contain-
ing the grain boundary or in the nearby area. Two of these spectra are shown in Fig. 6.

w

Fig. 5. a) Z-contrast image of a small angle grain boundary with adjacent Bi-2212 phase in BSCCO
wires. The inset shows the ideal Z-contrast image (b) and a line-profile (c) of the actual image
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Fig. 6. Cu-L edge acquired at a Bi-BSCCO grain boundary and in the bulk. Cu with a lower
oxidation state is present at the grain boundary, indicating a non-superconducting zone

The edge structure from the interface clearly shows a shift to higher energy and less
pronounced peaks at the onsets (white lines) of both the Lj and Ly edges. The structure
of the spectrum from the bulk material is similar to the reference spectrum of CuO,
which shows the Cu valence of 2 or higher as expected in the superconducting phase.
However the interface ELNES is comparable to the ELNES of CuyO. This shows a defi-
ciency of the oxidation state of copper at the grain boundary, and therefore the material
nearby cannot be a superconducting phase. The width of the area with copper of reduced
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Fig. 7. Cu-L edge acquired near a lead oxide particle and in the bulk. Cu with a lower oxidation
state is present close to this precipitate, as revealed by spatial difference
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valence is obviously larger than 2 nm, the dimension of the scanned area perpendicular
to the grain boundary, because no contribution of the bulk (superconducting) copper
ELNES is visible. This extended non-superconducting area along the grain boundary can
only act as a weak link junction and is therefore detrimental for superconductivity [21].

In the vicinity of lead oxide precipitates [21], which were easily located with Z-contrast
imaging, the same reduced valence of Cu was found (Fig. 7). The depletion zone around these
precipitates must be assumed spherical, and thus it is no surprise that contributions from the
bulk are found in the spectra from this zone. The spatial difference technique reveals the
same ELNES in the depletion zone around the precipitates as found at the grain bound-
aries. As these precipitates are mostly found near grain boundaries and are oxygen rich,
we conclude that they also cause the oxygen deficiency zone elongated along the grain
boundaries, which act as fast diffusion paths for oxygen. This conclusion is verified by an
analysis of a higher critical current wire, where a significant decrease in the number of
precipitates at grain boundaries was observed. A reduced copper oxidation state could
not be found at the grain boundaries in that sample [21].

3.3 ZnTe nanoparticles

The third example of spatially resolved EELS involves the study of ZnTe nanoparticles
grown by laser ablation and directly deposited on a holey carbon film. This new class of
material has very promising characteristics for optoelectronic devices. Z-contrast and

Fig. 8. Atomic column resolved Z-contrast image of ZnTe nanoparticles, showing a small particle
joining a larger one, which contains two stacking faults



336 G. DUSCHER, N. D. BROWNING, and S. J. PENNYCOOK

bright field STEM images show that nanoparticles produced in this manner are crystal-
line. However, the advantage of the Z-contrast image is immediately apparent: the high-
er Z of the particles compared to the holey carbon film they lay on, makes it possible to
detect even small particles (<1 nm), even if they are not oriented along a major zone-
axis. This is a significant difference from phase contrast high resolution transmission
electron microscopy (HRTEM), where particles are identified by lattice fringes, and so
only particles oriented close to a low order zone axis will be detected. In fact, it has been
shown that it is even possible to identify individual atoms in this manner [22], [23].

The diameters of the particles observed lie in the range between 1 and 4 nm. All the
particles contain a high density of stacking faults (as shown in Fig. 8), which may be
one reason for their lack of luminescence. Another area of concern with these materials
is the formation of a surface oxide layer and its effect on surface passivation. To investi-
gate this we performed EELS linescans across the particles. In this case, the ability to
observe an atomic resolution Z-contrast image confirms that the spatial resolution of the
analysis is better than 0.3 nm.
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The result of the linescan is shown in Fig. 9, where there is clear evidence of the shell-
like structure of the oxide. The coincidence of the onset of the oxide with the Zn chemi-
cal profile suggests that there is zinc oxide at the surface. Quantitative analysis of the
spectral intensity allows the surface layer to be estimated at 1 nm thick. Additionally,
analysis of the particles by energy dispersive X-ray spectroscopy (EDS) located the pre-
sence of Cd and Se in the particles. The Cd could also be detected with EELS and the
Cd is observed to be homogeneously distributed inside the nanoparticle, which is con-
cluded from the fact that it shows the same chemical profile as Zn. Se was not observed
in EELS analysis as the accessible edges are weak in intensity and show very few fea-
tures. This makes quantitative analysis of some elements difficult with EELS and high-
lights an advantage in performing EDS in conjunction with EELS. The presence of Se
and Cd, which are not detrimental for luminescence per se, was the result of material
remaining from the earlier production of CdSe nanoparticles in the same chamber.

In this example, the Z-contrast image demonstrates that the beam diameter is of
atomic dimensions and so theoretically atomic column resolved analysis should be possi-
ble. However, the small size of the particles is detrimental for that kind of analysis, as
the particles roll under electron bombardment. Nevertheless, the chemical analysis to-
gether with the distribution of the elements and the direct observation of the particle
structure, defect content and external facet structure by Z-contrast imaging reveals new
insight into this new particle class. With a higher resolution STEM the combination of
the techniques used here would also allow the determination of the surface terminations
and three-dimensional structure of well faceted nanocrystals, such as are produced by
chemical synthesis techniques.

3.4 Grain boundary in SrTiO;

In our final example, we discuss the analysis of a SrTiO3 bicrystal with a 36.7° (100) tilt
grain boundary. This boundary has been deliberately doped with Mn, which has been
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Fig. 10. The chemical profile as extracted from a linescan perpendicular to a SrTiO3 grain boundary
shows exctensive diffusion of Mn from the grain boundary into the bulk
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Fig. 11. The Z-contrast image of the Mn doped grain boundary shows the same structure as a pris-
tine one. The structural units, which are similar to dislocation cores in SrTiO3, and locations of the
probe where spectra were taken, are indicated

diffused along the grain boundary into the bicrystal[24]. A chemical profile of Mn shows its
distribution perpendicular to the grain boundary (Fig. 10). A high Mn content at the grain
boundary is associated with a wide diffusion zone (>2 nm) into the bulk material.

The structure as observed in the Z-contrast image (Fig. 11) shows the same structure
as reported from a pristine grain boundary [25]. The structure can be viewed as a series
of structural units with the same atomic arrangements as found at dislocation cores in
SrTiOg, alternating between cation sublattices. Spacer units, equivalent to a distorted
half unit cell, enable the transformation from one sublattice to the other. This model of
the grain boundary is visualized in Fig. 11, which was acquired with a dedicated STEM
VG HB603 U operated at 300 kV with an optimum probe size of 0.126 nm.

The spacing between the Sr and Ti atoms in this projection is 0.27 nm, which made it
possible to obtain a Z-contrast image from the boundary core in the VG HB501 UX.
However, the low intensity at the grain boundary, presumably caused by distortion due
to Mn impurities or oxygen vacancies, meant that the Ti-columns at the core of the
grain boundary could not be resolved with the VG HB501 UX, where the EELS analysis
was performed.

Using this Z-contrast image as a guide, the electron probe was placed onto individual
atomic columns for the acquisition of spectra. Before and after acquisition of a spectrum
the position of the beam was checked on the image, while the HAADF intensity was
monitored during spectrum acquisition on an oscilloscope. No sample drift could be de-
tected during the acquisition of the five spectra at 3 s each. Thus the beam can be
assumed to be centred on one atomic column, during the whole acquisition time.
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Fig. 12. The EELS spectra from
the locations indicated in Fig. 11
after  background subtraction
show differences in the chemical
content and the near edge struc-
ture from different atomic columns
at the grain boundary
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In the Z-contrast image, Fig. 11, the positions in the structure from which spectra
were obtained are marked. These spectra (after subtracting the background prior to the
O-K edge), containing both the O-K edge and the Mn-Ly 3 edge, are displayed in Fig. 12.
Clearly visible are differences between the spectra from the grain boundary core (1, 2, 3, 4)
and the adjacent undisturbed area (5, 6). These differences are not only obvious in the
reduction of the amount of manganese, but also in the change of the ELNES of the O-K
edge.

A comparison of these results to the reference spectra by Kurata and Colliex [26]
reveals a similarity to MnyOgz in the branching ratio between Lo and Lj intensity. This
suggests that the valence state of the Mn in the boundary is close to 3+ (£0.3), rather
than the 2+ suggested earlier [24]. Further analysis of the data is underway to deter-
mine not only the changes of the oxygen coordination at different locations of the grain
boundary, but also preferred segregation sites of manganese [27]. However, even at this
early stage it is obvious that the Mn did not change the structure of the SrTiO3 bound-
ary, suggesting that the different valence of Mn from Ti reflects a reduced coordination,
which is consistent with the distorted columns evident from Z-contrast image.

4. Discussion

These four different examples show very clearly that both the sample and microscope
have to fulfil certain conditions to obtain atomic column resolution in EELS. The latter
example shows clearly that in the case of the STEM one can approach the theoretical
quantum mechanical limit for spatial resolution in EELS. So far such a capability has
not been demonstrated in the TEM, because there the spatial resolution in the image is
dominated by instrumental factors, in particular the spherical aberration of the objective
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lens. The objective lens is before the sample in the STEM and therefore the chromatic
aberration does not limit the spatial resolution in EELS [28]. In addition, EELS imaging
techniques in TEM generally include only small scattering angles, when coherent effects
in the energy filtered image can complicate interpretation.

The key to further application of the STEM techniques at atomic resolution, is of
course the ability to obtain an atomic column resolved Z-contrast image simultaneously
with the EELS spectrum. This image is the most convenient way to prove the resolu-
tion, to determine the position from which the spectrum is acquired and the stability of
the microscope. The ability to obtain a Z-contrast image therefore represents a mini-
mum requirement for atomic resolution EELS.

In addition, the sample must not damage easily under the electron beam. This is
dependent on the damage mechanism in the material and therefore the incident energy
of the electrons. It is possible that increasing the accelerating voltage to increase resolu-
tion may change the damage mechanism and allow atomic resolution analysis from ma-
terials such as MgO. It appears that electron beam damage will always provide a limit
for spatially resolved analysis in certain materials.

Even if the material does not allow atomic column resolution the careful application
of the spatial difference technique is a way to reveal the electronic structure locally,
because the dose can be chosen to be below the damage threshold. However, the inter-
pretation of spatial difference results requires to make a number of assumptions. First, it
reveals only the difference of the average local density of states, whereas at a grain
boundary for example there might be several different sites with different local electronic
structure contributing to the difference spectrum. This problem can only be solved by
assuming a particular model structure, with extensive fine-structure calculation for all
different sites (as performed by e.g. Scheu et al. [29]). Second, due to noise in the spec-
trum, the weighted difference which has to be performed for a spatial difference spec-
trum may not have a unique solution; the decomposition into characteristic ELNES is
therefore rather dependent on the subjective view of the experimentalist. Only a study
which compares the spatial difference technique with an atomic column resolved analysis
can illuminate the applicability of this technique.

In the current examples, the perovskite Sr'TiO3 represents a sample where atomic resolu-
tion is favorable. The lattice parameter is sufficiently large to permit resolution in the Z-
contrast image and the material does not damage quickly under the electron beam. Due to
the exceptional stability of the microscope at the time, we were able to achieve atomic
resolution. This is demonstrated in the drastic change in both chemical composition of Mn
and oxygen ELNES from different columns at the grain boundary. This example also de-
monstrates another factor that needs to be considered. While the resolution in the Z-con-
trast image was better than 0.27 nm, this resolution does not mean that the analysed
volume is a single atomic column. While we can distinguish the atomic columns with differ-
ent chemical composition and ELNES, the probe tails contribute significantly to the vo-
lume analysed by EELS spectra. Although the Z-contrast resolution is better given by the
FWHM of the probe, the total analysed volume in EELS is obviously given by the probe
intensity profile, which is dependent on the defocus used. For a more local analysis it may
be advantageous to degrade the image resolution somewhat, by using a less than optimum
defocus to reduce the intensity in the probe tails [30].

However, it must also be remembered that the EELS object function is significantly
broader than that for the Z-contrast imaging. We may consider the EELS analysis to be
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done with an effective probe size, which is given by a convolution of the actual probe
size with the object function (about 0.1 nm). The optimum probe size for Z-contrast
imaging of 0.22 nm in the VG HB501 UX, must therefore be assumed to be effectively
0.25 nm in the case of EELS analysis. This is consistent with our observation that no
significant differences are seen between the bulk Sr or Ti columns. Also it is assumed
that the Mn is substituting for the Ti, although it can still can be detected when the
probe is located at the Sr columns. Clear differences are seen with the probe on neigh-
boring Sr columns, demonstrating atomic column resolved analysis.

5. Conclusion

In this study we discussed the limiting factors in obtaining atom column resolved EELS
through several examples. Under the exceptional experimental conditions available in
the analysis of SrTiOg, it was possible to obtain spatial resolution in EELS close to the
theoretical limit for the optimum focused beam and achieve an atom column resolved
analysis. At the present time there are two immediate means to achieve improved resolu-
tion in EELS. The fitting of a parallel EELS system to the VG HB603 U in Oak Ridge
and the improved STEM capabilities in the 200 kV TEM/STEM now commercially
available, makes the level of resolution achieved in this study widely available. The ad-
vantage of the high brightness of the electron source (100 times greater than synchro-
tron X-ray sources) and its high coherence offer the ability not only to image structures,
but also to accurately locate a probe to determine the local electronic structure of se-
lected individual atomic columns. This represents a new level of material characteriza-
tion. Coupled with recent advances in computational power, this exceptional data cap-
ability provides an appealing opportunity to obtain a fundamental understanding of all
important interfacial properties including adhesion, embrittlement, electrical and optical
activity.
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