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Abstract This review examines the development of atomically resolved electron
energy loss spectroscopy from the first demonstration of plane-by-plane
compositional profiling, through column-by-column spectroscopy to full
two-dimensional and potentially three-dimensional spectroscopic imag-
ing. Examples will be presented to highlight the increasing analytical sen-
sitivity and image contrast obtained through each generation of aberra-
tion correction, moving towards the ultimate goal of mapping electronic
structure inside materials with atomic resolution.
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Introduction
One of the key advantages of a scanning microscope is that
any signal that varies with probe position can, in princi-
ple at least, be collected and used to form an image. Since
the early development of the scanning transmission electron
microscope (STEM), the advantages of simultaneous annu-
lar dark-field (ADF) imaging, also referred to as Z-contrast
imaging, and electron energy-loss spectroscopy (EELS) have
been recognized [1]. The very different angular distributions
of the elastic (or thermal diffuse) scattering and inelastic
scattering mean that both signals can be collected simulta-
neously with a reasonable efficiency using different detec-
tors, low- to medium-angle inelastic scattering through an
axial spectrometer and high-angle scattering with the an-
nular detector. Since the fine structure on core-loss spec-
tra reflects the local density of electronic states (in the pres-
ence of the core hole), it has always been understood that
the combination of imaging and EELS should, in principle,
allow atomic resolution mapping of a material’s electronic
structure.

It is most convenient if the elastic and inelastic images
both show incoherent characteristics and specifically, no
contrast reversals with specimen thickness or objective lens
focus as are characteristic of coherent phase contrast images.
Then the ADF image can be used to locate the probe for
EELS. Note that in this review, for clarity we will refer to
the ADF image as elastic whether it is truly elastic (Bragg)

scattering or quasielastic (thermal diffuse) scattering. It can
be shown mathematically that if all the inelastically scattered
electrons are detected then an incoherent image is obtained
[2,3]. In practice, incoherent characteristics dominate when-
ever the EELS collection aperture is comparable in size to the
probe-forming aperture. Before aberration correction it was
relatively simple to achieve collection angles two or three
times the probe semiangle, but in aberration-corrected sys-
tems the greatly increased probe-forming aperture has made
this difficult to achieve in some cases. If collection angles are
significantly smaller than the probe semiangle then compli-
cations arise from phase-contrast effects and effective non-
local inelastic interactions, as we discuss later.

With new generations of microscopes, such difficulties are
rapidly being overcome, and there is no doubt that the ad-
vent of aberration correction has enormously advanced the
practical application of spectroscopic imaging. By dramati-
cally reducing the size of the electron probe, more current
can be focused on an atom or atomic column of interest with
less wasted illuminating neighboring columns, provided the
specimen is sufficiently thin that geometric probe broaden-
ing is not an issue. The result is not just improved reso-
lution, but higher signal-to-noise and signal-to-background
ratios, with reduced beam damage and greatly enhanced de-
tectability. This advance has brought the ability to image and
identify single atoms in single atomic columns inside mate-
rials for the first time [4]. Of course, these benefits are only
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Fig. 1. A representative Z-contrast image of a CoSi2/Si {111} in-
terface with spectra obtained plane by plane across the interface,
marked with a white line. The first Si plane shows dumbbells in
a twin orientation. The image is scanned from the original Po-
laroid taken in 1993 using a VG Microscopes (East Grinstead, UK)
HB501UX STEM operating at 100 kV. Spectra were recorded using a
parallel EELS system designed by D. McMullen described in the text.
Spectra 1–4 are background-subtracted by the usual power-law fit,
spectra 5–6 are obtained using the spatial difference method, using
a reference spectrum from Si far from the interface. Because of the
twin, the distance between planes 4 and 5 is 2.7 Å. Data do not nec-
essarily correspond with the precise area shown in the image, but
are from the respective planes as numbered on the plot, adapted
from [22,24].

obtained in thin samples; in thicker samples beam broaden-
ing significantly degrades the spatial resolution.

In addition to these improvements in sensitivity, the larger
probe-forming aperture results directly in reduced depth of
field, which has been used to locate individual atoms in
three dimensions by optical sectioning [5–8]. In principle,
the same methods should be applicable to EELS [9]. In ad-
dition, a true confocal mode of operation has been demon-
strated and appears to offer significant advantages for depth
resolution especially of extended objects [10–12].

Plane-by-plane spectroscopy
The first demonstration of atomic-resolution spectroscopy
was in 1993, with Co L edge spectra taken plane by plane
across an atomically abrupt CoSi2/Si {111} interface, as
shown in Fig. 1. Spectra were recorded with the beam scan-
ning a line parallel to the interface, averaging over many
unit cells in the scan direction but maintaining an atomic
resolution perpendicular to the interface. Therefore, this ex-
periment represents an edge resolution test [13]. In a contin-
uum model, convolving a Gaussian resolution function with
a step function object results in a curve that drops from 75
to 25% in a distance equal to the full-width-half-maximum
(FWHM) of the Gaussian. In the Z-contrast image, the Co
atoms (atomic number, Z = 27) show brightest (as circles)
while the Si atoms (Z = 14) are much darker. The Si dumb-
bells are unresolved, but recognizably elongated so that the
position of the interface is unambiguous. This system was
specifically chosen because it was well known at the time to
form atomically abrupt interfaces over long distances, free
from steps or protrusions [14–20]. This has also been con-

firmed more recently, see [21]. For spectroscopy, the scan
was rotated until the fast scan direction was parallel to the
interface and then the probe was switched to the line scan
mode, which could then be centered accurately on each
plane in turn by reference to the simultaneous ADF inten-
sity displayed on an oscilloscope [22]. In this way any spa-
tial drift during spectral acquisition would be seen. Spectra
were obtained plane by plane across the interface as shown
in Fig. 1, and clearly exceed the 50 percentage point drop
required by the edge resolution test.

The parallel EELS system was designed by Dr Dennis
McMullan of the Cavendish Laboratory and was specifi-
cally optimized for the high detection sensitivity required for
column-by-column spectroscopy [23]. The system was based
on a Wright Instruments charge-coupled-device (CCD) cam-
era, using a thinned, multi-phase-pinned CCD chip, which
had a sensitivity double that of the normal chip. More im-
portantly, this chip had a very low noise level (0.05 elec-
trons) and read-out noise (2 electrons) which was practi-
cally negligible compared to the estimated 10 CCD charges
per 100 kV electron. The chip was a two-dimensional (2D)
array that could be binned over typically 50 channels in the
non-dispersive direction, and was optically coupled by large-
aperture Rodenstock lenses to the scintillator. Therefore, the
system was essentially free from channel-to-channel gain
variations, which can be a problem with the fiber-optic cou-
pled designs common today.

Spectra were initially background-subtracted by the nor-
mal power-law method fitting to a window of ∼38 eV ahead
of the Co L edge [24]. Subsequently, we applied the spa-
tial difference method [25] to those spectra with the least
Co, spectra 5–7. (An inconsistency in the original figure cap-
tion has been recently corrected [26]). Based on the method
of [27], using the actual counts in the spectrum files, we
estimate today a background extrapolation error of ±4%,
whereas in 1993 we estimated the total error to be ±10%.
The original profile is shown in Fig. 2 and compared to a
modern reanalysis of the data using a least-squares routine
and to a simulated spectroscopic image [28]. The agreement
between the original analysis, the reanalysis and the simu-
lation is well within the error bars estimated at the time and
clearly confirms atomic resolution.

Comparing to the original background subtraction
method, the modern reanalysis shows that the spatial dif-
ference method removed roughly 10 percentage points of
Co from spectra 5–7, which did not alter the demonstration
of atomic resolution, but was appropriate since surface Co
would be expected to result from the ion-milling procedure
used to prepare the cross section. Application of the spa-
tial difference method to the silicide spectra would of course
have been inappropriate. For comparison with this atomi-
cally abrupt interface, we also took a profile across a two-
plane wide interface, which is shown in Fig. 3 [29]. This
CoSi2/Si {100} interface shows a reconstruction with every
other Co column missing from the last Co-containing plane.
The EELS concentration extracted from this plane is around
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Fig. 2. Co composition profiles obtained from the 1993 data com-
pared to dynamical simulations. The original data points from the
1993 Nature paper are shown as black circles with the ±10 percent-
age point error bars estimated in 1993. A reanalysis of the associ-
ated spectra using a modern least-squares fitting routine is shown
as gray crosses, and a simulation for a sample thickness of 100 Å is
indicated by the black solid line. Both agree well with the original
analysis. The simulation used a 10.3-mrad probe-forming aperture,
a spherical aberration coefficient of 1.3 mm and Scherzer defocus
of −693 Å. Ionization scattering coefficients assumed a detector of
30-mrad semiangle and a 30-eV energy window above threshold.
The solid vertical gray lines indicate the planes within the CoSi2
with the Si planes indicated by the vertical dashed gray lines.

Fig. 3. Atomic-resolution EELS profile across a two-plane wide
CoSi2/Si {100} interface. The image shows a half-occupied inter-
facial plane and the EELS analysis is ∼50% of the bulk. Reproduced
from photographs used in the preparation of [29].

50%, as would be expected from the image. These data were
obtained in exactly the same way as the previous results us-
ing the same system. The key to the success of these exper-
iments was very careful sample preparation, coupled with
the fact that Si is light and generates minimal beam broaden-
ing. A later example of plane-by-plane compositional analy-
sis of a NiO–ZrO2 interface is presented in Fig. 4 [30], where
the composition profile is slightly broader due to the higher
atomic number of the elements involved and/or to a thicker
sample. Surprisingly, plane-by-plane spectroscopy was not
widely taken up, perhaps due to the limited availability of
suitable EELS systems. An alternative approach is to normal-
ize out the lattice contrast to see only longer range changes
in composition or electronic structure, see for example [31].

Fig. 4. EELS profiles recorded plane by plane across the NiO–
ZrO2(cubic) interface showing the presence of a common oxygen
plane at the interface. Data taken with the uncorrected VG Micro-
scopes HB501UX with McMullen PEELS system, reproduced from
[30].

Fig. 5. Column-by-column spectroscopy at the Si/SiO2 interface
showing a pre-edge feature at the interface which is not seen from
spectrum 1 ∼2 Å away. Reproduced from [32] with permission.

Column-by-column spectroscopy
For atomic column-by-column spectroscopy, the probe is ei-
ther stopped over a column of interest selected from the
Z-contrast image or scanned over a very small region cen-
tered on the column. The first demonstration of atomic
column-by-column spectroscopy was also in 1993, as re-
produced in Fig. 5 [32]. In his paper, Batson did not claim
atomic column resolution, stating ‘although these spectra
certainly identify scattering due to columns of unit cells
(0.53 nm) of Si, they do not yet reflect clean analytical sig-
nals from individual columns of atoms’. However, the pre-
edge feature identified as defect states in the figure is absent
from the column of Si only ∼2 Å away, and Batson says later
in the paper that his results ‘certainly change on a length
scale commensurate with atomic column spacings’. Since
the Si columns 1–5 give identical spectra, strictly speaking
column-by-column spectroscopy could not be demonstrated
with this sample. However, given the change in EELS fine
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Fig. 6. (a) Z-contrast image from a Mn-doped 36◦ SrTiO3 grain
boundary recorded under an uncorrected 300-kV VG Microscopes
HB603U STEM. (b) EELS spectra recorded by stopping the probe
on the corresponding atomic columns, revealing differences in the
Mn concentration and valence at different sites. Data recorded un-
der an uncorrected 100-kV VG Microscopes HB501UX STEM with
McMullan parallel EELS system. Reproduced from [38].

structure from the amorphous SiO2 to column 1, a distance
of only ∼2 Å, it would seem that this experiment did in fact
achieve sufficient resolution to resolve individual Si dumb-
bells (pairs of columns). At the time, however, the issues of
probe channeling and dechanneling, and of delocalization of
the inelastic excitation [3,33], were not so well understood
as they are today. Now we know that atomic resolution is
possible at low lying edges such as the Si L2,3 edge at around
100 eV, but the contrast is reduced due to an extended tail on
the response, as we show later. Therefore, with the benefit
of hindsight, we feel Batson’s paper marks the first demon-
stration of atomic column spectroscopy. With the CoSi2/Si
interfaces it was not possible to obtain atomic column reso-
lution using the Co L2,3 edge at ∼776 eV due to beam dam-
age, which was the reason for scanning the probe for several
nanometers parallel to the interface during the 5-s acquisi-
tion time.

Also in 1993 was the first demonstration of 2D mapping
using EELS fine structure, using the π∗ and σ∗ peaks at the
C K edge to map sp2 and sp3 bonded carbon. The transition
from sp2 to sp3 carbon was seen to occur over less than a
nanometer [34].

Column-by-column spectroscopy was subsequently
widely applied to interfaces and grain boundaries, see for
example [35–37]. An example of the first spectroscopic
identification of impurity segregation to specific atomic
sites in a grain boundary is shown in Fig. 6 [38]. The Mn
impurity is not detectable in the image, but the spectra show
that it prefers to occupy the Ti site in the grain boundary
core, where its valence, determined from the ratio of the Mn
L3 and L2 peaks [39–43], is close to the +3 formal oxidation
state instead of the +4 state expected for a stoichiometric
boundary. Later studies confirmed that grain boundaries
in SrTiO3 are intrinsically non-stoichiometric, which is the
underlying cause of their electrical activity [44].

Fig. 7. Structural differences in pristine and Ca-doped YBCO.
(a) Z-contrast image of pristine 4◦ [001] tilt grain-boundary dislo-
cation core on the Cu–O sublattice, showing the typical pentago-
nal arrangement. (b) Ca-doped grain boundary: the Y/Ba column
pentagonal arrangement now encircles three columns, two on the
Cu–O and one on the Y/Ba sublattice. Note the weaker intensity
of the Y/Ba column on the left of the core, due to Ca substitution,
and the extensive changes in the intensity of the CuO columns to
the right of the core, due to substitution of Ba (brighter columns)
and Ca (darker columns). EELS verified the compositional changes
suggested from the image. Reproduced from [46].

With the successful implementation of aberration cor-
rection in STEM [45], the contrast in both ADF and
spectroscopic images of SrTiO3 and related complex ox-
ides was greatly increased. A spectacular success of the
aberration-corrected system has been the identification of
the mechanism whereby Ca enhances the grain boundary
critical current in YBa2Cu3O7−x (YBCO) by a combination of
Z-contrast imaging, column-by-column spectroscopy and
first-principles theory [46]. In an undoped material, grain
boundaries have a catastrophic effect on critical current,
giving an exponential decrease with increasing grain bound-
ary misorientation [47–49]. The grain boundaries showed
the same core structures as in the prototypical SrTiO3, and
studies using bicrystals showed that the grain boundary
structures followed the same structural unit model [50].
Assuming non-stoichiometry as in the case of SrTiO3 would
again lead to band bending, and the width of the depletion
zone was predicted to increase linearly with grain boundary
misorientation. The supercurrent is therefore forced to
tunnel through this non-superconducting zone at the grain
boundary, naturally explaining the exponential reduction
in critical current [51,52]. With aberration correction, the
non-stoichiometry could be followed on a column-by-
column basis for the first time. Figure 7 shows that the
doped dislocation cores have a different core structure, more
extended than in the undoped material [53]. In particular,
many columns showed anomalous intensities, which were
investigated through column-by-column EELS. In YBCO,
the threshold for beam damage is simple to assess because
the pre-peak on the O K edge is directly related to the
local hole concentration [54]. The dose per atomic column
(exposure time and beam current) was adjusted so that
no change occurred in the O pre-peak during spectrum
acquisition. Because the sample was a bicrystal, with an
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Fig. 8. First-principles calculations of Ca and O vacancy formation
energy in bulk YBCO. (a) Energy required for substituting Ca on dif-
ferent lattice sites in YBCO as a function of biaxial strain. It is ener-
getically more favorable for Ca to replace Y, Ba or Cu, depending on
the local strain. (b) Formation energy of O vacancies in bulk YBCO
(left panel), undoped YBCO under 5% tensile strain in a–b plane
(central panel) and Ca-doped YBCO under 5% tensile strain (right
panel), simulating the expanded regions at grain boundaries. For
doped grain boundaries where Ca substitutes for Cu, the O vacancy
formation energy increases significantly. Reproduced from [46].

array of identical core configurations, spectra were then
summed from a sufficient number of dislocation cores (five)
to achieve the statistics required [46].

The segregation phenomenon was found to be far more
complex that previously supposed. It was originally assumed
that at the grain boundary, as in the bulk, Ca (+2) would
segregate for Y (+3) thereby donating holes to the grain
boundary to compensate the intrinsic hole depletion. How-
ever, in the highly strained region of the dislocation core,
it was found instead that Ca substituted for Ba in regions of
compression and for Cu in regions of tension. By substituting
a smaller atom in the compressed region and a larger atom
in the tensile region, the local stresses would be reduced,
the driving force for the O depletion would be reduced, and
indeed, EELS showed O concentrations to increase to bulk
values at most (but not all) of the sites. Theory was in full
accord with the experiment, as shown in Fig. 8, predicting O
vacancy formation energies would be restored to near bulk
values. Hence the mechanism involves a cooperative doping
phenomenon driven by the large strain fields of the disloca-
tion core.

The ultimate column-by-column EELS analysis was also
achieved as a result of aberration correction, the spectro-
scopic identification of a single La atom in a specific atomic

Fig. 9. Spectroscopic identification of an individual atom in its bulk
environment by EELS. (a) Z-contrast image of CaTiO3 showing
traces of the CaO and TiO2 {100} planes as solid and dashed lines,
respectively. A single La dopant atom in column 3 causes this col-
umn to be slightly brighter than other Ca columns, and EELS from
it shows a clear La M4,5 signal. (b) Moving the probe to adjacent
columns gives reduced or undetectable signals. Data recorded using
the VG Microscopes HB501UX with Nion aberration corrector and
McMullan PEELS system, adapted from [4].

column in CaTiO3 [4], as shown in Fig. 9. The specimen
was grown especially for the experiment with a series of
La-doped layers of decreasing concentration at known dis-
tances from the substrate. Single atoms could be detected
in the Z-contrast image, and results from many atoms all
gave similar results, indicating single-atom sensitivity. Spec-
tra were acquired for several tens of seconds by scanning a
region ∼1 Å × 1 Å. Despite a collection efficiency of only
8%, the La M4,5 peaks are clearly visible in the spectrum
from the La-containing column, and a residual signal is also
seen from adjacent columns. The residual signal is due to
beam broadening and through dynamical simulations the
depth of the atom was estimated to be ∼120 Å. Recently,
an analysis of the expected signal-to-noise ratio for this ex-
periment was performed by Krivanek et al. [55], predicting a
4:1 ratio of the La M5 peak height to the peak-to-peak back-
ground noise, in good agreement with the data shown in
Fig. 9.

Atomic-resolution spectroscopic
imaging: elemental mapping
Spectroscopic imaging of single atoms was in fact first
achieved in an uncorrected microscope. Suenega et al. [56]
showed images of individual Gd atoms encapsulated in a car-
bon nanotube. The Gd atoms were sufficiently widely spaced
so that they could be imaged individually with ∼6 Å res-
olution using the Gd N4,5 edge at 140 eV. With aberration
correction, however, line scans could be readily achieved
across crystal unit cells clearly resolving the atomic columns
for the first time [57]. Now issues such as ionization de-
localization could be investigated with much greater sen-
sitivity and compared to dynamical simulations. Figure 10
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Fig. 10. Z-contrast image of LaMnO3 in the pseudocubic 〈100〉 zone
axis. The arrow indicates the [110] direction. Reproduced from [58].

Fig. 11. Experimental [110] line scans (crosses) and simulations
(solid lines) for (a) the zero-loss peak, (b) annular dark field,
(c) the O K edge, (d) the La N4,5 edge, (e) the La M4,5 edge and (f)
the Mn L2,3 edge. The positions of the atomic columns are indicated
by the circles, as in Fig. 10. Data recorded with the VG Microscopes
HB501UX equipped with Nion aberration corrector and Gatan
Enfina PEELS system, reproduced from [58]

shows a Z-contrast image of LaMnO3 in the pseudocubic
〈100〉 zone axis. Experimental EELS line scans were taken
along the [110] direction passing through La and MnO
columns as shown in Fig. 11 [58]. All experimental data
show reduced contrast compared to simulations, as com-
monly found in high-resolution TEM images [59]. The zero-
loss image shows generally inverted contrast with respect to
the ADF image, as expected. However, neither the shape nor
the width of the inelastic images shows a simple dependence
with inner-shell binding energy as has often been assumed
in the past.

The ionization delocalization distance proposed by
Egerton [27] is

d50 = 0.5λ/θ
3/4
E (1)

where d50 is the diameter containing 50% of the inelastic
excitations and θE = �E/2E, where �E is the energy loss
and E the energy of the fast electron. The shape of the re-
sponse function, based on a semiclassical description of the

Fig. 12. Two-dimensional EELS simulations for the O K edge, the
La N4,5 edge, the La M4,5 edge and the Mn L2,3 edge as a function
of specimen thickness, showing the formation of volcano-like struc-
tures on the O and MnO columns (blue circles) even in a specimen
one-unit-cell thick. With increasing thickness the intensity of the
MnO column in the center of the cell reduces due to depletion of
the beam by scattering from the Mn, and a volcano feature devel-
ops in the Mn L2,3 and La M4,5 images. The low-energy La N4,5 edge
shows atomic resolution, although a long-range tail exists due to de-
localization. Black lines indicate the [110] directions corresponding
to the line scans in Fig. 11. Reproduced from [58].

excitation, is given in Fig. 4 of [60], where it can be seen
that the FWHM of the response is at approximately half
the value of d50. This is an excellent rule of thumb un-
der incoherent conditions (collection of all or most of the
scattered electrons) but does not take account of dynamical
effects or effective non-local interactions, which are evident
in Fig. 11. Compare for example the experimental profile
of the La N4,5 edge at ∼99 eV to that obtained with the
La M4,5 edge at ∼842 eV (Fig. 11d and e). The contrast ob-
served at the La N4,5 edge is much weaker, roughly half of
that observed at the La M4,5 edge, and the volcano feature is
larger than expected from the theoretical trace, but the trace
clearly shows contrast with the periodicity of the unit cell
well above the noise of the data. The d50 values predicted
by Eq. (1) are 5.5 Å and 1.1 Å, respectively, whereas ex-
perimentally and theoretically the FWHM are very similar.
Therefore, atomic resolution is observed at both edges, but
the contrast of the La N4,5 edge is reduced in comparison to
the La M4,5 line trace due the extended tail of the La N4,5

response function.
2D spectroscopic image simulations make the situation

much clearer, and also show additional effects due to dy-
namical (channeling) effects and the effective non-local in-
elastic interaction [58]. In Fig. 12, the top row of simula-
tions shows images from a crystal one-unit-cell thick, where
there are negligible dynamical effects on the probe intensity.
The shape of the inelastic response function can be easily
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appreciated, and in both the La N4,5 and M4,5 images, peaks
are seen on the La columns. Besides the small difference in
width of the peaks, there is a significant difference in the
response at the center of the cell, far from the columns,
where the La N4,5 response is still almost half its level at the
columns. In the case of the La M4,5 image, the response at
the center of the cell is close to zero. This is in complete ac-
cord with the experimental line traces in which the La N4,5

image shows about half the contrast of the La M4,5 image. It
is also in agreement with Eq. (1), since indeed much of the
La N4,5 response does lie far from the atom.

The simulated O K images show volcano-like features on
the atom sites that are due to effective non-local interac-
tions (see also [61]). Such features tend to appear when
the collection angle of the spectrometer is significantly less
than that of the probe-forming aperture, and are visible in
the experimental line trace in Fig. 11. In thicker crystals, a
big difference becomes apparent between the columns con-
taining only O and those containing Mn in addition (those
in the center of the cell). As Mn is much heavier than
O, with an increasing thickness more of the beam is scat-
tered to higher angles, and the electrons are lost to the
EELS image. This dechanneling phenomenon makes this
column appear darker in the EELS image than the other O
columns. Interpretation of spectroscopic images must always
take into account contrast due to elastic scattering. Similar
volcano effects are seen on the La N4,5 and Mn L2,3 sim-
ulated images for the thicker cases, again due to dechan-
neling. These simulations show clearly that neither d50 nor
d50/2 should be interpreted as the FWHM of a Gaussian
blur, as is sometimes assumed. These represent good order of
magnitude estimates for, respectively, the mean interaction
distance and the FWHM of the image peak, but cannot pre-
dict the detailed form of the contrast for which accurate
quantum mechanical simulations are necessary.

Recently, the first experimental 2D spectroscopic im-
ages have appeared using a third-order aberration-corrected
STEM [62], and even using an uncorrected microscope with
a long acquisition time [63]. An example of a 2D spectro-
scopic image of SrTiO3 in the 〈110〉 projection obtained with
a VG Microscopes HB603U is shown in Fig. 13. The length
of the microscope column was extended and a custom-
designed objective lens winding was used to allow the whole
bright-field disk to be admitted to the spectrometer with-
out the use of additional coupling modules. The Ti L spec-
troscopic image shows peak intensities centered over the
Ti columns as determined by the simultaneously acquired
Z-contrast image. In the case of the O image, peak intensities
are seen over the pure O columns (where the ADF intensity
is weakest) but the Sr/O columns are not visible due to the
enhanced scattering to high angles.

Much higher signal levels are available in the new fifth-
order aberration-corrected STEMs. Figure 14 shows 2D spec-
trum images obtained with the Nion (Kirkland, Washington,
USA) UltraSTEM operating at a 100-kV accelerating voltage.
The image shows a misfit dislocation core at a SrTiO3/CaTiO3

Fig. 13. Two-dimensional spectrum imaging of SrTiO3 in the 〈110〉
projection using the VG Microscopes HB603U with Nion aberration
corrector and Gatan Enfina operating at 300 kV. The left-hand panel
(red) shows the Z-contrast image with the Sr/O, Ti and O columns
shown as red, green and blue circles. The center and right-hand
panels show the integrated signal from the simultaneously acquired
Ti L and O K edges (40-eV integration windows were used with
a large 260-eV background fitting window to reduce possible arti-
facts). In the O image, the pure O columns (blue) are seen bright but
the Sr/O columns (red) are not visible. The convergence angle was
∼25 mrad, and a beam current of ∼50 pA and an exposure time of
0.025 s per pixel were chosen to minimize damage. Images recorded
by A. R. Lupini and M. F. Chisholm.

Fig. 14. Spectrum images obtained with the fifth-order-corrected
Nion UltraSTEM operating at a 100-kV accelerating voltage. The
images show a misfit dislocation core at a SrTiO3/CaTiO3 interface.
The Ca, O and Ti maps are shown after principal component anal-
ysis. Ti and O maps and are seen to be continuous across the in-
terface. The color-coded Ca/Ti ratio map shows some contrast at
the dislocation core. Maps are 128 × 128 pixels, acquisition time is
0.01 s/pixel and beam current ∼200 pA. Background was subtracted
using a power-law fit and integration windows of ∼15 eV were used.
Images recorded by M. Varela and M. F. Murfitt, adapted from [76].

interface and the color-coded Ca/Ti map indicates changes
in the detected ratio that may either indicate some segre-
gation or may just be a contrast effect. Both the O and
Ti maps are continuous across the interface indicating that
beam damage was not a problem. The availability of 100%
signal collection with flexible illumination conditions opens
up the potential to investigate bonding details in materials
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Fig. 15. (a) Z-contrast image of BCMO showing Bi dopant atoms
as bright spots. (b) Electron energy-loss spectra typical of a Mn+3O
column (2) and a Mn+4O column (3). Spectrum (4) comes from
CaMnO3, while (1) corresponds to bulk LaMnO3. The oxygen
K edge (around 530 eV) and the Mn L edge (around 644 eV)
are shown. (c) L2,3 ratio along the direction marked with an ar-
row in (a). Horizontal lines represent the L2,3 ratio expected for
a pure Mn+3 oxidation state (top) and a pure Mn+4 oxidation
state (bottom). The positions of Mn planes along the scan have
been marked with arrows. Data recorded using the VG Microscopes
HB501UX with Nion aberration corrector and McMullan PEELS sys-
tem, adapted from [65].

at atomic resolution, as shown by the recent 2D maps of
a La0.7Sr0.3MnO3/SrTiO3 multilayer that were taken using
only a single 0.5 eV wide window in Ti and Mn L3 edges, see
Supporting Online Material for ref. [64].

Atomic-resolution spectroscopic
imaging: mapping of electronic
structures at sub-unit cell resolution
Atomic-scale mapping of near-edge structures is clearly fea-
sible on the new generation of aberration-corrected STEMs
at a sub-unit cell level of resolution. However, interpretation
of contrast variations in terms of local electronic structure at
this level of resolution requires all non-local and dynami-
cal effects to be modeled successfully. The manganites offer
an unprecedented potential for exploring such effects, as we
have shown above, and the results are immediately of major
interest in understanding the plethora of unexpected prop-
erties seen at interfaces between different manganite phases.
EELS has the potential to distinguish compositional inter-
mixing from local charge transfer processes, and to probe the
spatial extent of such effects at individual interfaces within
a superlattice structure. An early example of the potential
for such studies is shown in Fig. 15 at a unit-cell level of
resolution. A Z-contrast image of a BixCa1−xMnO3 (BCMO)
manganite with x = 0.37 shows randomly located bright
spots corresponding to the Bi dopant atoms. However, plot-
ting the Mn L2,3 intensity ratio, which correlates with the
3D-band occupation, i.e. the formal oxidation state, reveals
stripes. Figure 15b compares EELS spectra from the parent
compounds CaMnO3 and LaMnO3, with Mn in +4 and +3

oxidation states, respectively, to spectra obtained from se-
lected columns in the BCMO. Figure 15c shows a line scan of
the L2,3 intensity ratio along the 〈100〉 pseudocubic direction
where it is very clear that the Mn oxidation state jumps from
+4 to +3 along the directions of the arrow. The jumps occur
every three or four Mn planes, consistent with the nominal
doping level of x = 0.37 [65].

In this case, the change in the Mn oxidation state due
to occupation of the 3D-band induces a Jahn–Teller distor-
tion in the surrounding O sublattice. Any extra charge den-
sity due to the additional electron located in the Mn orbital
is compensated by this outward motion of surrounding O
atoms, and the total charge surrounding every Mn atom
(whether in a +4 or +3 oxidation state) remains essentially
the same as in Mn metal [66]. In a sharp contrast to the
clear striping seen in Fig. 15, EELS studies of the half-doped
manganites Bi0.5(Sr0.4Ca0.1)MnO3 [67] and Pr0.5Ca0.5MnO3

[68] show minimal oxidation state striping, behavior which
is consistent with a Zener polaron model proposed earlier
[69,70] where the additional electron splits almost equally
between the two Mn sites.

Long-range charge transfer has been seen in a
YBa2Cu3O7−x /La0.7Ca0.3MnO3 (YBCO/LCMO) ferromag-
netic/superconducting oxide heterostructure, see [71]. At
each interface, a hole depletion zone was found to extend
∼3 nm into the YBCO, with a corresponding depletion of
electrons occurring from the LCMO layer. These charge
transfers are fully in accord with the measured properties
of these superlattices. The magnitude of the charge transfer
has also recently been confirmed by X-ray absorption
spectroscopy measurements [72], but only the integrated
charge could be extracted and not the details of the spatial
distributions that STEM/EELS provides.

Figure 16 shows a high-resolution study of the measure-
ment of oxidation states in manganites, using a large enough
number of points per unit cell to quantify variations in the
apparent oxidation state with the position of the beam in
the unit cell [73]. The spectrum image shows clearly the rip-
pling that demonstrates that atomic resolution was achieved
in the EELS line scan. In particular, the O K edge shows
the double periodicity indicative of the volcano structure,
which is also seen to a lesser extent on the Mn L2,3 edge.
The oxidation states were extracted by three different meth-
ods, from the L2,3 ratio, the normalized ratio of the O K pre-
peak to the main peak and also from their energy separation,
all of which are known to reflect the Mn oxidation state.
However, the different methods showed different sensitivi-
ties to probe position, which are not presently understood.
The most reliable method for extracting oxidation states was
found to be the energy separation method, which, further-
more, in conjunction with dynamical image simulations and
first-principles calculations are capable of identifying the in-
equivalent O sites induced by the Jahn–Teller distortions
[73].

While many of the variations in experimental oxidation
state are close to the error bars of the measurement, with
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Fig. 16. (a) Z-contrast image of a LaMnO3 sample viewed down
the pseudocubic 〈100〉 zone axis. A pseudocubic unit cell is marked,
with a red circle marking the La column position, and blue/yellow
circles showing the Mn–O columns. Yellow crosses mark the ap-
proximate positions of pure O columns between Mn–O columns.
(b) EELS line scan acquired along the direction of the red arrow in
(a). (c, d and e) Magnified portions of (b), showing the O K, the Mn
L2,3 and the La M4,5 edges, respectively. (f, g and h) O K, Mn L2,3

and La M4,5 edge images in (c, d and e), respectively, after princi-
pal component analysis [77] to reduce noise. All of the EELS images
show the rippling characteristic of atomic-resolution EELS. The O K
image shows a double ripple, characteristic of the volcano (as does
the La M4,5 image, although the contrast is not so strong). For fig-
ures (c–h) the approximate position of the La (Mn–O) columns is
highlighted on the left with red (blue-yellow) circles. Data recorded
with the VG Microscopes HB501UX equipped with Nion aberration
corrector and Gatan Enfina PEELS system, reproduced from [73].

the next generation of microscopes the error bars will be
reduced, and these experiments highlight the need for a
better theoretical understanding of STEM fine structure
imaging. Present dynamical image simulations do not in-
clude any EELS fine structure in the calculation, treating
the atoms as a lattice of non-interacting (unbonded) atoms.
First-principles calculations, although capable of including
the core hole effect, assume plane wave illumination, which
is appropriate for X-ray excitation but not for the highly con-
vergent, coherent probe in the STEM. Recent work [74,75]
has shown the importance of coherent interference terms in
ionization, and therefore it is apparent that such effects must
be investigated in the context of imaging.

Summary
Atomic-resolution spectroscopy has progressed far from the
first inception in 1993 to today, when we are looking for-
ward to a full 2D spectroscopic analysis of electronic struc-
ture at sub-unit cell resolution, and in principle, with res-
olution also in the third dimension. Spectroscopic imaging
in the STEM seems to be set on a course to complement
the scanning tunneling microscope, with the ability to probe
subsurface electronic structure inside real materials and at
their internal interfaces to provide a new level of insight into
the origin of materials properties.

It is interesting to reflect on the impact that instrumental
development has had on the practical application of atomic-
resolution EELS. The CCD-based parallel detection system

was critical to the demonstration of atomic-resolution EELS
in 1993. The successful implementation of aberration correc-
tion allows EELS data to be obtained with 100% collection
efficiency so that the ultimate limits of the analysis are set
now only by the beam specimen interaction. Whether a high
or low accelerating voltage is optimum probably depends on
the nature of the specimen, in particular, its sensitivity to
different damage mechanisms. Higher voltages create knock-
on damage, while lower voltages enhance ionization damage
but also lead to a higher EELS signal.

What is clear is that with modern microscopes, the intrin-
sic benefits of STEM for simultaneous imaging of atomic and
electronic structure have indeed progressed from a dream
limited by noise to a practical reality waiting for applications.
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