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Atomic-resolution imaging of oxidation states in manganites
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Aberration corrected electron optics allows routine acquisition of high spatial resolution spectroscopic im-
ages in the scanning transmission electron microscope, which is important when trying to understand the
physics of transition-metal oxides such as manganites. The physical properties of these perovskites are inti-
mately related to the occupancies of the partially filled 3d bands, which define their oxidation state. In this
work, we review procedures to obtain this electronic property in La,Ca;_,MnO; from atomic-column-resolved
electron energy-loss spectra measured in the aberration corrected scanning transmission electron microscope.
In bulk samples, several features of both the average Mn L, 3 edge and the O K edge fine structure change
linearly with Mn nominal valence. These linear correlations are extracted and used as a calibration to quantify
oxidation states from atomic resolution spectroscopic images. In such images, the same fine-structure features
exhibit further changes, commensurate with the underlying atomic lattice. Mn valence values calculated from
those images show unexpected oscillations. The combination of experiment with density-functional theory and
dynamical scattering simulations allows detailed interpretation of these maps, distinguishing dynamical scat-
tering effects from actual changes in electronic properties related to the local atomic structure. Specifically, in

LaMnOs;, the two nonequivalent O sites can be distinguished by these methods.
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I. INTRODUCTION

Transition metal oxides (TMO) with perovskite or related
structures exhibit a rich variety of physical properties such as
high T. superconductivity, ferroelectricity, or colossal mag-
netoresistance, many of which are still not fully understood.
Further understanding of this plethora of behaviors relies on
experiments capable of simultaneously mapping structural,
chemical, and especially, electronic features with adequate
spatial resolution. This capability is of the utmost importance
since some of these macroscopic phenomena are intimately
related to the presence of an electronic inhomogeneity of
some sort at nanometric (or shorter) length scales (e.g., elec-
tronic phase separation, striping, etc.).! TMO electronic
properties are intimately related to the partially filled 3d
shells of the transition-metal atoms, which are strongly hy-
bridized with the O 2p bands. The resulting density of states
(DOS) around the Fermi level can be probed by several spec-
troscopic techniques. Electron energy-loss spectroscopy
(EELS) in the scanning transmission electron microscope
(STEM) is capable of providing measurements of atomic po-
sitions and electronic properties in real space with atomic
resolution.?™ In recent years, aberration correctors have been
successfully implemented in the STEM, and postspecimen
electron optics has been vastly improved. Finally, direct si-
multaneous probing of the structure, chemistry, and elec-
tronic properties of materials with atomic resolution and
single atom sensitivity is routinely attainable.?-

In this context, the possibilities for exploring oxide mate-
rials using atomic resolution EELS imaging become truly
exciting. EELS techniques are ideally suited for chemical
imaging purposes since the intensity under any absorption
edge depends on elemental concentration.'? In addition, elec-
tron energy loss near-edge structures (NES) can be used to
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measure magnitudes related to the atomic bonding such as
the transition-metal oxidation states.!'~'* This work’s main
focus is to study these relations in the well-known
La,Ca;_MnO; (LCMO) system. LaMnOs (LMO) is an anti-
ferromagnetic insulator that becomes ferromagnetic upon
doping of holes in the Mn 3d e, band. This can be achieved
by doping LMO with Ca, introducing such holes and gener-
ating a mixed-valence system which is responsible for the
colossal magnetoresistance found in these materials.! We
will show how changes in the near-edge fine structures of
both the Mn L, 5 (around 640 eV) and the O K edges (around
530 eV) are observed when the oxidation state is modified
this way. Then we will investigate further changes taking
place in EELS images obtained at atomic resolution. We will
show how extracting information from such atomic reso-
lution EELS images is not a straightforward task. For proper
interpretation, both dynamical simulations of electron-beam
propagation and density-functional theory calculations of the
density of states in the presence of the core hole will be
needed since the spectral features of interest depend on the
relative position of the electron beam and the atomic col-
umns. Specifically we will compare three different methods
to extract oxidation states, the normalized O K pre-peak in-
tensity, the energy separation between the pre-peak and main
peak, and the ratio of the L; to L, white lines. These features
originate from different interactions with the fast electron,
involve different matrix elements, different final states, and
therefore may be expected to show different variations across
the unit cell as the probe is scanned. Our aim in this paper is
to identify the proper conditions to extract oxidation states
with atomic resolution. Furthermore, it will be shown how to
spectroscopically identify nonequivalent O atoms in the ma-
terial, opening new avenues toward real-space studies of the
relationship between minor structural and orbital distortions
in the material’s electronic properties.
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II. METHODS

STEM and EELS are combined here with first-principles
calculations. Most of the STEM-EELS measurements here
have been acquired using a VG Microscopes HB501UX op-
erated at 100 kV and equipped with an Enfina EEL spectrom-
eter and a Nion aberration corrector. LCMO samples synthe-
sized by different methods have been used in this study.
LMO and CaMnO; (CMO) powders were synthesized by
conventional solid sate reaction methods. Powder samples
were crushed and dispersed on a holey C film to produce
suitable STEM specimens. A Laj;Cay3MnO; thin film
around 100 nm thick was grown by high oxygen pressure
sputtering and prepared in plan view geometry by conven-
tional thinning, dimpling, and Ar ion milling including a final
low-voltage cleaning. Laj 55Cag 45sMnO5 and
Laj33Cay ;MnO5 powders were sintered into a pellet and the
resulting polycrystalline samples were thinned, and ion
milled to produce thin specimens suitable for TEM. The x
=0.33 material was studied in a JEOL 2010F microscope. All
the samples were tilted to a pseudocubic zone axis for
STEM-EELS observations, which were performed at room
temperature. EEL spectra were typically acquired from rela-
tively thin regions, with thickness values in terms of the
inelastic mean-free path #/\ <0.5.

EELS O K edge simulations for LMO and CMO were
performed using the Z+1 approximation as described in Ref.
15 and 55. Image simulations based on core-loss EELS were
performed with dynamical scattering included using a frozen
phonon code.'®!8 The calculations used a detector semiangle
of 12 mrad and an energy window of 40 eV above threshold.
A 28 mrad probe forming aperture was used and balanced
aberrations typical of the HB501UX assumed with defocus,
third and fifth order spherical aberrations being Af
=62 mm, C;=—0.05 mm, and C5=63 mm, respectively.

III. AVERAGED QUANTIFICATION OF THE Mn
OXIDATION STATE THROUGH THE Mn L, ; EDGE

Transition metal L edges result from excitations of 2p
electrons into empty bound states or the continuum. Thus,
these edges show two characteristic features or white lines
originating from transitions from the spin orbit split 2ps,
and 2p;), levels to the available states in the 3d band (gen-
erally, for the small scattering angles involved in EELS ex-
periments the dipole approximation holds). The intensity ra-
tio between these lines (Ls/L,, also known as L,; intensity
ratio or simply L,3 ratio) should be two, on the basis of the
2j+1 degeneracy of the initial core state in a one-electron
model. However, L,; ratios are often very different from this
expected value.'??% It has been proposed that such deviations
arise from interactions between the 3d electrons, the core
hole and the excited electron,?"?? or from Coulomb and ex-
change interactions between p and d electrons.?? So far, the-
oretical simulations of transition metal L, ; edges have been
successfully achieved in metals,?* but for oxides only multi-
plet based calculations>~>7 have been able to fully reproduce
actual L,; values across the full range of oxidation states.
Experimentally, the L,; ratio increases with the number of
electrons in the 3d bands across the periodic table when go-
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FIG. 1. (Color online) (a) MnL,; edges for a series of
La,Ca;_MnO;3 compounds with x=1 (black), x=0.7 (dark yellow),
x=0.55 (green), x=0.33 (blue), and x=0 (red). These spectra have
been acquired from wide sample areas (by defocusing the electron
beam or by averaging a number of spectra from different locations).
The energy scale is nominal, and has been shifted and the intensity
normalized so the Ls lines match. (b) EEL spectra showing the O K
edge around 530 eV and the Mn L edge around 640 eV for LMO
(black) and CMO (red). The spectra have been displaced vertically
for clarity. (c) Sketch showing a generic Mn L, 3 edge (black line)
and the approximate position of the windows used for integration of
the L; and L, line intensities, and also the window used to scale the
Hartree-Slater cross-section step function (red line). After scaling
and subtraction of this function, the remaining signals under the L;
and L, lines (shaded) are integrated, and their ratio is calculated. (d)
Dependence of the L,; ratio with the formal oxidation state for a
series of LCMO compounds. The red dashed line represents a linear
fit to the data.

ing from the 3d° toward 3d° configuration (where a maxi-
mum is reached), and then decreases toward the 3d'°
configuration.?!~2>28 In addition, for a given 3d metal such as
Mn, the L,; ratio decreases when the Mn oxidation state
(defined as seven minus the 3d band occupancy) increases
from +2 to +7.1421:28

For Mn, the L5 line can be found around 644 eV and the
L, around 655 eV. Figure 1(a) shows a series of Mn L,
spectra from a set of La,Ca;_ MnO; samples with x=1, 0.7,
0.55, 0.33, and 0. Ca doping progressively increases the hole
doping of the Mn 3d e, band, so the electronic configuration
of this sample set evolves from the tgge; configuration of
LMO to the tggeg of CMO. The general view is that the Mn
subsystem is in a mixed-valence state consisting of a mixture
of Mn** and Mn*™, with the Mn**/Mn** ratio equal to
x/(1-x). Thus, the nominal oxidation states for the materials
in Fig. 1(a) are +3, +3.3, +3.45, +3.67, and +4, respectively.
Clearly, the relative intensity of the L, line with respect to
the L; line in Fig. 1(a) increases as the nominal oxidation
state of Mn increases from +3 (for LMO, black curve) to +4
(CMO, red curve). This effect can be quantified and a phe-
nomenological relationship between the L,; intensity ratio
and Mn oxidation state will be described later. To allow the
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direct visual comparison of the data, the spectra intensities in
Fig. 1(a) have been normalized to the L line intensity and an
energy shift of a few eV applied so that the L; edges are
aligned.

Chemical shifts also occur upon variation of the 3d metal
oxidation state.'>!3 Absolute values of energy thresholds are
difficult to obtain experimentally, so all the energy scales
through this work are approximate. Under the assumption
that the O K edge is invariant, a measure of the Mn L, ; edge
chemical shift can be made by comparing its position relative
to the O K edge onset. Such measurement only depends on
the stability of the energy dispersion. Figure 1(b) shows the
O K and Mn L, 5 edges for the parent compounds LMO (top)
and CMO (bottom), aligned at the O K onset. A clear shift of
a few eV (below 3 eV) between Mn L, ; edge onsets (marked
with vertical lines) is observed as expected.®!>!3 This shift is
in good agreement with previous reports, but given the ex-
perimental difficulty of calibrating the energy scales we will
not use chemical shifts to study electronic properties here.

Fortunately, analyzing the L,; intensity ratio allows the
extraction of reliable electronic information, independent of
the absolute energy scale. Such analysis is a complex pro-
cess, since L white lines are superimposed on less intense
transitions to continuum states.'” The intensity contributed
by the continuum needs to be removed before extracting the
L,; intensity ratio (to which only transitions to bound states
should contribute). Thickness effects may also play a role in
the L,; ratio so we use relatively thin samples. Different
methods have been used to quantify L,; intensity ratios in the
literature.!1:14-20.21.28-31 Here  we will first remove the back-
ground below the Mn L, ; edge using a power-law fit and
then remove the continuum contribution by scaling a step
function and subtracting it from the Mn L, ; edge as illus-
trated in Fig. 1(c). As a step function we use a Hartree-Slater
cross-section function as available in Digital Micrograph.3>33
For scaling purposes, a 10 eV wide window placed right
after the L, line is used. Next, the remaining signal under the
corrected Ly and L, lines is integrated within two 10 eV wide
windows, the first one placed at the onset of the L; line, and
the second one next to the first as shown in Fig. 1(c). The
resulting integrated intensity values are then used to calcu-
late the L,; intensity ratio. It is worth noting that error bars
for such a method may sometimes be relatively large (up to
5%-10%). This can be the case if signal-to-noise ratios (SNR
defined as the maximum edge intensity divided by the total
noise per spectrum channel??) in the data are poor: noise can
severely affect the step-function scaling process. Therefore it
is important to work with EELS data with as little noise as
possible. Slight changes in positioning of the integration
windows can also affect the L,; quantification, but this effect
is usually smaller.

L,; ratios extracted this way are plotted versus the Mn
nominal oxidation state for a number of La Ca;_MnO;
samples in Fig. 1(d). As expected, the L,; value decreases
with increasing oxidation state, in good agreement with pre-
vious reports.'#?8-31:3% In particular, L,; values measured
here for the parent compounds LMO and CMO are consis-
tent with previous values reported in the literature for Mn
compounds with oxidation states of +3 and +4,
respectively.!428-31:34 Error bars were estimated by varying
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the position of the integration windows and comparing the
resulting L,; ratios. Within such error bars, the data points in
Fig. 1(d) seem to follow a linear trend, allowing a linear fit
(red dashed line) to the data. The fitting parameter values
obtained for a linear regression (least-squares method using
Origin) y=a+bx are a=5.0+0.4 and hb=-0.73+011. The
fitting correlation coefficient value is r=0.933. This fit will
be used in what follows as a calibration to obtain Mn oxida-
tion states from L,3 ratio values. It is worth noting that we
also used other methods reported in the literature to estimate
the L,; ratio from our data.'®??3! The results obtained agree
reasonably well with the analysis presented here, except for
one of the methods described by Riedl ef al. in Ref. 22 where
L, ratios are calculated with no continuum correction, which
we found to be too dependent on sample thickness.

IV. QUANTIFICATION OF THE Mn OXIDATION STATE
FROM THE ANALYSIS OF THE O K EDGE FINE
STRUCTURE

In the dipole approximation, the O K edge (around 530
eV) provides information on excitations of O s electrons to
the 2p bands. The O K near-edge fine structure also shows
significant changes when the Mn oxidation state is modified.
Three main features are found in the near-edge fine structure
(see Fig. 2): a pre-peak right at the onset, around 530 eV, a
second peak around 535 eV, attributed to hybridization with
La 5d and/or Ca 3d bands, and a third peak around 540 eV
where mainly Mn 4sp type bands contribute. The pre-peak
has a strong Mn 3d band contribution and is extremely sen-
sitive to bonding features.' Since the #,, band of LCMO is
fully occupied, this feature has a very strong contribution
from the Mn 3d e, band.***>-3 Hence, pre-peak analysis will
allow information on the Mn 3d band occupancy (i.e., oxi-
dation state or valence) to be extracted.

Figure 2(a) shows a set of O K edges from a number of
LCMO samples with increasing values of Ca doping, (1
—x). Spectra have been displaced vertically for clarity. As
expected from simple band occupation arguments, the pre-
peak feature is largely diminished in the LMO compound,
while it is fully developed in the CMO spectrum. For com-
pounds with intermediate compositions the pre-peak inten-
sity increases monotonically relative to that of the second
peak. A robust method of quantifying the pre-peak intensity
is illustrated in Fig. 2(b). To quantify this variation, Gauss-
ians are fitted to both the pre-peak (red line) and the main
peak (blue line). The normalized pre-peak intensity is then
defined as the ratio of the areas under the red and blue Gaus-
sians curves, respectively. In this way, extrinsic effects such
as those related to sample thickness or O concentration are
removed. When this normalized pre-peak intensity is plotted
against the Mn nominal oxidation state for our series of
LCMO materials a linear behavior is found, as shown in Fig.
2(c). The dashed red line in Fig. 2(c) is a linear fit to the data
points and can be used as a calibration curve to extract the
Mn valence from future measurements of pre-peak normal-
ized intensities. For this y=a+bx fit, the parameter values
found are a=-0.49*0.11 and 5=0.25*0.03. The r coeffi-
cient value provided by the Origin linear fit routine is r
=0.959.
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FIG. 2. (Color online) (a) Spatially averaged O K edges for a
series of LCMO compounds with x=1 (black), x=0.7 (dark yel-
low), x=0.55 (green), x=0.33 (blue), and x=0 (red). The energy
scale has been shifted so the pre-peaks are aligned, and the intensity
normalized. A minor splitting of the CMO pre-peak is observed.
Vertical dotted lines show the positions of the pre-peak and the
adjacent main peak. The spectra have been displaced vertically for
clarity. (b) O K EEL spectrum showing the Gaussian curves used to
extract peak intensity and position (pre-peak in red and main peak
in blue). In both cases a window 5 eV wide (approximately) was
used for the fitting, their approximate positions marked with vertical
dashed lines. The pre-peak fitting window was displaced to the left
so that just a few channels at the peak maximum were included.
This way, the split pre-peak feature observed in CMO was avoided.
Again, the error bars have been estimated by shifting laterally a few
pixels the Gaussian fitting windows. Since the second peak is very
well defined, this procedure has a small effect on its fit. (c) Normal-
ized pre-peak intensity versus nominal oxidation state for the series
of LCMO samples. The red dashed line is a linear fit to the data,
with a regression coefficient of 7=0.959. (d) Energy separation (cal-
culated as the difference between positions of the second peak and
the pre-peak) as a function of the Mn nominal oxidation state for
the sample set of samples. Again, the red dashed line represents a
linear fit to the data (in this case, r=0.990).

Interestingly, there is a second, independent, feature in the
O K edge fine structure that correlates with Mn valence. The
difference in peak positions between the pre-peak and the
adjacent main peak, AE, increases steadily with Ca doping
[marked with black dotted lines in Fig. 2(a)]. The same
Gaussian fits used to extract pre-peak intensities in Fig. 2(b)
allow the accurate quantification of peak positions. Figure
2(d) shows the dependence of AE on the nominal Mn oxida-
tion state for our LCMO series, and reveals a very clear
linear correlation. This dependence has been previously
hinted at Refs. 11, 13, and 22, and was attributed to a
chemical-potential shift of the initial core and the final states
of the ejected electron.?? It is worth noting that since the
peak positions are less dependent on noise than peak areas
extracted from the Gaussian fits, the error bars associated
with AE are noticeably smaller than those of the pre-peak
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normalized intensity. Interestingly, a linear fit to the data
[dashed red line on Fig. 2(d)] has a better fit coefficient of
r=0.990 and smaller error bars, so it constitutes an excellent
calibration curve for future reference. The linear regression
parameter values in this case are a=-6.0*0.7 and b
=3.5%0.2. Among the three methods examined so far to
quantify Mn oxidation states, measurement of AE in these
compounds is the most accurate.

V. EFFECT OF SAMPLE THICKNESS

An important factor to consider is the consistency of the
extracted oxidation state to changes in specimen thickness.
Figure 3 shows the results of the three analyses on an EELS
line scan obtained from a CMO particle when moving the
electron beam from the edge into relatively thick areas
(z/x>1). Sample thickness and AE, normalized pre-peak in-
tensity and L,; ratio values are plotted. All parameters are
basically independent of thickness except for a small in-
crease in the L,; ratio in the thickest regions. Near the par-
ticle edge a slight decrease of AE and normalized pre-peak
intensity is observed, while the L,; ratio increases. This is
not due to a dependence on thickness but to a small oxygen
deficiency near the particle edge, as observed in Fig. 3(f).
This panel shows the Mn/O ratio calculated from the O K
and the Mn L, ; edges as explained in the caption, using the
Digital Micrograph routine. While in the bulk this ratio is
close to 0.33, the nominal value expected, near the edge the
Mn/O ratio increases up to almost 0.38. This increase de-
notes a slight oxygen deficiency, which causes the reduction
in Mn suggested by the changes in the parameters above. It
is worth noting that we did not observe this slight deoxygen-
ation near the edges of LMO particles, where flat Mn/O ratio
profiles consistent with a 1/3 ratio are found all the way to
the edge of the crystals. In summary, we can conclude that
our methods are independent of sample thickness within the
range that we use in this work (/X <0.5).

VI. TOWARD ATOMIC RESOLUTION SPECTROSCOPIC
IMAGES: NOISE REDUCTION TOOLS

Having established these calibrations, our thrust is to
quantify Mn oxidation states from atomic resolution EELS
spectrum images.3**? Atomic-resolution spectroscopic imag-
ing of manganite bulk samples and films has been reported in
very recent years,*>%#! but interpretation of such images is
not a trivial task. The effective nonlocality of the underlying
inelastic-scattering potential, and dynamical effects (electron
channeling) have an important effect in the EELS image
contrast.'®!74243 Highly nonintuitive effects such as volca-
nolike features on atomic columns are often observed. These
effects can be in part quantified and understood through mul-
tislice or frozen phonon calculations. But these calculations
do not include solid-state effects, which give rise to the fine-
structure detail of interest here. For a full interpretation of
atomic resolution EELS images, complementary theoretical
studies of the density of states through density-functional
calculations are needed too. These are not trivial either since
EELS measures the available density of states above the
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FIG. 3. (Color online) Effect of thickness on parameter quanti-
fication: (a) Annular dark field (ADF) image of a CMO particle.
The region marked with a green line was used for acquisition of two
line scans, one including the zero loss peak (acquisition time of
0.06 s per pixel) and another one for the core-loss region (using 10
s per pixel). The electron beam was defocused 20 nm to simulate
average illumination. (b) Relative thickness along the line scan path
in inelastic mean-free path units. (c) AE, (d) normalized pre-peak
intensity, and (e) the L,3 ratio along the scan. Horizontal solid red
lines show the values of the average parameters for CMO reported
in Figs. 1 and 2. Horizontal red dotted lines show the error bar
amplitude as reported in Figs. 1 and 2. (f) Mn/O ratio, after sub-
tracting the background using a power-law fit, and integrating the
intensity remaining under the O K and the Mn L, 3 edges. Integra-
tion windows of 35 and 40 eV were used, respectively. For the O K
edge a Hartree-Slater cross section was employed, while for the
Mn L, ; edge a hydrogenic (white line) cross section was used.
When Hartree-Slater cross sections are employed for both edges a
similar behavior is found in the data, with values shifted upward
around 0.02 Mn/O ratio units (consistent with our error bars). The
blue line is the same ratio after treating the EELS data with princi-
pal component analysis. Some oxygen deficiency is found near the
edge. In fact, extended electron-beam irradiation in some of these
ultrathin areas gives rise to the appearance of superstructures in the
ADF images, which are typically assigned to ordering of O vacan-
cies (Ref. 53).

Fermi level in the presence of the core hole left behind,
which can be significantly different from the unperturbed
density of states,!>#4-46

Unfortunately, these studies are hampered by noise in the
experimental EELS data, one of the most important problems
to be faced. In order to minimize spatial drift and damage
effects, EELS imaging experiments require the shortest pos-
sible acquisition times per spectrum. But this approach typi-
cally produces data where the SNR is poor. A straightforward
way to obtain spectra with reduced noise level is to average
individual spectra obtained from equivalent atomic positions
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along the line scan or spectrum image. This is a very effec-
tive approach to generate an average spectrum corresponding
to a given atomic site. In the results described below we will
obtain and compare average spectra from different atomic
positions in order to establish quantitative trends in the data
set. We will demonstrate how the averaged spectra with the
beam on column vs off column show changes that are greater
than the error bars. The next step is to attempt to investigate
how these changes evolve spatially along the line scan or the
two-dimensional (2D) image. Such an attempt may shed
some light on the nature of any variations of electronic prop-
erties. Hence the need for more sophisticated noise reduction
tools that may allow extraction of significant information on
a spectrum-by-spectrum basis.

Principal component analysis (PCA, a multivariate statis-
tical analysis method) is most helpful in order to reduce ran-
dom noise from spectroscopic images. The rationale is to
reduce the dimensionality of a large data set by finding the
minimum number of variables that describes the original
data without losing significant information. The implicit as-
sumption in applying PCA to spectral data is that the impor-
tant spectral features in the signal are strongly correlated and,
in turn, that such correlation is significant because random
noise would tend to be uncorrelated. By selecting only the
strongest components PCA will therefore reduce noise, al-
though it may not eliminate correlated noise or other artifacts
that might be present in data recorded on a charge coupled
device (CCD).*’*3 Therefore, we recover a better estimate
for the signal subject to the assumptions listed above. If this
is done with care, the assumptions made on the data are
examined and other noise reduction methods are employed
as a cross check, PCA can successfully eliminate those un-
correlated noise components that might mask relevant data
features and hinder further analysis.49 In our case, the EELS
data have significant random noise which is effectively re-
moved by PCA. Also, since our experiment is performed on
a crystalline, periodic material, we might expect to find a
result that shows the periodicity of the lattice. A priori
knowledge on the magnitude of the signal variations across
the cell will be confirmed from measurements on averaged
raw spectra. Under these conditions, it is fair to state that
through PCA the SNR can be substantially enhanced without
loss of significant information.

A Scree plot, which is the logarithm of the eigenvalue
plotted against the index of component, is a useful guide
toward selecting the correct number of components when
reconstructing the data set. Such a plot is shown in Fig. 4 for
a LMO EELS image. Since the eigenvalues of random noise
components decrease exponentially, they will form a straight
line in a Scree plot. Thus, components that carry significant
information (the principal components) can be distinguished
from those associated with uncorrelated noise by the abrupt
change in slope shown in Fig. 4. The processed signal is
obtained by ignoring the components that behave like noise
when reconstructing the image by resumming only the sig-
nificant components weighted by their respective eigenval-
ues (which are a quantitative measure of their importance).
Care must be taken when choosing the cutoff component
since small changes in the spectrum may be present near the
cutoff, as opposed to general features that will be described
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FIG. 4. (Color online) Scree plot after PCA has been performed
on the EELS line scan in Fig. 7. A dotted red line highlights the
portion of the plot where a flat behavior is observed (characteristic
of uncorrelated noise). The red arrow points to the component index
(n=7) where the deviation from this flat behavior is observed. Inset:
raw EEL spectrum showing an O K edge and a Mn L, 5 edge, ex-
tracted from Fig. 7(b) (black dots). The red line is the same spec-
trum after PCA.

by large eigenvalues. According to Fig. 4, seven components
should be used for reconstruction of this particular data set.
The inset shows some of the features of a typical spectrum
extracted from a LMO EELS image: the O K edge and the
Mn L, 53 edge. The reconstructed EELS data (red line) are in
excellent agreement with the as-obtained spectra (black dots)
with no significant loss in spectral resolution, which would
occur with Fourier filtering or averaging adjacent channels.
All the relevant features and their intensities are properly
reproduced after PCA. Further details of this data set will be
presented in Fig. 7.

VII. ATOMIC RESOLUTION SPECTRUM IMAGES

These methods can easily be applied to one-dimensional
(ID) EELS line scans and to two-dimensional EELS spec-
trum images in order to extract relevant information on elec-
tronic properties. In principle, 2D spectrum images may of-
ten be more convenient since they allow the probing of larger
sample areas in a single experiment, hence showing better
statistics and allowing noise reduction by rebinning if
needed. Also, the effects of spatial drift (if present) can be
easily identified and avoided during further analysis. Figure
5(a) shows a Z-contrast image of a CMO sample, again from
a very thin region near the CMO particle edge (thickness
estimated around 2-3 nm). A green rectangle marks the ap-
proximate area where the 2D EELS spectrum image was
acquired. The CMO pseudocubic unit cell has been marked
for clarity: a green circle for the Ca column and blue-yellow
circles for Mn-O columns. Yellow crosses show the O col-
umns in between. Figure 5(b) shows the simultaneously ac-
quired annular dark field (ADF) signal (Z contrast), clearly
showing the CMO crystal lattice (Mn-O columns appear
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FIG. 5. (Color online) (a) Z-contrast image of a CMO sample
tilted down the pseudocubic (100) zone axis. The cubic unit cell has
been marked. A green rectangle highlights the approximate window
for spectrum image acquisition. (b) ADF signal acquired simulta-
neously with the spectrum image in (a). (c) Averaged profile along
the region marked with a yellow rectangle in (b). [(d), (f), and (h)]
CaLy;, Mn L3, and O K images, respectively. [(e), (g), and (i)]
Averaged profiles of (d), (f), and (h), respectively, using a window
equivalent to the one depicted in (b). A white dotted circle shows
the position of the volcano rim in (h). All EELS images have been
generated by integrating a 35 eV wide window after background
subtraction using a power-law fit from the EELS data after PCA.
Green (blue-yellow) circles mark the approximate positions of Ca
(Mn-O) columns along the scan.

bright, Ca columns dimmer). Spatial drift effects on this data
set are observable, but minor. Figure 5(c) shows the ADF
signal averaged over a window 4 pixels wide across the im-
age [approximately, the area marked with yellow dotted rect-
angle in Fig. 5(b)]. For this image, an acquisition time of
0.7 s per pixel was used, and the data were processed with
PCA. Figure 5(d) shows the 2D Ca L, ; image, while Fig.
5(e) shows the profile across a region equivalent to the one in
Fig. 5(b). Figures 5(f) and 5(g) show the Mn L, 3 image and
its profile (averaged in the same way), while Figs. 5(h) and
5(i) show the equivalent O K image and corresponding pro-
file. All of the elemental 2D images clearly show the indi-
vidual chemical element lattice, well above noise levels. On
top of that, Figs. 5(h) and 5(i) show the volcano structure
expected for the O K image [a volcano rim is highlighted
with a circle in Fig. 5(h)].*! While both the Mn-O column
and the surrounding O columns contain the same number of
O atoms, the signal from the Mn-O column is reduced due to
the electron probe being scattered beyond the EELS detector
by the heavier Mn atoms. Similar features have been re-
ported due to a difference in O concentration of adjacent
columns,” but to the best of our knowledge these are the first
experimental 2D images of such volcanoes due solely to dif-
ferent column composition ever reported. A smoothed ver-
sion of Fig. 5(h), where the volcano geometry is more obvi-
ous to the eye, is shown in Fig. 6(a).

085117-6



ATOMIC-RESOLUTION IMAGING OF OXIDATION STATES...

AE (eV)

o Dw%ﬁw

3.6 s s i i
32 (b)
10 15 20 25 30
d (pixel) d (pixel)

£

N
x

a
(=}

(# counts)
Mn oxid.
state

1x10“

Integr. intensity

O
10 15 20 25 30 0 5

’E‘T

=04

*,*Hﬁ *ﬁ#ﬁ:ﬁ A

St

22

Prepeak
norm. int
L,, ratio

o
w

s, | ; P e
X236 Foi e |2 o 36 H'+ ++ /++++++\+~
s E 32 */*H* ”**Hﬁ*m ik ‘ é @ 3.2+ b () Y
0 5 10 15 20 25 30 0 5 10 15 20 25 30
d (pixel) d (pixel)

FIG. 6. (Color online) (a) The top panel ADF signal from Fig.
5(b). A yellow rectangle shows the area of the image used for av-
eraging through the whole figure. The scale bar is approximately
0.3 nm. The middle panel shows a smoothed version of Fig. 5(h),
where the volcano structure is more easily seen. A white dotted
circle shows the position of the volcano rim. The lower panel is the
O K integrated intensity from Fig. 5(i). (b) AE image (top), together
with the averaged AE profile (black data points) and the derived Mn
oxidation state (red). (c) Normalized pre-peak intensity image (top),
together with the averaged profile (black data points) and the de-
rived Mn oxidation state (red). (d) L, ; ratio image (top), with the
averaged profile (black points) and the derived Mn oxidation state
(red). Green (blue-yellow) circles mark the approximate position of
Ca (Mn-O) columns along the scan in all cases, and all panels
derive from PCA treated EELS data. The error bars through the
averaged profiles are those of the original data, estimated from the
errors of the Gaussian fits or from shifting the fitting, integration, or
scaling windows a few pixels around and comparing the resulting
values of the different parameters.

For the data in the spectrum image of Fig. 5, Fig. 6 shows
the extracted 2D images of the different parameters de-
scribed through this work and the derived Mn oxidation
states. For averaging purposes a window marked with a dot-
ted rectangle like the one in Figs. 5(b) and 6(a) was used in
all cases. Figure 6(a) shows the ADF signal from Fig. 5(b)
(top) and a smoothed O K image [derived from Fig. 5(h)],
with its average profile. These facilitate the location of
atomic-column positions through the rest of the figure. Blue-
yellow (green) circles mark the approximate positions of the
Mn-O (Ca) columns through the figure. Figure 6(b) shows
the AE image (top), together with its average profile (black)
and derived Mn oxidation state (red). Figure 6(c) shows an
image of the normalized pre-peak integrated intensity (top),
with its averaged profile (middle panel, in black) and the
resulting Mn valence (red). Last, Fig. 6(d) shows the image
of the L, ratio (top), with its average profile (black) and the
calculated Mn oxidation state (red). The average Mn oxida-
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tion states across the image obtained for the data in Fig. 6 are
+3.43 £0.11, +3.56 =0.02, and +3.64 *=0.09 for the pre-
peak intensity, the AE and the L,; ratio methods, respec-
tively. Here the error bars are the standard deviation of the
data set in the scan. The method that in principle seems more
accurate, with less dispersion, is AE. The pre-peak method
gives an average slightly low, and has the biggest error bars,
so it seems the least reliable of the three. If we were, how-
ever, to use this method with the electron beam placed on the
Mn-O column, the Mn oxidation state obtained would be
near +3.56, identical to the average measured by AE. At this
point we have no explanation for the different variation of
these three methods across the unit cell. Regardless, all these
images show a reduced Mn oxidation state near +3.5 or +3.6,
instead of the expected +4 for CMO. We attribute this find-
ing to the fact that this area of the sample, which is very thin
(around 3 nm thick) and is close to the edge of the particle, is
oxygen deficient. According to Fig. 3, for a similar thickness
range the Mn/O ratio is approximately of 0.36, which
roughly corresponds to 2.78 O atoms per Mn. This means
that the local electron doping of 0.44 electrons per Mn,
which amounts to an oxidation state of 3.56. This value is
consistent with those found in Fig. 6.

While these images are rather noisy, even after PCA is
applied to the data, an indication of atomic lattice contrast
can be observed in some images. The L,; ratio image in Fig.
6(d) shows a slight dip at the Mn-O column positions, which
produces a maximum Mn oxidation state on these columns
when our bulk calibration is applied. The pre-peak image
shows the most intense atomic contrast. These trends suggest
that atomic resolution EEL spectra show behaviors in their
features that differ from those of the average bulk spectra. In
what follows we will focus our attention on studying these
changes both in raw and PCA treated spectra. To do so, we
have acquired 1D line scans instead of 2D images. 2D im-
ages typically require fairly short acquisition times per pixel
in order to avoid severe spatial drift effects, and the extrac-
tion of reliable information on the NES may be complicated.
Also, line scans allow the longest exposure times without a
significant amount of damage since the electron beam only
irradiates any given point of the sample once.

VIII. IMAGING OF OXIDATION STATES WITH ATOMIC
RESOLUTION

Figure 7(a) shows a Z-contrast image of a LMO sample
viewed down the pseudocubic (100) crystallographic axis.
The maximum thickness of the sample was estimated to be
around 13-15 nm from low loss images. This is an upper
limit since no surface-plasmon contribution was taken into
account.!®3%3! The image shows the cubic structure of the
manganite, with the brighter La columns, each surrounded
by four dimmer Mn-O columns. A pseudocubic unit cell is
marked. EELS images were acquired by moving the electron
beam along the pseudocubic cell (110) diagonal while ac-
quiring EEL spectra. Figure 7(b) shows one of these line
scans, including the O K edge around 530 eV, the Mn L, 5
edge around 640 eV and the La M, 5 edge around 830 eV.
The acquisition time per spectrum was 3 s, and the beam
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FIG. 7. (Color online) (a) Z-contrast image of a LMO 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 approximate positions of pure O columns between Mn-O
columns. (b) EELS line scan acquired along the direction of the red
arrow in (a). [(c)—(e)] Magnified portions of (b), showing the O K,
the Mn L, ; and the the La M, 5 edges, respectively. [(f)—(h)] O K,
Mn L, 3, and La My s edge images in (c)—(e) after PCA, respec-
tively. 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 M, 5 image, although
the contrast is not so strong). For figures (c)—(h) the approximate
position of the La (Mn-O) columns is highlighted on the left with
red (blue-yellow) circles.

current estimated to be of a few tens of picoamperes. The
probe convergence semiangle was approximately 28 mrad.
Figures 7(c)-7(e) show high magnification images of the re-
gions around these three edges, respectively. PCA was ap-
plied to the EELS image (see the Scree plot for this line scan
in Fig. 4). The resulting O K, Mn L, ; and La M, 5 images
are shown in Figs. 7(f)-7(h), respectively. For these images,
the approximate positions of the La (Mn-O) columns are
highlighted with red (blue and yellow) circles on the left
side. The ripple observed in the EELS images reflects the
atomic-column positions and shows that atomic resolution
was achieved in the spectroscopic image. The spacing be-
tween these columns is not perfectly even due to minor
sample drift during the image acquisition.

Figure 8(a) shows the ADF signal (Z contrast) acquired
simultaneously with the line scan in Fig. 7. The integrated
intensities for the O K, the Mn L, 5 and the La M, 5 edges are
shown in Figs. 8(b)-8(d), respectively. For the EELS line
scans, the black data points have been extracted by removing
the background using a power law fitting and then integrat-
ing the intensity under the edge using a window of approxi-
mately 35 eV wide. The superimposed solid red line is the
extracted intensity for the EELS images after being treated
by means of PCA [i.e., extracted from Figs. 7(f)-7(h)],
showing very good agreement with the analysis of the raw
data. This is hardly unexpected since the integrated signal in
effect minimizes random noise in any case. The minor dis-
agreements observed are due to both the residual intensity
and to the fact that the power-law fit to the background may
vary slightly from the raw to the PCA treated data, even
when the same fitting windows are used. These EELS im-
ages, together with the simultaneously acquired ADF signal,
allow the atomic-column positions to be located. All the el-
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FIG. 8. (Color online) (a) ADF signal acquired simultaneously
with the EELS line scan in Fig. 7. Red (blue-yellow) circles mark
the approximate position of La (Mn-O) columns along the scan. La
(Mn-O) columns show brighter (dimmer) on the ADF image. (b)
O K image obtained by integrating the intensity under the O K edge
after background subtraction. (c) Mn L, ; image. (c) La M, 5 image.
In all cases the black dots are the result of analyzing the raw EELS
data, while the red line is the result after PCA analysis of the EEL
spectra. A clear volcanolike structure is observed in the O K image
(and just a hint of it in the La M, s image)

emental line traces show a ripple that exhibits atomic peri-
odicity. The Mn and O signals peak in the same position, as
expected since these atoms lie in the same column. The
La M, s signal peaks in between Mn-O columns, as ex-
pected, and seems to show a somewhat flat volcanolike
shape.*! The O K edge image shows a volcanolike profile
that will be discussed below. This volcano effect does not
impede column location with EELS or chemical imaging
with atomic resolution, although it can hinder the quantifica-
tion of EELS measurements.

IX. INTERPRETATION OF ATOMIC RESOLUTION
IMAGES

As noted above, the interpretation of images based on
core-loss spectroscopy is complicated by issues such as the
nonlocality of the effective ionization potential and the scat-
tering of the incident electron probe through large angles by
heavy atomic columns. The core-loss EELS signal can also
be quite long ranged, meaning the EELS signal does not
necessarily derive solely from the atomic column below the
probe position. In Fig. 9(a) a schematic of the LMO/CMO
manganite structure down the pseudocubic (100) projection
is shown. We make the simplifying assumption that the per-
ovskite structure is a perfect cube. The inclusion of distor-
tions from this perfect structure does not strongly affect the
dynamical channeling of the incident electrons and this ap-
proximation is a reasonable one in the qualitative discussion
that follows. The contribution to the total O K signal in these
images can thus be assumed to come from two distinct types
of site, those columns containing O only, and those contain-
ing both Mn and O. Figures 9(b) and 9(c) show the contri-
butions to the total O K signal from each of these sources for
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FIG. 9. (Color online) (a) Schematic of the manganite structure
down the pseudocubic (100) projection. Red circles are the La (Ca)
columns. Yellow circles are the O columns, and blue-yellow circles
mark the Mn-O columns. The gray dotted squares indicate the near-
est neighbors of a La (Ca) column and a Mn-O column, all of them
pure O columns. An arrow points in the direction of the scan. (b)
O K image frozen phonon simulations for a LMO sample 15 nm
thick. The dashed line corresponds to the total O K signal. The blue
line represents the contribution from the O atoms in the Mn-O
columns, while the green line represents the contributions from the
neighboring pure O columns. (c) O K image simulation for the
CMO compound. Different line formats are coded as in (b).

LMO and CMO, respectively. Both simulations are done for
a line scan along the (110) direction over alternating La(Ca)
and Mn-O columns, as indicated by the dotted arrow in Fig.
9(a). Consider first the contribution to the signal from the O
columns. Both the La(Ca) columns and Mn-O columns are
surrounded by four nearest-neighbor O columns a little under
2 A away. For the case of LMO, the O K signal above the
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FIG. 10. (Color online) Averaged raw EEL spectra (black
points) showing the O K edge and the Mn L, 5 edge. Each spectrum
is the result of averaging eight individual EEL spectra from three
different positions along the scan in Fig. 7: La column (bottom), rim
of the volcano of the Mn-O column (middle), and dip of the vol-
cano on the Mn-O column (top). The red and blue curves show, for
each case, the Gaussian fits for the pre-peak and the main peak,
respectively. The green lines are the scaled Hartree-Slater step func-
tions for L,3 ratio quantification. The curves have been displaced
vertically for clarity.

La column is smaller than that above the Mn-O column. This
is due to the heavier La atoms leading to more high-angle
scattering beyond the EELS detector. The converse is true for
the CMO shown in Fig. 9(c), where the signal from the O
columns above the Ca column is greater than that above the
Mn-O column, again due to the increased high-angle scatter-
ing of Mn compared to Ca.

The relevant question now is whether information on
electronic properties (such as the oxidation state, or the
DOS) can be extracted from these images with atomic reso-
lution. In order to study these effects we will perform an
analysis of the spectral Mn L, ; and O K edges using the
methods established in Figs. 1 and 2 (the described linear fits
will be used as calibration curves). First, we will look for
general trends on averaged raw EEL spectra, produced by
averaging eight individual spectra extracted from equivalent
positions along the line scan and then we will proceed to the
analysis of the whole line scan looking at both the raw and
the PCA treated signals.

Figure 10 shows three averaged EELS spectra from three
positions along the scan in Fig. 8(b): from the volcano dip,
the volcano rim, and the minimum in between (i.e., the La
column). Each one is the result of averaging eight raw EEL
spectra, which results in significant reduction in noise. The
red and blue curves on the spectra show the results of fitting
a Gaussian peak to the pre-peak and the main peak, respec-
tively, as done in Fig. 2. The green curves are the scaled
Hartree-Slater step functions, as described in Fig. 1. The re-
sulting AE and normalized pre-peak intensities, and also the
L5 intensity ratio from the Mn L, ; edge, are shown in Table
I. Error bars are estimated again by shifting the fitting win-
dows a few pixels and comparing results. Note that while
some values have overlapping error bars the trends are quan-
titatively and qualitatively the same as observed in PCA
treated data.
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TABLE 1. Parameters obtained from the analysis of the aver-
aged raw EEL spectra from the La column position, and the Mn-O
column (distinguishing between the volcano rim and the volcano
dip positions).

Mn-O column Mn-O column

La column  (volcano rim)  (volcano dip)
AE (eV) 439+0.07 4.59+0.07 4.53+0.07
Normalized
pre-peak intensity  0.33+0.02  0.26*+0.02 0.29+0.02
L, ratio 2.67+0.01 2.65+0.01 2.66+0.01

Interestingly, both the parameters obtained from the fit of
the O K edge show noticeable changes in these three differ-
ent positions. The AE parameter is significantly lower on the
La column, while it increases on the Mn-O columns. On the
other hand, the normalized pre-peak intensity is maximum
on the La column, and decreases on the Mn-O columns
(showing a slight enhancement on the center of the column,
in the volcano dip). The Lo; ratio is the parameter that shows
the least noticeable changes when shifting the electron beam
to a different position. While a minor increase is observed on
the La column, the change is too close to the error bar to
draw a significant conclusion. However, it is worth noting
that the L,; map shown in Fig. 6(d) also shows a slight
increase in the L,5 ratio on the Ca columns. The fact that the
O K edge derived parameters (and perhaps to a lesser extent,
the L,; ratio) show significant changes along the scan sug-
gests that care must be taken when obtaining oxidation states
in these compounds with atomic size electron probes. These
changes are most puzzling, so in what follows we will ex-
amine these effects along the whole line scan.

Figure 11 shows the result of the same analysis for the
complete LMO line scan along the (110) pseudocubic diag-
onal in Fig. 7 for the raw EEL spectra, and after PCA. The
upper panel, Fig. 11(a), shows the O K integrated intensity
(after PCA), which allows the Mn-O column positions to be
located. For the rest of the figure, red lines denote analysis
after PCA while black dots are the analysis of raw data.
Figure 11(b) shows the behavior of the difference in energy,
AE, between the pre-peak and the adjacent peak extracted
from the O K edge along the line scan and the Mn oxidation
state extracted from AE. Figure 11(c) represents the O K
edge normalized pre-peak intensity together with the derived
Mn valence. Figure 11(d) depicts the L,; ratio and the Mn
oxidation state calculated from the L,; values. Error bars
have been estimated again by shifting the fitting windows a
few pixels and comparing the resulting values. Average val-
ues of Mn valence after PCA (raw) for all data sets are con-
sistent with the nominal composition: values of 2.99 =0.03
(2.98+0.07), 3.08=0.07 (3.1=0.2), and 3.00=0.12
(3.0%0.5) are found, respectively, for the AE, the pre-peak
intensity and the L,; ratio methods. The error bars estimated
for these averages are the standard deviation of every data
set. These values are all in relatively good agreement with
the nominal +3 expected. The data obtained from the L,
ratio have higher dispersion and show more noise, while the
values obtained through AFE analysis present lower disper-
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FIG. 11. (Color online) Analysis of the EELS fine structures for
the LMO line scan in Fig. 7. (a) O K integrated intensity along the
(110) pseudocubic diagonal [from Fig. 8(b)]. The positions of the
maxima allow the Mn-O columns to be located. Blue/yellow circles
show the approximate position of the Mn-O columns, while red
circles show the approximate position of La along the scans [from
Fig. 8(b)] through the whole figure. (b) AE parameter along the
scan together with the derived value of the Mn oxidation state. (c)
O K edge normalized pre-peak intensity along the line scan, to-
gether with the Mn oxidation state calculated from this measure-
ment. (d) L, ratio along the line scan and the resulting Mn oxida-
tion state (red). A data point at x=30 giving rise to an unphysical
Mn oxidation state value around 14 units (resulting from a spurious
error during L,3 quantification) has not been plotted. In all cases,
Mn oxidation states have been derived applying the calibration
shown in Figs. 1 and 2. Black squares are the result of the analysis
of raw EELS data, while red lines show the result of analysis after
PCA. Horizontal green lines show the values ensuing from the
analysis of averaged EEL O K spectra, shown in Table I (the L,z
ratio values have not been shown since they are quite flat along the
scan).
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sion and are more accurate, consistent with the reduced error
bars on Fig. 2. It is also worth noting that any possible arti-
fact derived from the application of PCA is less likely to
affect peak positions, so the AE method would in principle
expected to be the less influenced by PCA filtering.

The data points resulting from the analysis of raw data
show significant random noise, which is not surprising since
the individual spectra are noisy. However, a close inspection
of the data sets obtained after PCA treatment (and the ensu-
ing random noise removal) shows further structure in the
data, which is consistent with the analysis of averaged EEL
spectra summarized in Table I. This fact highlights again the
relevance of such methods when looking for relevant infor-
mation in noisy signals, but also that care must be taken
when employing them. In what follows we will only discuss
the analysis resulting from EEL spectra after PCA. It is
worth noting here that, in principle, the Mn oxidation states
obtained along these line scans by applying our calibrations
must not be taken as actual values of this electronic property.
What we attempt here is to quantify the magnitude of the Mn
valence by directly applying our calibration methods in a
continuous way along the electron-beam path. Later we will
discuss the meaning of these changes, and the most appro-
priate positions where the beam must be placed in order to
quantify the actual oxidation state of the Mn-O column. In-
terestingly, Fig. 11(b) shows a ripple with atomic periodicity
[Fig. 11(d) also shows some indication, but it is too noisy to
extract firm conclusions]. Figure 11(c) shows also a clear
oscillatory behavior, but with double the lattice periodicity.
The amplitudes of these ripples are fairly large: in some
cases they convert into 0.2 valence units. This value is con-
sistent with the analysis of averaged raw data presented in
Fig. 10 and Table I, and the error bars are comparable. These
changes may be sometimes close to the error bars, but the
fact that we have several periods within the line scan and the
behavior is periodic shows that the effects are real, and fur-
thermore allows us to improve the statistics by averaging
over several unit cells. A quick inspection of the LCMO
phase diagram!-? reveals how such a change in the Mn va-
lence of 0.2 or 0.3 units induced by Ca doping is very sig-
nificant: large enough to transform the antiferromagnetic in-
sulator LMO into a ferromagnetic insulator, or a
ferromagnetic metal exhibiting colossal magnetoresistance,
respectively. Therefore, understanding these oscillations is a
key issue and deserves further attention.

In order to interpret the data in Table I and Fig. 11 it is of
the utmost importance to clarify which atomic columns are
being probed when the electron beam is scanned across the
unit cell. As shown in Fig. 9, pure O columns (marked with
a dotted square) provide approximately 25% of the total O K
signal when the probe is located above the Mn-O column
and 80% of the total signal when located above the La (or
Ca) columns. These proportions must be kept in mind since
there are nonequivalent O sites in the manganite structure.
Mn is in octahedral coordination in these compounds and for
LMO it also causes a Jahn-Teller (JT) distortion. We will
refer to the apical O as Ol, and to the JT distorted sites as O2
(marked on Fig. 12). Unfortunately, simultaneous routine ac-
quisition of electron-diffraction patterns in the dedicated
STEM is not possible, so we cannot tell a priori where non-
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FIG. 12. (Color online) The top panel shows the LMO structure,
and the positions of O1 and O2, from Ref. 54. O1 sits in the apex of
the JT distorted O octahedron, while O2 is sitting at the equatorial
position. The Mn-O1 bond length is 1.968 A. The O2 is the Jahn-
Teller active site and the Mn-O2 bond lengths are 1.907 A (short)
and 2.178 A (long). The rest of the figure shows the O K edge
simulations using the VASP code and the Z+1 approach (1 eV
broadening was used) for the nonequivalent O1 and O2 sites in (a)
LMO and (b) CMO. Black is used for O1 and blue for O2, for both
materials. The fine structure of these edges is consistent with the
experimental data in Fig. 2(a). These simulations do not include
orientation effects, which could lead to further minor variations
[details about the fine-structure interpretation will be discussed else-
where (Ref. 55)].

equivalent types of O are located in our images. But Z+1
EELS simulations presented in Fig. 12 suggest that spectra
from these nonequivalent Ol and O2 atoms should display
slightly different features. Figure 12(a) shows the simulated
O K edge for LMO: Ol in black and O2 in blue. Small, but
noticeable changes are seen in the pre-peak position: for O2
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its center of gravity is shifted (between 1 and 2 eV) toward
higher energies. A minor increase in the pre-peak intensity is
also observed. These changes are not surprising since LMO
has a strong JT distortion and therefore O1 and O2 have a
noticeably different crystal environment.

With these calculations and the O K simulated images
(Fig. 9) in mind, we next discuss whether the nonequivalent
O species can be located by EELS. For the LMO data, we
should observe a larger value of AE in spectra obtained on
columns containing a significant amount of O1 atoms, com-
pared to those from columns with O2 atoms. The effect to be
observed in actual experiments may not be as large as the
ones suggested by Fig. 12(a) due to the somewhat averaging
effect of dechanneling and to the long-range nature of the
O K EELS potential as seen in Fig. 9(b), but it should be
noticeable. Indeed, the experimental AE parameter shows a
small but clear oscillation when moving from Mn-O to La
columns [see Fig. 11(b)]. At first glance, the oscillation am-
plitude is around 0.25 eV from peak to valley, which is just
above the error bars, with AE peaking on Mn-O columns.
Since we have five periods in the scan, it is possible to im-
prove the error bars by simple averaging. If we extract the
average values of AE on and in between Mn-O columns we
obtain values of 4.53*+0.02 and 4.33*+0.02 eV, respec-
tively (these error bars are the standard deviation of the set,
made of the five values). The difference from valley to top is
0.2 eV, which is well above 20, i.e., perfectly statistically
significant. This ripple allows us to infer the locations of
nonequivalent O atoms. According to our simulations the
ripple in Fig. 11(b) is only possible if the Ol atoms in this
LMO sample are located in the Mn-O column, and the four
pure O column neighbors are composed of O2 atoms. Since
these oscillations are indeed small, the calculated values of
Mn oxidation states are relatively flat along the scan. The
ensuing average Mn oxidation state calculated from AE on
Mn-O columns is +3.016 *£0.007, while in the dips is
2.962+0.007. Also, Fig. 11(b) suggests that the values ob-
tained on top of the Mn-O columns are in better agreement
with the expected nominal ones.

Theoretical simulations also allow us to understand the
behavior of the normalized pre-peak intensities. The maxi-
mum amplitude (peak to valley) in Fig. 11(c) is below 0.05
normalized pre-peak intensity units, with the pre-peak inten-
sity values being smaller on average on the center of the
Mn-O columns than on La columns. This is fully consistent
with (a) the analysis of raw averaged spectra, and (b) O2 first
neighbors for the Mn-O column, since in the simulations in
Fig. 12 the intensity of the pre-peak feature in the spectrum
from O2 atoms shows a small increase. This finding is in
perfect agreement with our previous interpretation of the AE
measurement, showing that it is indeed possible to tell O1
from O2 based on the O K edge fine structure. Most striking,
however, is an oscillation of the normalized pre-peak inten-
sity that displays a periodicity double that of the O positions
along the scan. It shows an inverted volcanolike structure
that reflects the behavior of the O K edge intensity. This
contrast may have its origin in the fact that the normalized
pre-peak images are calculated through the ratio of two os-
cillating images. The normalized image can reflect the be-
havior of those used to calculate the ratio, so the volcanolike

PHYSICAL REVIEW B 79, 085117 (2009)

oscillation of the normalized pre-peak may be in part an
artifact derived from the ratio calculation. Unfortunately, we
cannot prove this conjecture beyond doubt since at present
we have no codes that allow simulation of EELS fine struc-
tures combined with probe propagation dynamical effects.
All we can say is that the analysis of averaged raw EEL
spectra also shows a value of the pre-peak intensity which is
significantly higher on the volcano dip than on the rim, so
this oscillation is not an artifact of PCA. Regardless, the Mn
valence derived in between Mn-O columns shows the big-
gest departure from the nominal expected values. Therefore,
we suggest that when using the pre-peak intensity to obtain
oxidation states with atomic size electron probes the most
dependable values will be obtained when the beam is located
slightly off the column, on the volcano rim (if present).

For measurements using the L,5 ratio, a slight dependence
on the relative position of the electron beam and the Mn-O
column is occasionally observed (as we will discuss later),
although it is not clear in Fig. 11(d). When observed, the
oscillations also reflect the ripple in the total Mn signal. In
these cases, the L, ratio is also a ratio between signals with
an atomic oscillation in them (both the L; and the L, line
intensities oscillate with atomic periodicity). Therefore it
may again be an artifact derived from the normalization pro-
cess. Unfortunately, the normalization could not be avoided
in any of these methods since un-normalized integrated peak
intensities do not represent a direct source of DOS related
information. The whole edge intensity in bulk, average, on-
axis measurements directly depends on the probe position
(on/off column) in atomic resolution images. Normalization
is necessary to remove thickness or concentration effects,
although it may not completely get rid of the atomic contrast
ripple. The analysis of the principal components resulting
from PCA may be a way to extract site-dependent informa-
tion on electronic properties or the unoccupied DOS. How-
ever, the interpretation of the meaning of individual compo-
nents and their connection to actual features related to the
physical properties is not necessarily straightforward. Again,
we suggest that Mn oxidation state values derived from L,
ratios seem to generate values closer to the expected nominal
ones when the electron probe is located on the Mn-O col-
umn. However, without codes that include both fine-structure
effects and probe scattering, we cannot fully explain these
effects. Fortunately, the maximum variations in oxidation
states are of the order, or below, 10% from the highest
maxima to the valleys, so these possible artifacts do not com-
pletely impede imaging of oxidation states with atomic res-
olution. In summary, it seems that the AE method is the more
accurate and reliable method for Mn valence determination.

Materials that do not exhibit strong JT distortions, such as
CMO, do not exhibit such noticeable changes between non-
equivalent O species. Figure 12(b) shows the simulated O K
spectra for CMO. No major differences are observed be-
tween Ol and O2, other than a very small decrease in pre-
peak intensity. Accordingly, the AE images for CMO are
relatively flat: the difference in AE for Ol and O2 is mini-
mal, and dechanneling effects together with the broad O K
potential would tend to smear these, already small, differ-
ences. An example is shown in Fig. 6(b), where, unsurpris-
ingly, the atomic lattice is not resolved. However, the O
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atomic lattice is clearly observed in the pre-peak image in
Fig. 6(c). The pre-peak intensity exhibits the lattice modula-
tion, with maxima on the Mn-O columns and minima in
between (although the volcano geometry in not transferred to
the pre-peak image in this case). If we interpret these dips in
terms of nonequivalent O positions by looking at the simu-
lations in Figs. 9(c) and 12(b), we conclude that the Mn-O
columns in this sample are mainly composed of apical Ol
atoms while the pure O columns are mainly O2.

X. SUMMARY

In summary, we have compared three different methods to
obtain the average oxidation state of Mn in manganite oxides
by analyzing the O K edge and the Mn L, ; edge fine struc-
tures. All three methods show results that are consistent with
each other, and linear relationships between measurable
magnitudes such as the O K normalized pre-peak intensity,
the O K AE parameter (main peak to pre-peak separation) or
L, ratios with Mn oxidation state have been obtained from
the analysis of average EEL spectra. Although the AE
method is the most accurate and dependable one for bulk
samples, all three relationships can be used as external cali-
brations to obtain Mn oxidation states in manganites (as long
as similar detector geometries are used), so we have applied
them to atomic resolution images. It is worth noting here that
oxidation states measured from EELS are not related to real
charge states around given atoms. EELS measurements are
only sensitive to the DOS (i.e., electronic properties such as
the 3d band occupancy), but not to total charge densities.?

When these methods are applied to EELS data acquired
with atomic size electron probes, electron energy-loss near-
edge structure spatial variations related to the atomic struc-
ture are observed. Mn valence can still be quantified, al-
though it shows unexpected oscillations linked to the
underlying Mn lattice. In these cases, it seems that the L3
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ratios show better results when the electron beam is on the
Mn-O column. We do not fully understand the reason yet
but, fortunately, such effects are small and in most cases
close to the error bars of the experiment itself. On the other
hand, the AE method seems to be the most accurate, and we
have shown that it is capable of extracting additional infor-
mation on the DOS with atomic resolution, specifically, it is
able to discriminate between nonequivalent O species in
LMO. Similar information is available from the O K pre-
peak normalized intensity method, although it is less accu-
rate. 2D images of CMO were acquired, showing for the first
time 2D images of the volcano dip in O K images. These 2D
images are too noisy to extract reliable information on non-
equivalent O species. Nevertheless, upon improvements of
the optics and acquisition conditions in the STEM, we envi-
sion this method as a most promising one toward future two-
dimensional mapping of 3d orbital related information in this
class of materials.
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