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Abstract

The properties of transition metal oxides are related to the presence of elements with mixed valences. The spectroscopy analysis of the
valence states is feasible experimentally, but a spatial mapping of valence states of transition metal elements is a challenge to existing
microscopy techniques. In this paper, with the use of valence state information provided by the white lines and near-edge fine structures
observed using the electron energy-loss spectroscopy (EELS) in a transmission electron microscope (TEM), a novel experimental approach
is demonstrated to map the valence state distributions of Mn and Co using the ratio of white lines in the energy-filtered TEM. The valence
state map is almost independent of specimen thickness in the thickness range adequate for quantitative EELS microanalysis. An optimum
spatial resolution of,2 nm has been achieved for a two-phase Co oxides.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Many properties of smart and functional materials are
determined by the elements with mixed valences in the
structure (Wang and Kang, 1998), by which we mean an
element that has two or more different valences while form-
ing a compound. In the perovskite structured La12xAxMnO3

�A � Ca; Sr, or Ba) colossal magnetoresistance (CMR)
materials (Jin et al., 1994; Wang and Zhang, 1996), for
example, the residual charges induced by a partial substitu-
tion of trivalent La31 by divalent element A21 are balanced
by the conversion of Mn valence states between Mn31 and
Mn41 (or Co31 and Co41 for Co) and the creation of oxygen
vacancies as well, and the ionic structure of La12xAxMnO32y

is
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21
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provided there is no residual charge trapped in the vacancy
sites, where VOy stands for the fraction of oxygen vacancies.
Valence transition between Mn31 and Mn41 is the key that
leads to the transition from insulator to conductor and possi-
bly the magnetoresistance.

Electron energy-loss spectroscopy (EELS) has been
widely used in chemical microanalysis and the studies of
solid state effects (Egerton, 1996). In EELS, the L ionization

edges of transition-metal and rare-earth elements usually
display sharp peaks at the near edge region which are
known aswhite lines. For transition metals with unoccupied
3d states, the transition of an electron from 2p state to 3d
levels leads to the formation of white lines. Numerous EELS
experiments have shown that a change in valence state of
cations introduces a dramatic change in the ratio of the
white lines, leading to the possibility of identifying the
occupation number of 3d orbital using EELS (Pease et al.,
1986; Krivanek and Paterson, 1990; Kurata and Colliex,
1993; Pearson et al., 1993; Yuan et al., 1994; Yin and
Wang, 1997; Wang et al. 1997a,b; Wang and Yin, 1998;
Zhang et al., 1998). The spectroscopy analysis of the white
line intensity is feasible for a region selected by the electron
beam. In this paper, with the use of energy-filtered transmis-
sion electron microscopy (EF-TEM), a new experimental
approach is introduced for mapping the distribution of a
cation valences, allowing a direct identification of cations
with different valence states. The valence state map is
almost independent of the specimen thickness and it can
be used to directly read out the local valence state from the
image. A spatial resolution of,2 nm has been demonstrated.

2. Experimental approach for mapping the valence
states of Co and Mn

Fig. 1a shows an EELS spectrum of Co3O4. Several
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techniques have been proposed to correlate the observed
EELS signals with the valence states, the ratio of white
lines the normalized white line intensity in reference to
the continuous state intensity located,50–100 eV beyond
the energy of the L2 line, and the absolute energy shift of the
white lines. In this study, we use the white line intensity
ratio that is calculated using a method demonstrated in Fig.
1b (Pearson et al., 1993). The background intensity was
modeled by step functions in the threshold regions, as
schematically shown in Fig. 1b. A straight line over a
range of approximately 50 eV was fit to the background
intensity immediately following the L2 white line. This
line was then modified into a double step of the same
slope with onsets occurring at the white-line maxima. The
ratio of the step heights is chosen to be 2:1 in accordance
with the multiplicity of the initial states (four 2p3/2 electrons
and two 2p1/2 electrons). Although there exist some
disagreements in the literature about the calculation of the
normalized white line intensity because the theory behind
the white lines and their continuos background is rather
complex (Thole and van der Laan, 1988), it appears,
based on our experience, that this ratio of the white line
intensities is likely to be a reliable and sensitive approach.
This background subtraction procedure is followed consis-
tently for all of the acquired spectra. The calculated L3/L2 is
rather stable and is not sensitive to the specimen thickness.

EELS analysis of valence state is carried out in reference
to the spectra acquired from standard specimens with known
cation valence states. Since the intensity ratio of L3/L2 is
directly related to the valence state of the corresponding
element, a series of EELS spectra were acquired from
several standard specimens with known valence states, an
empirical plot of these data serves as the reference for deter-
mining the valence state of the element present in a new
compound. The L3/L2 ratios of Co and Mn have been
presented in our recent paper (Wang et al., 1999), which
will be used as the standards in the analysis described
below.

The information provided by EF-TEM is mostly about the
elemental distribution in a thin section of a specimen
(Reimer, 1995). To map the distribution of ionization states,
an energy window of,10 eV in width is required to isolate
the L3 from L2 white lines. A five-window technique is
introduced (see Fig. 1a): two images are acquired at the
energy-losses prior to the L ionization edges, and they are
to be used to subtract the background for the characteristic L
edge signals; two images are acquired from the L3 and L2

white lines, respectively, and the fifth image is recorded
using the electrons right after the L2 line that will be used
to subtract the continuous background underneath the L3

and L2 lines. To extract the L3/L2 image that is most sensi-
tive to the valence state of Mn or Co, a background subtrac-
tion procedure illustrated in Fig. 1b needs to be carried out.
This procedure can be easily done in the EELS spectrum, but
for the energy-filtered image acquired in TEM under parallel
illumination a different approach has to be taken, as given by

L3=L2 � I �L3�2 aI �post-lines�
I �L2�2 bI �post-lines� ; �1�

whereI(L3), I(L2) and I(post-lines) are the images recorded by
positioning the energy selection window at the L3, L2 and the
post L2 line energy-losses, respectively, after subtracting the
conventional background as ascribed byA exp�2rDE�; a and
b are the adjustable parameters that represent the fractions of
the continuous background below the L3 and L2 lines, respec-
tively, as contributed by the single atomic scattering (as illu-
strated in Fig. 1b). The choices of thea andb factors may
depend on the specimen thickness because theI(post-lines)
image is strongly affected by the multiple scattering effect,
while I(L3) andI(L2) are less affected. Eq. (1) represents the
optimum choice for L3/L2 mapping in EF-TEM under the data
collection conditions allowed by the Gatan Imaging Filter. A
more accurate data treatment can be adopted in STEM.

To confirm the information provided by the L3/L2 images,
the specimen composition is mapped from the integrated
intensities of the O-K and Mn-L2,3 ionization edges by
following the routine procedure of EELS microanalysis
(Egerton, 1996)

nO

nMn
� IO�D�

IMn�D�
sMn�D�
sO�D� ; �2�

whereIO(D ) andIMn(D ) are the integrated intensities of the
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Fig. 1. (a) An EELS spectrum acquired from Co3O4, showing the five-
window technique used to extract the intensities of the white lines and
the three-window technique for O-K edge. (b) The Co-L edge after subtrac-
tion of the background, illustrating the background underneath the L3 and
L2 lines.



O-K and Mn-L edges for an energy windowD , respectively,
above the ionization thresholds;sMn(D ) andsO(D ) are the
integrated ionization cross-sections for the corresponding
energy windowD , and they can be calculated by the
sigmak2 andsigmal2 programs in the hydrogen-like atomic
model. From the energy-filtered images, the distribution
map of the atomic ratio O/Mn or O/Co can be calculated.

The EF-TEM experiments were performed using a
Philips CM30 (300 kV) TEM, equipped with a Gatan
image filtering (GIF) system. This TEM provides a high
beam current needed for chemical imaging. The energy
window width was selected to be 10 eV for Mn or 12 eV
for Co, and it took 10–30 s (depending on specimen) expo-
sure to acquire a single raw data image with satisfactory
signal-to-noise ratio. The selection of the energy window
width depends on the energy separation between the L3 and
L2 lines. It took 2–4.5 min. to acquire a complete set of
images. Specimen drift between different images was
corrected after the acquisition, but it was important to
ensure the least drift of the specimen during data acquisi-
tion.

3. Results

3.1. Mapping the valence states of Co using the white line
ratio

The first specimen selected for illustrating the experimen-
tal approach is a directionally solidified eutectic ZrO2/CoO
(Bentley et al., 1993), which is composed of trilayer struc-
tures of ZrO2, Co3O4 and CoO after heat treatment in a high
oxygen partial pressure, with ideal geometry for studying
CoO–Co3O4 interfaces. The differences in crystal structure,
the coordination configuration of cations and the valence
states result in dramatic differences in EELS spectra of
CoO and Co3O4 (Bentley and Anderson, 1996). Shown in
Fig. 2 is an one-dimensional spatially dispersed EELS spec-
tra across a CoO–Co3O4 interface. The valence-loss spectra
of the two phases are distinctly different. The O-K edge
exhibits a double split peak for Co3O4 while no split for
CoO. The white lines of the two structures are different
not only in their relative intensity, but also in having a slight
chemical shift (< 1.5 eV). It was critical to select the width
of the energy window and position it at the correct energies
for acquired each group of data. The peak-to-peak energy
between L3 and L2 is 15 eV and the full width of the line at
10% intensity cut-off is 7–8 eV, a choice of energy window
width D � 12 eV is adequately to separate the two lines as
well as to ensure the signal-to-noise ratio.

Fig. 3 shows a group of energy-filtered image from a
triple point in the CoO–Co3O4 specimen. The bright-field
TEM image (Fig. 3a) shows one of the grains has a strong
diffraction contrast. The energy-filtered images using the L3

and L2 lines (Fig. 3b and c) shows distinctly difference in
contrast distribution due to a difference in the relative white

line intensities (see Wang et al., 1999). The finally analyzed
L3/L2 image clearly displays the distribution of cobalt
oxides having different valence states (Fig. 3d), where the
diffraction contrast disappears. The region with lower
oxidation state (Co21) shows stronger contrast, and the
ones with high oxidation states show darker contrast.
Although the energy-filtered O-K edge image exhibits
some diffraction contrast, the O/Co compositional ratio
image greatly reduces the effect. The residual contrast
seen in Fig. 3f might be due to the specimen drift during
the 10 s exposure. The O/Co image was calculated from the
images recorded from the O-K edge and the L3 1 L2 white
lines for an energy window width ofD � 24 eV: The high
intensity region in the O/Co image indicates the relative
high local concentration in oxygen (e.g. higher Co
oxidation states), the low intensity region contains rela-
tively less oxygen (e.g. lower Co valence state), entirely
consistent with the information provided by the L3/L2

image.
Under the single scattering approximation, the intensities

of the L3 and L2 lines scale up in proportional to the speci-
men thickness, thus, their ratio L3/L2 has little dependence
on the specimen thickness. This result holds even for
slightly thicker specimens because the near edge structure
is less affected by the multiple plasmon scattering effect and
the energies of the characteristic plasmon peaks are larger
than the energy split between the L3 and L2 lines. Therefore,
in the conventional thickness range for performing EELS
microanalysis oft=L , 0:8; wheret is the specimen thick-
ness andL is the mean-free-path length of electron inelastic
scattering, the L3/L2 image truly reflects the distribution of
valence state across the specimen.

Fig. 4 shows another group of images recorded from the
CoO–Co3O4 specimen. The L3 and L2 images display some
contrast across the phases, while the image recorded from
the post-line energy-loss region shows a small contrast
variation (Fig. 4c) possibly because that the post-line region
is dominated by the single atomic scatting properties and it
is less affected by the solid state effects, provided the thick-
ness-projected density of Co atoms is fairly uniform across
the grains. The image from the O-K edge show some varia-
tion due to diffraction contrast as well as specimen thickness
(Fig. 4d). In contrast, the L3/L2 image (Fig. 4e) and the O/Co
image (Fig. 4f) show little dependence on the specimen
thickness and the diffracting condition. This is uniquely
suited for mapping the valence state distribution across
the specimen.

To determine the optimum spatial resolution achieved in
the L3/L2 image, a line scan across the CoO–Co3O4 interface
at a 30 pixel average in width is displayed in Fig. 4g. The
half width of the profile at the interface is about 2 pixels,
which correspond to a resolution of,1.8 nm. The image
across the interface in the O/Co image shows a half width of
3 pixels, which correspond to a resolution of,2.8 nm. It
must be pointed out that a better resolution achieved in the
L3/L2 image is likely due to the smaller width of the energy

Z.L. Wang et al. / Micron 31 (2000) 355–362 357



Z.L. Wang et al. / Micron 31 (2000) 355–362358

Fig. 2. Zero-loss bright-field TEM image of CoO–Co3O4 interface, showing the selection area aperture for forming the EELS spectra; spectrum lines for the
low-loss region, the O-K edge, and the Co-L edge, exhibiting distinct differences in the intensities and energy positions of the characteristic peaks between CoO
and Co3O4.

Fig. 3. A group of images recorded from the same specimen region using signals of (a) the zero-loss bright-field, (b) the Co-L3 edge, (c) the Co-L2 edge, (d) the
L3/L2 ratio, (e) the O-K edge, and (f) the atomic concentration ratio of O/Co. The continuous background contributed from the single atom scattering has been
removed from the displayed Co-L3 and Co-L2 images. The L3/L2 ratio image was calculated by takinga � 0:3 andb � 0:7: The O/Co image is normalized in
reference to the standard composition of CoO for the low portion of the image in order to eliminate the strong influence on the ionization cross-sectionfrom the
white lines. Each raw image was acquired with an energy window width ofD � 12 eV except for O-K atD � 24 eV:



window �D � 12 eV� than theD � 24 eV used for O/Co
image as well as the sharp shape of the white lines.

3.2. In situ observation of valence state transition of Mn

For demonstrating the application of the technique for a
more complex case, a reduced MnOx powder was prepared

by in situ annealing (Wang et al., 1997a). A Gatan TEM
specimen heating stage was employed to carry out the in situ
EELS experiments, and the specimen temperature could be
increased continuously from room temperature to 10008C.
The column pressure was kept at 3× 1028 Torr or lower
during the in situ analysis. Due to the reduction of the
oxide, multi-valences will be developed in the system. A
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Fig. 4. A group of images recorded from the same specimen region using signals of: (a) the Co-L2 edge; (b) the Co-L3 edge; (c) the post Co-L2 continuous
energy-loss region; (d) the O-K edge; (e) the L3/L2 ratio; and (f) the atomic concentration ratio of O/Co. The continuous background contributed from the single
atom scattering has been removed from the displayed Co-L3 and Co-L2 images. The L3/L2 ratio image was calculated by takinga � 0:3 andb � 0:8: (g) A line
scan across the CoO–Co3O4 interface in the L3/L2 image after making a 30 pixels of average in width parallel to the interface, showing the local average white
line ratio. A comparison of the displayed numbers with the values measured from standard specimens (Wang et al., 1999), the regions corresponding to CoO
and Co3O4 are apparent. (h) A line scan across the CoO–Co3O4 interface in the O/Co ratio image after making a 30 pixels of average in width parallel to the
interface, from which the local compositions match very well to CoO and Co3O4. Each raw image was acquired with an energy window width ofD � 12 eV
except for O-K atD � 24 eV:



detailed analysis of this reduction process by EELS has been
reported previously (Wang et al., 1997a, 1999). The results
indicated that the reduction of MnO2 occurs at 3008C. As the
temperature reaches 4508C, the specimen is dominated by
Mn21 and Mn31 and the composition is O=Mn � 1:3^ 0:5;
corresponding to Mn3O4.

To obtain a specimen with multi-valences, the in situ
annealing of MnO2 was carried out up to 3508C and then
cool back to room temperature, and the resulting reduced
phases were a mixture of oxides of Mn with valences of
2 1 , 3 1 and 41 . This is a model system to be used for
mapping the valence state distribution of Mn. Fig. 5 shows a
group of images recorded from an agglomeration of MnOx

with different valences. The bright-field image hardly indi-
cate any information about the valence states of Mn. The
EF-TEM Mn-L3 image reflects the distribution of Mn
phases, but its contrast is approximately proportional to
the local projected thickness of the specimen. The L3/L2

ratio image (Fig. 5c) directly gives the distribution of
Mn41, Mn21 and Mn31. The low intensity regions are
Mn41, and the high intensity regions are the mixed valences
of Mn21 and Mn31, in correspondence to the formation of
Mn3O4. To confirm this results, the atomic ratio O/Mn
image is calculated from the images acquired from the O-
K and Mn-L edges, and the result is given in Fig. 5d. The
image clearly indicates that the regions with Mn41 have
higher O atomic concentration because of the balance of

the cation charge. This is an excellent proof of the informa-
tion provided by the L3/L2 image.

3.3. Phase separation using the near edge fine structure

The near-edge fine structure observed in EELS is closely
related to the solid state effect and it is most sensitive to the
bonding and near-neighbor coordination configurations.
Phase and bonding mapping using the near-edge structure
have been carried out for diamond (Batson et al., 1994;
Mayer and Plitzko, 1996), in which the images were formed
using thep p ands p peaks in the C-K edge and the distribu-
tion of diamond bond was retrieved. The O-K edge
displayed in Fig. 2 clearly shows the difference in the near
edge structure of CoO from Co3O4. The first peak observed
in the O-K of Co3O4 is separated by 12 eV from the main
peak. Using an energy selection window of 6 eV in width it
is possible to map the Co3O4 regions that generate this peak.
Fig. 6b shows an energy-filtered TEM image from a region
whose bright-field image is given in Fig. 6a. It is clear that
the Co3O4 regions show stronger intensity, just as expected.

4. Discussion

There are several questions that need to be discussed
relating to the L3/L2 image. The L3/L2 image has little
dependence on either the specimen thickness or diffraction
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Fig. 5. A group of energy-filtered images acquired from the same specimen region of mixed phases of MnO2 and Mn3O4: (a) The conventional bright-field TEM
image; (b) the energy-filtered TEM images of Mn-L3 white line; (c) the calculated Mn L3/L2 ratio image; and (d) the distribution of O/Mn in the region
calculated according to Eq. (2) using the energy-filtered images from the O-K and Mn-L edges. The complimentary contrast of (c) to (d) proves the
experimental feasibility of valence state mapping using the white line ratio. Each raw image was acquired with an energy window width ofD � 10 eV
except for O-K atD � 20 eV:



effect in the thickness range adequate for EELS microana-
lysis �t=L , 0:8�: For thicker specimens, the intensities of
the L2 line and the continuous post-line would be strongly
affected by the specimen thickness. However, the L3/L2 ratio
is much less sensitive to the specimen thickness, because the
multiple scattering mainly affects the background under-
neath the L3 and L2 lines (see Fig. 7). Retrieving a single
scattering profile would be possible by deconvolution if the
entire spectra for each pixel were recorded. Unfortunately,
the GIF system only captures the integrated data points and
the deconvolution procedure cannot be carried out.

The calculation of the L3/L2 image is not critically sensi-
tive to the selection of thea andb factors. This is possibly
due to the flatter contrast of the post-line image, which
depends mainly on the thickness-projected atom density
and the diffraction effect. The best choices of thea andb
factors would be to match the local average L3/L2 value with
the standard data measured using spectroscopy in the region
whose phase might be known. The choices ofa and b
should not result in large negative counts in the image due
to over subtraction. One should avoid capture in a single
image regions of large differences in thickness because the
a andb factors might also depend on specimen thickness.

The subtraction of the continuous component beneath the
white lines (see Fig. 1b) may not be trivial because its spec-
trum shape may be a broad peak rather than a smooth decay
curve. One is advised to check the shape of the EELS spec-
tra to ensure the procedure of data analysis.

The quality of the L3/L2 image is strongly affected by the
quality of the L2 image because of the dramatic magnifica-
tion to the noise level. The critical challenge is the signal-to-
noise ratio because of the finite beam current and the small
energy window. A very thin region is inadequate for EF-
TEM imaging because of the lack of the inelastic scattering
signal, while a too thick region results in complexity in data
quantification.

Finally, the O/Mn map displayed in this paper may not be
the true atomic ratio in the specimen because the accuracy
of EELS microanalysis strongly depends on the choice of
the energy window. The most reasonable choice of energy
window width is 50–100 eV in order to minimize the contri-
bution from the near-edge fine structure (Colliex, 1985). In
L3/L2 imaging, the width of the energy window is required
to be no more than the energy split between the white lines,
typically 10–15 eV. On the other hand, the heights of the L3

and L2 lines scale up in proportional to the local density of
atoms. The O/Mn image can be used as a reliable reference
for examining the information provided by the L3/L2 image.

5. Summary

For characterizing advanced materials that usually
contain cations with mixed valences, EELS is a very power-
ful approach with a spatial resolution higher than any other
spectroscopy techniques available. Based on the intensity
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Fig. 6. (a) The bright-field TEM image and (b) the energy-filtered image
recorded by selecting the sharp peak located at 532 eV in the O-K, display-
ing the distribution of the Co3O4 phase. Energy window widthD � 6 eV:

Fig. 7. A comparison of the Co-L edge before and after deconvoluting the
low-loss spectrum, exhibiting the minor effect of multiple scattering on the
intensities of white lines. The specimen thicknesst � 0:5L:



ratio of white lines, a new experimental approach has been
demonstrated for mapping the valence states of Co and Mn
in oxides using the energy-filtered transmission electron
microscopy. The L3/L2 image has little dependence on either
the specimen thickness or diffraction effects, and it is reli-
able for mapping the distribution of cation valences. An
optimum spatial resolution of,2.0 nm has been attained
experimentally. This is a remarkable application of the
EF-TEM for characterizing the electronic structure of
magnetic oxides.
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