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a b s t r a c t

The spatial resolution and contrast level in electron energy-loss spectroscopy (EELS) imaging depend on

the delocalization of the inelastic electron scattering cross sections. Theoretical calculations within the

dipole approximation provide the lower limit for the delocalization of low loss signals, and suggest that

atomic resolution EELS imaging in the low loss energy regime (o50 eV) should be possible. Here, we

directly measure the localization of the inelastic electron scattering at different energy loss in the low

loss regime using a clean open edge of monolayer graphene. Our results demonstrate that the

delocalization depends both on the energy loss and the specific electron excitation mode contributing

to the energy loss. While the plasmons are delocalized over 1.2 nm, sub-nm enhancement is observed

at the edge for the low-loss signal at 11 eV, indicating the possible formation of a one-dimensional

plasmon (or inter-band transition) at the edge of monolayer graphene. Our results also suggest that if

the initial states or final states are atomically localized, atomic resolution EELS imaging could be

obtained even in the low loss region of the spectra.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Inelastic scattering of a fast electron beam with a specimen
forms the basis of electron energy-loss spectroscopy (EELS) [1] in
electron microscopy, and provides unique information for the
chemical nature and electronic structure of the specimen atoms
with a spatial resolution that cannot be obtained by other means.
With the development of aberration correction techniques and
new instrumentations in electron microscopy, we are now in an
era where materials can be studied atom by atom. From a
fundamental point of view, it is, therefore, desirable to extract
all the useful information contained in the inelastic electron
scattering events, at the atomic scale, which raises the issue of
the degree of localization of the EELS cross-sections at different
energy ranges. In this paper, we examine the localization of
collective (plasmon) and single particle EELS excitations using a
test sample of monolayer graphene.

With the exception of thermal diffuse scattering, low loss
inelastic electron scattering is generally considered to be deloca-
lized in space compared to elastic scattering, and this delocalized
nature imposes a physical limit on the spatial resolution that can
ll rights reserved.
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be obtained with STEM-EELS imaging and energy filtered TEM
imaging. The localization of the inelastic scattering can be viewed
as the region that contains considerable overlap of the initial- and
final-state wave functions [1–3], and in a classical model, the
degree of localization generally increases with increasing energy
loss [1]. The last point has been demonstrated by many aberra-
tion-corrected STEM-EELS imaging studies using the core-loss
region of the spectra, which involves the excitation of highly
localized inner shell electrons. In this case, the high energy loss
signals are localized at the atomic positions, and the chemical
identity, oxidation state and binding characters of individual
atoms and atomic columns can be mapped out in two-dimen-
sional projection with atomic resolution [4–10]. In contrast,
atomic resolution EELS imaging using the low loss region of the
spectra, which contains information about the optical response of
materials such as band gaps, has not yet been achieved mainly
due to the delocalization of the valence- and empty-states
contributing to the low energy excitations.

Many attempts have been made, both experimentally and
theoretically, to estimate the delocalization of inelastic electron
scattering in the low loss region of the spectra [11–23], which can
be described by the width of the real-space distribution of
scattering probability, also called the point-spread function
(PSF) assuming point scattering objects. The PSF for low loss
signals typically has a sharp central peak and extended tails.
Therefore, several parameters are commonly used to describe the
shape of PSF, including the full-width at half maximum (FWHM),
full-width at tenth maximum (FWTM) and width containing 50%
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or 80% of the total scattering intensity (d50 or d80). Some of the
important results are summarized in the new edition of Egerton’s
book [1]. In particular, theoretical calculations within the dipole
approximation [12–14,19,22] suggest the PSFs in the energy loss
range of 0 to 100 eV tend to have a constant FWHM, close to the
size of the electron probe [19,22]; while the d80 values increase
substantially as the energy loss decreases [19,22]. This seems to
suggest that 2D atomic resolution EELS imaging can be feasibly
obtained using the low loss region of the spectra, even though the
increased d80 would result in a decrease in lattice contrast level.
However, the fact is that atomic resolution imaging in the low
loss region (with energy loss lower than �100 eV, in the lack of
core edges) has not yet been achieved. Accurate experimental
measurement of the delocalization of inelastic electron scattering
with low energy loss is, therefore, a desirable step towards the
realization of 2D atomic resolution imaging with the low loss
region of the spectra. If proved feasible, such low loss imaging
would, in principle, allow the study of optical properties of
materials with unprecedented spatial resolution.

In this study, we measure the inelastic scattering cross-section
(intensity) as a function of distance from a clean open edge of
monolayer graphene via EELS line scans, which allows us to
quantitatively compare the delocalization of inelastic scattering
cross-sections at different energy losses. Our results demonstrate
that the delocalization depends both on the energy loss and the
specific electron excitation mode contributing to the energy loss
function. We also observe a sub-nanometer enhancement for the
low-loss signal at 11 eV at the edge of graphene, arising from a
new one-dimensional edge plasmon or inter-band transition
mode. Our results indicate that full quantum mechanical calcula-
tions are needed in order to quantitatively predict the delocaliza-
tion of specific inelastic scattering events [24]. Atomic resolution
EELS imaging can, in principle, be obtained even in the low loss
region of the spectra if the initial states or final states are
atomically localized in the material.
2. Experiments

The major difficulties of experimental measurement of the
delocalization of the inelastic cross-sections arise from the low
signal to noise ratio, stability of the instrument and uncertainties
in the shape of the sample [19]. The first two can be overcome, to
some extent, by carefully adjusting the experimental settings. We
measured the delocalization of the EELS signals in the low loss
region using EELS line scans. The EELS experiments were per-
formed with a Nion UltraSTEM, a dedicated STEM equipped with a
Fig. 1. Simulated electron probe with the aberration coefficients measured during the

along the horizontal section of the probe. The electron probe had a FWHM of �1.01 Å
cold field emission electron source and a corrector of third and
fifth order aberrations, operating at 60 kV accelerating voltage [8].
With the new design of highly stable lens system and stage,
atomic resolution imaging and core-loss edge mapping can be
routinely performed on this instrument [8]. After aberration
correction, this microscope is capable of providing a probe close
to 1 Å diameter with a current of �110 pA (Fig. 1).

EEL spectra were collected using a Gatan Enfina spectrometer,
with an energy resolution of 0.5 eV for 0.1 eV/channel energy
dispersion. The convergence semi-angle for the incident probe
was �30 mrad, which is kept unchanged in all the data sets.
Several collection semi-angle settings in the spectrometer were
used in our experiments, specifically 15 mrad, 35 mrad, 48 mrad
and 76 mrad. During the EELS line scans, ADF signals were
collected simultaneously from the �86 to 200 mrad half-angle
range, without sub-pixel scanning. A total of 800 or 900 spectra
were collected for each line scan with pixel size of�0.3 Å. Dwell
times of 0.08 s/pixel or 0.1 s/pixel were used during the line
scans. For each line scan, unprocessed EEL spectra were collected
under identical experimental settings with the electron beam on
and off. Dark current subtraction and gain normalization were
performed during the analysis of the data. This collection scheme
helps to reduce the noise level of the resultant data sets. The high
probe current and long dwell time settings also help to increase
the signal-to-noise level in our measurements.

We used a clean open edge of monolayer graphene as the
perfect edge for the delocalization measurement. As shown in
Fig. 2, the EELS line scans were collected as the probe was brought
from the graphene layer, which is only one atom thick, into the
vacuum. When the line scan crosses the open graphene edge,
the peak position of the last carbon atom unambiguously defines
the position of the specimen edge. Using such an open graphene
edge we can effectively eliminate any uncertainty in the shape of
the sample.

Since we are measuring the delocalization from line scans on
an edge sample, the point spread function (PSF), in this case,
refers to the decay of the low loss signal from the graphene edge
into vacuum. The shape of the PSF is described by the width from
the graphene edge to half-maximum (WHM) and tenth-max-
imum (WTM) of the one-dimensional intensity profile, and the
distance containing 50% or 80% of the total scattering (d50 or d80).
Note, all our measurements were performed under 60 kV. The low
incident beam energy is expected to give a smaller degree of
delocalization for inelastic scattering as compared with measure-
ments/calculations performed under higher incident beam energy
[1,19,23]. In a classical approximation, the d50 value follows a
dependence on incident beam energy as d50 � 0:8lðE0=EÞ3=4 [1,23],
experiment. (A) Two dimensional probe intensity distribution. (B) Intensity profile

, and a measured current of�110 pA.



Fig. 2. ADF-STEM images of an open edge of monolayer graphene used for the measurement of the delocalization of the inelastic cross-section in the low energy loss range.

EELS line scans were collected along the red line as indicated in Figure A. A closer view of the atomic structure of the open edge of monolayer graphene highlighted by the

orange square is shown in B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Typical low loss spectrum from monolayer graphene showing the presence

of p and pþs plasmon peaks at �4.5 and 15 eV, respectively.
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where E is the energy loss, E0 is the incident beam energy and l is
the wavelength for the incident electron beam, which is also a
function of E0.
3. Results and discussions

A typical low loss spectrum from monolayer graphene is
shown in Fig. 3. Two main absorption peaks at �4.5 and 15 eV,
commonly referred as the p and pþs surface plasmons [25], can
be observed. Apart from these two plasmon peaks, no other
distinct strong excitation can be observed in the low loss regime
(o100 eV). The experimental measurement of inelastic scattering
intensity as a function of distance from the edge of the monolayer
graphene along the line scan is shown in Fig. 4. The pixel size in
each of the line scans was calibrated based on the fast Fourier
transform (FFT) of the graphene lattice in the corresponding
survey ADF images. For an energy loss smaller than 50 eV, the
intensity was integrated over a 1 eV energy window; while a 5 eV
energy window was used for an energy loss higher than 50 eV in
order to increase the signal-to-noise ratio. The integrated EELS
intensity was normalized, for comparison purpose, such that the
intensity at the edge position is set as 1, and the noise level was
set to 0. As shown in Fig. 4A, at low energy loss, especially for the
p and pþs plasmon peaks at �4.5 and 15 eV, respectively, the
EELS signal is highly delocalized. The PSF of the inelastic scatter-
ing signals at this energy loss region (o25 eV) has a WHM much
larger than the FWHM of the electron probe, and the tail of the
PSF can extend for more than 10 nm away from the graphene
edge. The WHM of the PSF displays a drastic drop at energy losses
above the pþs plasmon peak, and decreases gradually as the
energy loss increases, approaching the FWHM of the electron
probe at�100 eV. Similar behavior can be observed for the tail of
the PSF.

In order to quantify the delocalization of the EELS signal at
different energy losses, we measure the WHM, WTM, d50 and d80

values of the PSF as a function of energy loss. While the WHM and
d50 measurements are quite robust to the noise level, noise at the
tail of the PSF induces relatively larger error in the measurement
of WTM and d80. Notice at large distance from the graphene edge,
the intensity of the signal follows an exponential decay. We,
therefore, fit the experimental data at the PSF tail (starting from
an intensity of �10% with respect to the maximum) with
exponential decaying functions, and use the fitted data as the
new PSF tail for the measurement of WTM, d50 and d80 values that
are summarized in Fig. 5. Away from the two plasmon peaks, i.e.
at an energy loss higher than 25 eV where no strong characteristic
excitations are present, our experimental results are qualitatively
in agreement with previous theoretical calculations within the
dipole approximation [19,22]. Specifically, the WHM of the PSF in
this energy loss range is only slightly worse than that of the
incident electron probe, and depends weakly on the energy loss.
The delocalization effect in this energy loss range is mainly
reflected on the large tail of the PSF, which broadens at lower
energy loss as shown by the increasing WTM and d80 values. For
EELS imaging, this large tail would result in a decrease in lattice
contrast. However, opposite to the semi-classical model, which
predicts constant FWHM and FWTM at small energy loss
(o25 eV) [19,22], there is a drastic increase in the WHM value
and significant broadening in the tail of the PSF for the two
graphene plasmon peaks at �4.5 and 15 eV. This rapid increase in
delocalization cannot be expected from a simple dependence on
the energy loss alone, and is most likely related to the specific
electronic excitations that contribute to the two plasmon peaks.
We further show in Fig. 6 that the delocalization behavior of the
plasmon at 15 eV is not particularly sensitive to the collection
angle settings for collection angles larger than the convergence
angle, while the degree of delocalization increases slightly for



Fig. 4. Experimental measurement of the inelastic scattering intensity (normalized, along the line scan shown in Fig. 2) as a function of distance from the edge of the

monolayer graphene. In Figure A, the intensity profiles were plotted in linear scale to show the obvious difference in WHM of the point spread function (PSF) at lower

energy loss range. While for Figure B, logarithmic scale was used in order to show the difference in the tails of the PSF. The simultaneous ADF signals and EELS signal at

95 eV in Figure B were only plotted up to 3 nm from the edge, from where the noise level dominates. This data set was collected at 60 kV with 30 mrad convergence semi-

angle and 48 mrad collection semi-angle.

Fig. 5. Width at half maximum (WHM), width at 1/10 maximum (WTM), distance

containing 50% (d50) and 80% (d80) of the total inelastic scattering for the EELS PSF

plotted as a function of energy loss. The data set was collected at 60 kV with a

30 mrad convergence semi-angle and a 48 mrad collection semi-angle.

Fig. 6. WHM, WTM, d50 and d80 values obtained experimentally as a function of

the collection semi-angle for the PSF for an energy loss of 15 eV. The data sets

were collected at 60 kV with a 30 mrad convergence semi-angle.
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collection angles smaller than the convergence angle. This obser-
vation is consistent with quantum mechanical calculations by
Allen et al. [3].

To further illustrate that delocalization of inelastic electron
scattering is electron-excitation mode dependent, we look at the
low-loss response of graphene at�11 eV. As shown in Fig. 7,
the WHM of the PSF at 11 eV energy loss, measured from the
intensity decay at the graphene edge, is about 1.23 nm, which
falls in between those for the two bulk plasmon peaks (i.e. 4.5 and
15 eV) as expected. The increased delocalization is also reflected
in the broadened tail of the PSF at 11 eV as compared with 16 eV
(Fig. 7A). However, at the edge of the graphene layer, there is a
clear increase in scattering intensity at 11 eV due to the presence
of a pronounced electronic excitation mode at the graphene edge.
A 4th order polynomial fitting was used to model the smooth
delay of the 11 eV signal at the graphene edge, as if there were no
edge enhancement. The spatial range for the edge enhancement
can then be obtained by subtracting the raw data for 11 eV with
this polynomial fitting. As shown in Fig. 7B, the FWHM of the edge
enhancement region is estimated to be 5.6 Å. It is commonly
accepted that for EELS imaging, the FWHM of the signal serves as
a good criterion for determining the spatial resolution of the
imaging [1,3,19]. Considering that the WHM of the PSF for 11 eV
energy loss is measured at about 1.23 nm (Fig. 7B), we should not
expect sub-nm resolution EELS imaging at this energy loss
regime. However, the EELS image using the signal at 11 eV
(Fig. 8B) clearly shows sub-nm spatial resolution of the edge
state at the interface of monolayer graphene and vacuum, arising
presumably either from an electronic collective excitation in the
form of a one-dimensional plasmon or a one-dimensional inter-
band transition. Our experimental results clearly indicate that the
spatial resolution of EELS imaging in the low-loss regime is
strongly dependent on the nature of the electronic excitations.
4. Conclusion

As aberration-corrected STEM instruments are readily avail-
able in many research labs, atomic resolution imaging and 2D
core-loss EELS imaging can now be routinely performed. Atomic
resolution EELS imaging at the low-loss energy regime, which
provides information about the electronic structure and optical



Fig. 7. Experimental measurement of inelastic scattering intensity as a function of distance from the edge of the monolayer gaphene along the line scan shown in Fig. 2.

Signal enhancement at the graphene edge can be observed at an energy loss of 11 eV but not for the 16 eV energy loss. Figure B illustrates how the WHM for the PSF and

the FWHM for the edge enhancement region was measured. A polynomial fit (dashed line) was used to model the smooth decay of the 11 eV signal at the graphene edge, as

if there were no edge enhancement. The data set was collected at 60 kV with a 30 mrad convergence semi-angle and a 48 mrad collection semi-angle.

Fig. 8. Two-dimensional EELS imaging with sub-nm resolution of the low-loss response at 11 eV for an interface between monolayer graphene and vacuum. (A) ADF image

collected simultaneously during spectrum imaging acquisition showing the interface between monolayer graphene and vacuum. (B) Spectrum image obtained from the

raw data using the low-loss response of graphene at 11 eV. Signal enhancement at the graphene edge can be clearly mapped out with sub-nm spatial resolution even

though the WHM of the inelastic scattering at this energy loss is about 1.23 nm. (C) RGB reconstructed spectrum image with ADF signal in green and plasmon signal in red.

Scale bars: 0.2 nm. The data was collected at 60 kV with a 30 mrad convergence semi-angle and a 48 mrad collection semi-angle.
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response of the material, seems to be the next thing to expect
from the new generation of aberration corrected STEM. The
question is: Can the low loss inelastic electron scattering be
localized enough to be mapped out with atomic resolution?

Using a clean open edge of monolayer graphene, which
provides a well-defined edge on a perfectly thin sample, we
directly measure the delocalization of inelastic electron scattering
at different energy loss. At energy loss higher than 25 eV where
no strong characteristic excitation is present, the WHM of the PSF
is only slightly worse than that of the incident electron probe, and
depends weakly on the energy loss. The WHM provides a measure
of the visibility of signals above the continuous background; thus
suggesting that atomic resolution EELS imaging could potentially
be achieved in this energy range. The increased delocalization at
lower energy loss is mainly reflected in the broadened tail of the
PSF, which reduces the contrast in the EELS imaging and must be
taken into account for analytical work.

At lower energy losses, our results suggest that the delocaliza-
tion depends not only on the energy loss, but also on the specific
electron excitation modes contributing to the energy loss. For the
two bulk plasmon peaks of graphene at �4.5 and 15 eV, a drastic
increase in the WHM value and significant broadening in the tail
of the PSF were observed. The high degree of delocalization for
the bulk plasmon signals is most likely a result of the delocalized
valence states and empty states that are involved in the plasmon
excitations. In contrast, at the graphene edge, we see an enhance-
ment at�11 eV energy loss that shows a spatial resolution of
�6 Å, even though the WHM of the PSF at this energy range, as
measured from the decay of the signal away from the graphene
edge, is 1.23 nm, twice greater. The sub-nm resolution at 11 eV
thus suggests that the detailed nature of the specific electron
excitation mode contributes to the delocalization effect in the low
loss energy range, and should be included in any theoretical
calculation of the response. The result also suggests that a one-
dimensional collective excitation mode, either a plasmon or an
inter-band transition, is produced at the edge of monolayer
graphene with an excitation energy centered at �11 eV. Finally,
we anticipate that if the initial states and/or final states con-
tributing to the energy loss are atomically localized, 2D atomic
resolution EELS imaging using low loss signals could potentially
be achieved.
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