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Abstract

The ‘delocalization’ of inelastic scattering is an important issue for the ultimate spatial resolution of core-loss

spectroscopy in the electron microscope. This paper investigates the resolution of scanning transmission electron

microscopy images for single, isolated atoms. Images are simulated from first principles using a nonlocal model for

electron core-loss spectroscopy. The role of the width of the probe relative to the delocalization of the underlying

ionization interaction is considered.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, atomic resolution microscopy
has become an essential tool in areas such as
nanotechnology [1] and bioengineering. Its uses
include the investigation of the properties of
materials containing dopants and the character-
ization of biological samples [2]. The scanning
transmission electron microscope (STEM) is able
to provide images at atomic resolution, the more
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so if fitted with a field emission gun (FEG) and a
spherical aberration corrector.

The advent of aberration correctors for STEM
probe forming optics allows third-order spherical
aberration as well as defocus to be varied [3,4].
These aberrations can then be used to offset the
effect of fifth-order spherical aberration in order
to obtain an aberration balanced probe which
approximates an aberration free probe. The
reduction in coherent aberrations allows the
aperture of the probe forming optics to be
increased in size, resulting in a smaller probe [5].
The availability of aberration correctors has led to
a rapid increase in resolution in electron micro-
scopy, as manifested, for example, in the UK
d.
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SuperSTEM and the Department of Energy
transmission electron aberration-corrected micro-
scope (TEAM) projects [6,7]. Aberration corrected
STEMs operating at 100 keV can routinely
produce STEM probes of approximately 1 Å in
size. Small probe sizes have led to successful
detection of single atoms on the surface or within
bulk samples [8,9]. Increasing the energy of
electrons within the probe to 300 keV leads to a
reduced wavelength and the possibility of forming
even finer probes, such as in the VG Microscopes
HB603U STEM at Oak Ridge National Labora-
tory (fitted with a NION aberration corrector). All
calculations in this paper are done assuming
300 keV incident electrons.

Annular dark field (ADF) images are produced
by electrons which have undergone thermal diffuse
scattering (TDS). The intensity of these incoherent
images varies approximately as the square of the
atomic number Z2 and hence is known as Z-
contrast imaging. Strong signals are obtained for
heavier elements whereas lighter elements, such as
O and N, may not be detected in some cases. It
also becomes difficult to distinguish between
elements in the image which have similar atomic
numbers. However, ADF signals are highly
localized at atomic positions, making them ex-
cellent indicators of atomic locations with sub-
Ångström information transfer, as shown by
Nellist and Pennycook [10,11].

Unambiguous identification of the atoms within
an ADF image may be performed by electron
energy loss spectroscopy (EELS). This detects
electrons which have undergone an energy loss
associated with a given inelastic scattering event
and scattered through a range of angles deter-
mined by the detector geometry. To measure a
particular atomic ‘signature’ an energy window is
set about the threshold energy of a specific
ionization event. Unlike ADF, EELS works
well for light elements, where the energy losses
of the scattered electrons are small. Since the
maximum energy loss measurable by an EELS
detector is a few keV, measurements are made for
relatively loosely bound inner-shell electrons,
which means that EELS signals are not as
localized at the atomic positions as corresponding
ADF signals.
Full structural and elemental composition in-
formation of the sample is acquired by correlating
spectroscopic information (an EELS map) with a
local structure measurement (the ADF image).
However, the delocalization of the inner-shell
ionization interaction can make direct correlation
of the EELS signal with the probe position
difficult. One aim of combining EELS data with
ADF images is to investigate crystal structure via
column-by-column spectroscopy [12]. This re-
quires that the EELS signal is essentially localized
to the column in question. As has recently been
shown, the spreading of the probe in the crystal
coupled with the delocalization of the ionization
interaction, leads to EELS signals originating from
neighbouring columns in addition to the column
of interest [13]. Allen et al. have also shown that a
similar ‘cross-talk’ occurs in ADF imaging [14].
Thus a probe used in column-by-column spectro-
scopy must produce sufficiently resolved results in
both the ADF image and EELS spectra if the
technique is to be feasible. It is therefore important
to correctly model both the probe propagation in
the sample and the underlying delocalized ioniza-
tion interaction, in order to elucidate achievable
resolutions in EELS spectroscopy. Simulations
are required for the correct interpretation of
experimental results and for the improvement of
experimental procedures.

This paper discusses the extent to which the
width of the probe and the detector size determines
the resolution of images based on inner-shell
ionization. There has been some robust debate
within the field as to the extent of the delocaliza-
tion of the interaction. Previous quantum mechan-
ical descriptions have predicted both definite
localization [12] and significant delocalization
[15]. The results presented here are closer to those
in Ref. [15]. The calculations in Ref. [12] have an
incorrect modulus sign on F ð1s; 1sÞ in their Eq. (3),
leading to results which are significantly too
localized. The effective inelastic scattering poten-
tial for core-loss spectroscopy is nonlocal as a
consequence of the use of the mixed dynamic form
factor formulation and direct interpretation is
complicated. If the effective scattering potential
can be approximated in a suitable local form, then
it can be represented in real space. The localization
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is then just a measure of the peak widths.
Extensive work, however, has shown the impor-
tance of the nonlocal form of the interaction and
the local, or object function, approximations are
not always adequate [16–19]. However, this form
of scattering potential cannot be as easily visua-
lized. In the case of zone-axis illumination, it is a
function of four variables and not possible to plot
or simply determine localization of the interaction
by measuring the width of the potential. In order
to avoid this difficulty, this paper will use the full-
width at half-maximum (FWHM) of the STEM
EELS images as a measure of the delocalization of
the EELS interaction.

The modelling of single, isolated atoms provides
an environment in which to investigate the spatial
resolution for EELS imaging in STEM in a generic
way, ignoring sample-dependent effects such as
multiple scattering and channelling of the probe,
as we have done previously [9,14,20,21]. In
addition, it has been assumed that there is no
thermal motion of the isolated atom, providing the
optimal measure of the STEM image width,
without the additional smearing due to thermal
motion. However, ignoring these effects, we still
expect to obtain a good qualitative feel for what
one might expect for EELS imaging of a particular
element, irrespective of the local environment in
which it resides. The primary limitation on the
width of single atom features for EELS is the
width of the probe achievable in current machines
[21]. This paper investigates the resolution achiev-
able by aberration free probes, both as a function
of the probe size and delocalization of the EELS
interaction.
2. Theoretical background

2.1. STEM probe formation

In momentum space the wave function of a
coherent STEM probe is simply the transfer
function of the probe forming optics,

TðpÞ ¼ OðpÞ exp½�iwðpÞ�; (1)

where p is a transverse momentum component in
the incident probe and OðpÞ is the probe forming
aperture pupil function. The coherent aberrations
of the probe are characterized by wðpÞ;

wðpÞ ¼ pDf lp2 þ
p
2

Csl
3p4 þ

p
3

C5l
5p6; (2)

where p � jpj and l � 1=k is the wavelength of the
incident electrons, k being the magnitude of the
corresponding wave vector. The aberrations de-
scribed in Eq. (2) are characterized by the defocus
Df (positive for overfocus) and the third and fifth
order spherical aberration coefficients Cs and C5;
respectively. In this paper we will assume that all
aberrations up to fifth order are corrected or
perfectly balanced, i.e. wðpÞ ¼ 0:

The function OðpÞ is a top hat function
describing the allowed range of transverse mo-
mentum transfer,

OðpÞ ¼
1; jpjppmax

0; jpj4pmax
:

(
(3)

Here pmax is the magnitude of the maximum
transverse momentum component admitted by the
aperture. The maximum transverse momentum
transfer is often described in terms of the aperture
semi-angle a; with pmax ¼ ka: Consistent with
common usage, we will refer to aperture dimen-
sions in terms of a in this paper.

For most of the calculations within this paper
we have chosen two standard aberration-free
STEM probes formed by 300 keV incident
electrons, with probe forming apertures of 10
and 20 mrad, respectively. The real space
intensity profiles of these probes are shown
in Fig. 1. The FWHM of the probe with an
aperture of 10 mrad is approximately 1.0 Å and
represents a probe size routinely achievable
in a modern STEM machine fitted with an
aberration corrector. The probe formed using an
aperture of 20 mrad has a FWHM of approxi-
mately 0.5 Å and represents the probable probe
size we can reasonably hope to attain in future
machines.
2.2. STEM images for single atoms

An incoherent STEM image for inelastic
scattering may be calculated in a multislice
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Fig. 1. Aberration free STEM probe intensities for probe

forming apertures of 10 and 20 mrad, normalized to unity in

each case for ease of comparison.
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formulation using [14]

sðRÞ ¼
1

AV

XM

m¼1

X
g;h

C
ðK;R; h; zmÞ

"

�CðK;R; g; zmÞmh;g

#
Dzm: ð4Þ

The mixed dynamic form factor mh;g in this
formulation implies an effective nonlocal interac-
tion in real space and is a generalization of
previous expressions for inelastic scattering de-
rived for plane-wave illumination [19,22]. The
calculation is performed using a supercell of
volume V, with area A and sums over M slices,
each of thickness Dzm: The term CðK;R; g; zmÞ is
the Fourier transform of the wave function in the
crystal

CðK;R; g; zmÞ ¼

Z
A

cðK;R; r?; zmÞ

� expð�2pig  r?Þdr?; ð5Þ

where K is the wave vector of the incident electrons
corrected for refraction and R denotes the probe
position. The position coordinates of the wave
function are expressed in terms of r?; a component
perpendicular to the direction of propagation, and
the depth zm: The momentum space vectors g and
h are those related to the supercell.

The terms mh;g occurring in Eq. (4) are the
inelastic scattering coefficients, which for this
paper, describe the inelastic scattering due to the
EELS ionization potential. The EELS ionization
potential must be calculated explicitly as a func-
tion of two momentum space vectors as [18,19]

mh;g ¼
1

2pkV c

X
n

exp½�Mðh� gÞ�

� exp½2piðh� gÞ  sn�f h;g: ð6Þ

Here V c is the volume of the fundamental unit cell,
Mðh� gÞ is the Debye–Waller factor accounting
for thermal motion of the atoms within the crystal
lattice and sn is the real space vector describing the
position of the atomic species of interest within the
unit cell. The atomic scattering factors for inner-
shell ionization are given by

f h;g ¼
1

2p3a2
0

Z
k0k2

Z X
l;ml

nml

Z
F


l;ml
ðQh;jÞ

"(

�Fl;ml
ðQg;jÞdOk

#
dOk0

jQhj
2jQgj

2

)
dk; ð7Þ

where a0 is the relativistic Bohr radius and k0 is the
magnitude of the wave vector k0 of the scattered
electron. The wave vector of the ejected electron is
denoted by j (magnitude k). The momentum
transferred to the object from the incident electron
is defined by the wave vector q; through hq ¼

hðk� k0Þ: The quantum number l is associated
with orbital angular momentum and the sum over
ml ; the azimuthal quantum number, is required for
initial bound states other than s-orbitals. The
factor nml

takes into account the number of
electrons in each sub-orbital.

The angular integration, dOk0 ¼ sin ydy df;
extends over ranges determined by the geometry
of the detector. For a circular EELS detector
located on the optical axis of the microscope, the y
integration is restricted to the collection semi-angle
b of the detector. The energy window of the
detector, DE; limits the range of the k integration.
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The atomic transition matrix element for a
particular orbital is given by

Fl;ml
ðQh;jÞ ¼

Z
b

ðj; rÞ

� exp½2p iQh  r�u0ðrÞdr: ð8Þ

Here u0ðrÞ and bðj; rÞ are the wave functions of the
(appropriately normalized) bound and continuum
states, respectively. The matrix elements are for a
specific sub-orbital in an atom and are functions of
Qh ¼ qþ h: The integral is calculated in the
angular momentum representation [17,23,24] to
allow the use of realistic atomic wave functions.
Unlike previous expressions for the matrix element
[25] based on a hydrogenic model, there is no
limitation to K-shell ionization. The bound states
are Hartree–Fock wave functions with relativistic
corrections calculated using Cowan’s program
RCN [26] and the continuum states are described
by Hartree–Slater wave functions [17,27]. To
simulate the STEM EELS image of an isolated
atom, we have constructed a unit cell with
dimension 10 Å by 10 Å and a thickness of 2 Å,
the approximate diameter of an atom [28],
with a single atom sitting at the origin. The unit
cell was tiled in the direction perpendicular to
propagation (in the plane defined by r?) to
produce an 8 � 8 supercell distributed over 512 �

512 pixels. Thermal motion has been ignored
effectively giving mh;g ¼ f h;g=2pkV c: In addition,
for a single atom, K ’ k so the cross-section,
calculated using a single slice of thickness Dz; is
given by

sðRÞ ¼
1

2pkV cVA

X
g;h

C
ðK;R; h; zÞ

"

�CðK;R; g; zÞf h;g

#
Dz; ð9Þ

where V c is the volume of the unit cell. The
calculation of the atomic scattering factors
is computationally intensive and typical
calculation times for the results presented in
this paper took between 19 and 34 h on an
Intel XEON, 2.00 GHz machine for each atomic
orbital.
3. Single atom STEM EELS imaging

Simulated STEM images were made for single,
isolated atoms using an incident probe energy of
300 keV, assuming an aberration free probe. The
EELS detector has a collection semi-angle b ¼

20 mrad and an energy window DE ¼ 40 eV above
the threshold energy for ionization. In order to
quantify the resolution obtainable with the simu-
lated probe, the FWHM of the STEM images were
calculated.

Typical images are shown in Fig. 2(a) for K-
shell ionization of carbon, magnesium and calcium
where a probe forming aperture a ¼ 20 mrad has
been used. Results are normalized to a common
maximum value of unity for ease of comparison.
As expected, the FWHM decreases with increasing
atomic number Z as the K-shell electrons become
more tightly bound. As found by Kohl and Rose
[15], volcano-like structures occur in inelastic
single atom STEM images, especially for large
probe forming apertures and small detector
collection angles. As a increases, the probe size
in real space becomes correspondingly smaller.
When a probe is tightly focused on the atomic site,
electrons tend to be scattered through large angles
and hence may not be collected by the detector,
leading to a deficit in the image at the atomic site.
Decreasing a or increasing the detector collection
angle b results in these structures disappearing.
The development of a ‘volcano’ as a function of
increasing a is illustrated in Fig. 2(b). For a ¼

15 mrad the STEM image is sharply peaked. As a
is increased to 20 mrad the top of the image
flattens out, leading to a small increase in the
FWHM. By the time a ¼ 30 mrad the volcano-like
structure is well defined and the FWHM is
reduced.

The variation of the FWHM of STEM EELS
images as a function of atomic number is shown in
Fig. 3(a) for K-shell ionization using apertures of
a ¼ 10 mrad (filled circles) and a ¼ 20 mrad (filled
triangles). Results are plotted for atomic numbers
between Z ¼ 6 (carbon) and Z ¼ 20 (calcium).
The reduction of the FWHM as a function of Z,
expected due to the tighter binding of the K-shell
electrons of heavier atoms, is obvious for both
aperture sizes. In addition there is a substantial
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Fig. 3. FWHM of STEM core-loss images plotted as a function

of atomic number for (a) K-shell ionization and (b) L-shell

ionization. Results are shown for a ¼ 10 mrad (filled circles)

and a ¼ 20 mrad (filled triangles). An EELS detector with

collection semi-angle b ¼ 20 mrad and energy window of DE ¼

40 eV is assumed. Where possible, FWHM inferred from Ref.

[15] are included for comparison (filled squares).

Fig. 2. (a) STEM images for the elements carbon, magnesium

and calcium. The probe forming aperture is 20 mrad with an

EELS detector collection semi-angle of 20 mrad and an energy

window of 40 eV. (b) STEM images for the K-shell ionization of

carbon showing the appearance of a ‘volcano’ for the larger

probe forming aperture with an EELS detector semi-angle of

20 mrad.
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reduction in the FWHM of the STEM images for
the STEM probe formed with the 20 mrad
aperture. In the most extreme case investigated,
calcium, there is a 60% decrease in the FWHM by
using the larger aperture of 20 mrad. This com-
pares to a reduction of only 10% for carbon. The
smaller reduction for the carbon STEM image will
be discussed at a later point.
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Fig. 4. Variation of the FWHM of STEM images with probe

forming aperture and EELS detector semi-angle for the K-shell

ionization of: (a) carbon, and (b) calcium.
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The variation of the FWHM of L-shell STEM
images with atomic number is shown in Fig. 3(b).
L-shell STEM images were simulated for the
elements silicon (Z ¼ 14) to ruthenium (Z ¼ 44).
Again, the FWHM decreases with increasing
atomic number and the resolution of the images
is dependent upon probe size. Further, the FWHM
can once again be reduced by as much as 60% (for
ruthenium) by using the 20 mrad aperture.

While the FWHM of the L-shell images formed
using a ¼ 10 mrad reduces smoothly with increas-
ing Z, this is not the case when the probe forming
aperture is 20 mrad. In particular, for chromium
(Z ¼ 24) and copper (Z ¼ 29) the FWHM is
larger than that of the elements either side in the
atomic series. This is due to irregularities in the
filling of the 4s and 3d states, which are similar in
energy [28]. This affects the corresponding transi-
tion matrix elements in Eq. (8).

It should be noted that although the Si K-edge
appears to give a higher resolution image than the
L-edge, the lower signal levels in the K-edge may
mean the image has an overall lower resolvability.

The FWHM of a STEM EELS image is
dependent not only on the probe size, but also
on the size of the EELS detector, the dependence
of f h;g on collection angle being explicit in Eq. (7).
To investigate this dependence, the FWHM for
carbon and calcium K-shell ionization has been
plotted as a function of both the probe forming
aperture size and the detector collection angle in
Figs. 4(a) and (b), respectively. Two interesting
features can be seen in the carbon FWHM plot
shown in Fig. 4(a). The first is the diagonal ridge
highlighted by the thick black line. This ridge
represents the point at which volcano-like struc-
tures form in the STEM images. These structures
occur on the large a side of the ridge. As b
increases in size, electrons scattered through larger
angles are detected. This leads to a more ‘localized’
interaction and we expect a correspondingly
reduced FWHM for the STEM image. For small
values of a this effect is clear. In the case of the
carbon K-shell this is somewhat distorted by the
volcano-formation ridge. However for a ¼

40 mrad; all images have volcano-like structure,
and there is a small but obvious increase in the
FWHM with increasing collection angle. We
believe that this is due to the fact that small
collector angles lead to an interaction where the
‘nonlocal nature’ is enhanced [20], especially for
weakly bound orbitals, and resulting in a reduc-
tion of the FWHM. This phenomenon requires
greater investigation and is beyond the scope of
this paper.
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The results for the FWHM of calcium K-shell
STEM images, shown in Fig. 4(b) has a ‘volcano
ridge’ that is very much smaller than that
occurring in the plot for the carbon K-shell. In
addition, for the more tightly bound K-shell
electrons in calcium, the increase in the FWHM
with increasing b for large a is not evident.

Similar plots are shown for the silicon and
ruthenium L-shells in Figs. 5(a) and (b), respec-
Fig. 5. Variation of the FWHM of STEM images with probe

forming aperture and EELS detector semi-angle for the L-shell

ionization of: (a) silicon, and (b) ruthenium.
tively. No volcano-like structures are present in the
silicon L-shell images and the apparent ridge on
Fig. 5(a) is an optical illusion. Volcano-like
structures do occur in the ruthenium images, but
only at the upper limit of the probe forming
aperture sizes plotted here. For both silicon and
ruthenium, and all detector sizes, the FWHM
reduces monatonically with increasing a: However,
for the more weakly bound silicon L-shell, the
FWHM increases with increasing b for a ¼

40 mrad; we surmise for similar reasons to the
carbon K-shell results in Fig. 4(a) above. The
ruthenium results do not exhibit this behaviour.
4. Resolvability

Consider the case of the silicon dumbells as seen
under h1 1 0i zone axis conditions. The atomic
columns in this case are separated by 1.36 Å.
Shown in Fig. 6 are the STEM core-loss images
that would result from two silicon atoms separated
by this distance for a ¼ 20 mrad and the para-
meters used in Fig. 3. The images of individual
atoms are shown by the dotted lines and the sum
of these images shown by the solid line. Fig. 6(a)
shows the silicon K-shell images. The individual
images have a FWHM of 0.98 Å. When separated
by 1.36 Å the images merge and the minimum
value between the peaks is approximately 50% of
the maximum value. Such a difference should
allow the resolution of the individual Si atoms.
For the L-shell images shown in Fig. 6(b)
(FWHM¼ 1.24 Å) the minimum value of the
intensity between the atoms is approximately
80% of the maximum. This could make the
resolution of individual atoms difficult. So the
FWHM values in this paper can be considered to
provide an estimated lower bound on the separa-
tion between atoms if they are to be resolved using
core-loss imaging. Clearly, for the results shown in
Fig. 3, the use of a 10 mrad probe forming
aperture would lead to the individual atoms being
merged into a single signal. It should be noted that
these estimates are based on the resolution of the
STEM images for single atoms and do not take
into account the effects of channelling that would
occur in a silicon crystal.
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Fig. 6. Resolution of silicon dumbells for 300 keV incident

electrons and a probe forming aperture of a ¼ 20 mrad: The

EELS detector has a semi-collection angle b ¼ 20 mrad and an

energy window DE ¼ 40 eV above threshold. (a) Silicon K-

shell, and (b) Silicon L-shell.
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5. Conclusion

This paper investigated the resolution of STEM
imaging, based on core-loss spectroscopy. The
‘delocalization’ of inelastic scattering is seen to be
a crucial issue for the ultimate spatial resolution of
core-loss spectroscopy in the electron microscope.
Images for single atoms were simulated from first
principles using a nonlocal model for electron
core-loss spectroscopy. The role of the width of the
probe, relative to the delocalization of the under-
lying ionization interaction has been elucidated.
The results indicate that, with future advances in
electron microscopy, column-by-column spectro-
scopy of crystal samples using core-loss spectro-
scopy will be a feasible procedure.
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