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Scanning transmission electron micro-
scopy (STEM) and the highly accessible
scanning electron microscopy (SEM),

in effect, share a similar imaging mechan-
ism, using a focused electron beam to raster
scan and to collect the scattered or emitted
electrons for subsequent analyses.1 Whereas
SEM imaging often deals with electrons
onset at the sample surface, STEM involves
transmitted electrons through a thin speci-
men.1 In principle, the transmitted electrons
can be either unscattered, elastically scat-
tered, or inelastically scattered.1 In the pio-
neering STEM work by Crewe et al., images
formed by the quasi-elastic phonon-scat-
tered electrons beyond Bragg diffraction
angles displayed a robust, atomic-number
(Z) sensitive contrast, achieving an intuitive
differentiation of light atoms from heavy
ones and low-mass density objects from
high-mass-density objects.1,2 This straight-
forward interpretation of the images was a
major breakthrough in electron microscopy
andwas largely ascribed to the donut-shaped
annular electron detector that was exploited,
which yielded incoherent imaging that was
free from the subtle contrast interfer-
ences inherent in conventional coherent

imaging.1�3 The spatial resolution of STEM
is readily determined by the electron probe
size, and a resolution of 3�5 Å has accord-
ingly been established at accelerating vol-
tages of 40 keV and below.1�3

Intriguingly, the use of an annular imag-
ing detector opens the pathway for the
inelastic, energy loss electrons in the for-
ward-scattering direction to be simulta-
neously acquired.1,3 The opportunity for
spectroscopic characterization at a pin-
pointed position on the sample was thus
raised and, indeed, demonstrated in the
early developments of STEM and electron
energy loss spectroscopy (EELS) through
spatially resolved electronic excitation using
a few angstrom electron beam.1,4 Based on
these proof-of-concept experiments in the
Z-contrast imaging and spatially resolved
spectroscopic study,1�4 the next outstanding
challenges have been how to improve STEM
resolution to the truly atomic level of 1 Å
and whether the chemical and electronic
characteristics of individual atomic features
can be spatially resolved.5�10

Previous efforts to increase the accelerat-
ingvoltageup to100�200keV, so as to reduce
the electron wavelength, have contributed
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ABSTRACT With innovative modern material-growth methods, a broad spectrum of

fascinating materials with reduced dimensions;ranging from single-atom catalysts, nano-

plasmonic and nanophotonic materials to two-dimensional heterostructural interfaces;is con-

tinually emerging and extending the new frontiers of materials research. A persistent central

challenge in this grand scientific context has been the detailed characterization of the

individual objects in these materials with the highest spatial resolution, a problem prompting

the need for experimental techniques that integrate both microscopic and spectroscopic

capabilities. To date, several representative microscopy�spectroscopy combinations have

become available, such as scanning tunneling microscopy, tip-enhanced scanning optical

microscopy, atom probe tomography, scanning transmission X-ray microscopy, and scanning transmission electron microscopy (STEM). Among these tools,

STEM boasts unique chemical and electronic sensitivity at unparalleled resolution. In this Perspective, we elucidate the advances in STEM and chemical

mapping applications at the atomic scale by energy-dispersive X-ray spectroscopy and electron energy loss spectroscopy with a focus on the ultimate

challenge of chemical quantification with atomic accuracy.
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to the resolution improvement in
STEM.5�7 However, the inherent
spherical aberration (Cs) of the elec-
tromagnetic lens therein limits the
spatial resolution to ∼2 Å along
with a probe current at the scale of
∼10 pA.5�12 The ∼2 Å resolution is
not adequate for imaging a single
atomic object without ambiguity,
and the rather weak probe current
(∼10 pA) would generate a noisy
spectrum for the given atomic fea-
ture unless long acquisition times
were applied at the cost of elabo-
rate compensations for the speci-
men drift.7,12 The Cs must be
corrected.5�7

Spherical Abberation-Corrected STEM.
Theoretical guidelines for Cs correc-
tions were proposed decades ago.5

Nevertheless, the Cs-corrected, ang-
strom-scale STEMdid not turn into a
commercial reality until the early
21st century when the correspond-
ing instrumentation bottlenecks of
high-precision mechanical machin-
ing, high-stability electronics, and
precise real-time computer tuning
of the fine electron optics were
overcome.6,7 Nowadays, STEM with
1 Å resolution or better is routine,
and the Cs correction enhances the
probe current by several orders of
magnitude (for instance, ∼100 pA)
due to a corresponding increase
in the numerical optical aperture
with vanishing or balanced aberra-
tions.13�17 This enhanced probe
current gives rise to an elevated
spectral signal-to-noise ratio and
also reduces the acquisition time
for a given spectrumwith improved
statistics, both of which are helpful
in realizing the ultimate goal of
spectroscopic investigations at ulti-
mate atomic scale.10,12�17

Take, for example, spectroscopic
characterizations of a few-nanometer-
by-few-nanometer two-dimensional
(2D) area using STEM in conjunction
with EELS (STEM-EELS hereinafter):
the spatially resolved acquisition of
EELS spectra throughout the desig-
nated region with sufficient spectral
statistics would take, at least, tens of
minuteswithout the enhancedprobe
currentby theCscorrection,12whereas

it would take minutes at most with
the correction.15�17 Through this
notably reduced time scale as a
result of the Cs correction, the 2D
spectroscopic investigations can be
more manageable technically. A
profound achievement at atomic
resolution, however, requires the
satisfaction of two further para-
meters: an optimized instrument
stability and an incoherent spec-
trum collection condition like the
Z-contrast imaging.13�19

Instrument Stability. At 1 Å resolu-
tion, it has been broadly recognized
that STEM can be more sensitive to
the remnantmechanical, electronic,
andenvironmental instabilities thana
conventional uncorrected instru-
ment.13,14 The collective effect of
these instability factors is most ob-
viously reflected on a noticeable
specimen drift, and an associated
drift rate of ∼5 Å per minute has
been indicated.13 Under the influ-
ence of such a drift rate, the acquisi-
tion of the above STEM-EELS at high
spatial resolution would be difficult
andevenmarginaluponextensivedrift
corrections, which otherwise multiply
the overall acquisition time and in-
creasetheprobabilityofbeamdamage
due to dumping the strong probe
current into a finite sample region
for a longer period of time.12,13,17

Nevertheless, the significance
of stability has usually been

underestimated in practice,12,13 help-
ing to explain why there are only a
small number of active research
groups in spectroscopic work at
the atomic scale but many existing
STEM facilities worldwide.14 Our
daily in-house experience precisely
analyzing the floor vibration spec-
tra, capturing the center of gravity
of the instrument, correcting the
mechanical instability to a wide
range of the vibration spectrum,
tuning the laboratory temperature/
humidity stability and homogene-
ity, minimizing the acoustic noise
and net air flow, improving the
cleanness of the electrical source,
constructing an independent elec-
trical grounding system, and enhanc-
ing the stability of specimen holders
all contribute to the achievement
of a remarkably low drift rate of
around 1 Å per minute (Figure 1),
which is an improvement by a factor
of 5 compared to the typical case of
∼5 Åperminute. Figure 1 shows the
Z-contrast or so-called high-angle
annular dark-field (HAADF) image
of Si along the [110] projection with
1 min acquisition time, revealing not
only the classic dumbbell structure
with a Si�Si spacing of 1.36 Å but
also the notably low drift rate of
∼1 Å per minute despite residual
low-frequency noise. The fast
Fourier transform of Figure 1 exhi-
bits an optimally transferred spatial

Figure 1. High-angle annular dark-field (HAADF) image of Si along the [110] projec-
tion with 1 min of acquisition time. The signature Si�Si dumbbell structure with a
corresponding spacing of 1.36 Å is visibly resolved despite certain residual low-
frequency noises, and a notably lowdrift rate of∼1Åperminute canbe estimated.
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frequency (comparable to the char-
acteristic spatial resolution) at 1.11
Å, otherwise 0.96 Å for shorter ac-
quisitions at elapsed times of tens of
seconds. The closeness of both va-
lues is also a manifestation of STEM
stability, and our in-house solutions,
described above, could be useful for
researchers seeking to improve the
stability of their facilities.

The incoherent spectrum collec-
tion, which is the other essential
ingredient for spectroscopic inves-
tigations at the atomic scale, is elu-
cidated below in the context of two
important STEM spectroscopic ap-
plications, chemical imaging using
energy-dispersive X-ray spectros-
copy (EDX; STEM-EDX hereinafter)
and EELS at atomic resolution.13�20

We also address the opportunity for
quantitative evaluation of chemi-
cal information in these maps, a
critical, while largely unsettled,
problem in current advances of
chemical mapping by STEM-EDX
and STEM-EELS.10,14,17

Atomic-Scale Chemical Mapping by
STEM-EDX. In the incoherent imaging
regime, such asHAADF imaging, the
interference effect is negligible and
the acquired optical intensity at a
given location only consists of the
structural contribution.1�3,21 The es-
tablishment of an incoherent spec-
tral imaging condition in STEMwould
principally give rise to a one-to-one
correspondence between the atomic
feature impinged by the electron
probe and the spectral signal mea-
sured therein,18�20,22 a characteristic
that is central for chemical mapping
at atomic resolution.

Concerning EDX, the physics
of fluorescent X-ray emission in
electron�matter interactions are ad-
dressed by filling the core holes in
associated inelastic scattering ki-
netics over the whole of reciprocal
space.18�20 Explicitly, the physical
process is similar to the emission
of X-rays from a large virtual light
source.18�20 The larger the light
source, the more incoherent it will
be optically,3,21 leading to the in-
triguing phenomenon of intrinsi-
cally incoherent X-ray emission.18�20

The X-ray detection is also incoherent
considering the optical reciprocity
theorem, which states that revers-
ing the ray direction does not
change the ray path and a ray
source (detector) can readily be a
ray detector (source).3,21 The EDX
probing by itself is, therefore, opti-
mal for spectroscopic imaging at
atomic resolution.19,23,24

In effect, the practice of resolv-
ing the chemical identity at the
atomic scale by EDX arose much
earlier, prior to the appearance of
1 Å STEM and commenced from
TEM by elegantly borrowing the
conventional wisdom of dynamical
two-beam diffraction.23,24 In crys-
tals, the establishment of a desig-
nated dynamical diffraction con-
dition in reciprocal space exploiting
TEM can focus the characteristic
incident parallel wavefront when
propagating along the depth of
the materials with the wave func-
tion maxima closely following the
projected atomic columns; that
is, electrons channel through the
atomic columns.23,24 The generic
excitations of fluorescent X-rays
along the channeling paths of the
incident electrons should readily
mediate EDX probing at atomic-
column selectivity, but it is limited
in reality due to the subtlety in for-
mulating precise dynamical dif-
fraction.23,24 There has, therefore,
been a continuous quest for direct
EDX probing in real space, and
STEM becomes indispensable for
that purpose.19

Indeed, the above electron
channeling in crystals is universal
to both TEM and STEM due to the
same dynamical scattering physics
involved, and it accounts for the
HAADF image in Figure 1 formed
by phonon scattering at large angles
along the channeling path.18,19,21 If
dechanneling to nearby atomic col-
umns can be carefully minimized
using crystals with a small thickness
along the incident direction (below
∼30�40 nm, empirically), the inten-
sity of the emitted X-rays at the probe
position should carry the local chemi-
cal information therein.18,19 On the

basis of this local-probing formula-
tion, the first STEM-EDX chemical
map at angstrom-scale resolution
has been achieved in InGaAs
(Figure 2; thickness, ∼29 nm; probe
size,∼1.0 Å; probe current,∼33 pA),
manifesting a direct correspon-
dence between the mapped chem-
ical elements (In, Ga, and As;
Figure 2A) and observed dumbbell
structural features (open circles;
also inset, Figure 2B; InGa�As spac-
ing, ∼1.47 Å).18 Figure 2B shows
the integrated spectrum over the
investigated region in Figure 2A
and also In-L, Ga-K, and As-K lines
(color rectangles) used for integrat-
ing the respective spectral intensi-
ties for the mapping.

In addition to the instrument
stability and incoherent spectral
imaging mentioned, the achieve-
ment of STEM-EDX mapping at
∼1.47 Å resolution (Figure 2A) has
been assisted by the modern Si drift
detector (SDD) with enhanced col-
lection efficiency at a correspond-
ing solid angle of∼0.13 sr.18 Indeed,
this collection angle is typical for
commercially available EDX and
corresponds to ∼1% of the emitted
X-rays over the full solid angle of
4π.18,19With this typical, while finite,
solid angle, the conventional Si(Li)
EDX detector with compromised
collection statistics would be mar-
ginal for chemical mapping at ang-
strom-scale resolution (Figure 2A)
due to the required longer acquisi-
tion time at the expense of stability
and beam damage concerns.19 A
general strategy toward furthering
the frontiers of STEM-EDX has,
therefore, been a profound increase
in the SDD solid angle.14,25 Notably,
a SDD collection angle of∼0.80 sr is
now available and mediates the
significant breakthrough of single-
atom detections by EDX,25 pushing
the chemical resolving power of
STEM-EDX to the single-atom limit
just 2 years after the emergence of
the technique.18,20

The unique capabilities of STEM
chemical mapping in unveiling
chemical elements with atomic
resolution have attracted broad
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attention.13,14 It should be noted,
however, that the spectral intensity
acquired at a local atomic column
is of not only elemental but also
stoichiometric essence considering
that one atom gives rise to one
spectral count in the corresponding
STEM local-probing scheme.13�21

Therefore, opportunities should ex-
ist for quantifying chemical maps
with atomic accuracy, such as deriv-
ing the local stoichiometry of the
InGaAs columns in Figure 2A from
theelement-specificchemical contrast.

Spurious X-rays pertinently take
place in STEM-EDX due to scattering
of the stray incident electrons and
high-energy secondary or back-
scattered electrons.18,26 Whereas
the atomic resolution of STEM-EDX
maps is not necessarily compro-
mised by the spurious X-rays in
accordance with our example in
Figure 2A,18 the radiation does im-
pose other uncertainties in the

quantitative information, thereby
fundamentally hindering the scope
of chemical quantification that can
be achieved with atomic accuracy.
Exploiting a STEM probe current
above ∼50 pA and/or a SDD collec-
tion solid angle far beyond typical
∼0.13 sr could result in increased
contributions from spurious X-rays,
which could even frustrate the
atomic resolving power of the
STEM-EDX map, although it has
not been explicitly documented in

the past.18 Opportunities for chemi-
cal evaluation with atomic accuracy
should be sought with another so-
lution in mind, such as chemical
mapping at the atomic scale with
STEM-EELS.14,17

Atomic-Scale Chemical Mapping by
STEM-EELS. In EELS, one collects the
forward-scattering inelastic elec-
trons, which penetrate through thin
specimens and fall on the spectrom-
eter in the far field, analogous to
optics. The fluorescent X-rays, char-
acteristic or spurious, with their
spectral onsets and collections both
centered at the sample-object plane
(near-field, comparatively) are read-
ily discarded in STEM-EELS. The chem-
ical quantification at atomic accu-
racy, cumbersome in STEM-EDX,
could be an opportunity with STEM-
EELS if atomic resolution is achieved
in mapping with assistance from
incoherent spectral imaging and,
more importantly, reduced elec-
tronic delocalization.12�19

Unlike STEM-EDX, which is in-
herently incoherent, the spectro-
scopic imaging of STEM-EELS can
be either incoherent or coherent,
depending on the EELS collection
angles.13,15,17,18,22 In STEM-EELS, in-
elastic electrons are scattered at
finite angles (θE, to be expounded
shortly) from the unscattered and
Bragg-scattered diffraction spots,
and the exploitation of small EELS
collection angles is equivalent to
spatially sampling the inelastically
scattered electrons in close vicinity
to the elastically scattered electrons,
potentially preserving the diffraction
contrast of the materials into the
spectral intensities acquired.12,22

The EELS spectrum acquired at a
precise probe position can involve
electronic contributions elsewhere,
similar to coherent imaging in TEM
and losing the spatially resolved
power designated for STEM-
EELS.12,13,18,19,22 The establishment
of incoherent STEM-EELS imaging
can otherwise be realized by a large
collection angle (β) compared to
the probe convergence angle (R),
considering the reversibility of
the source and detector in the

The unique capabilities

of STEM chemical

mapping in unveiling

chemical elements with

atomic resolution have

attracted broad

attention.

Figure 2. (A) Scanning transmission electronmicroscopy, energy-dispersive X-ray
spectroscopy (STEM-EDX) chemical mapping of In (blue), Ga (green), and As
(orange) in InGaAs along the [110] projection. The In�Ga�As overlay is also
shown. Open white circles denote the respective InGa and As atomic columns
derived from the corresponding high-angle annular dark-field (HAADF) image in
the inset of (B) with a characteristic dumbbell spacing (InGa�As) of ∼1.47 Å. (B)
Integrated EDX spectrum over the investigated area in (A). The color rectangles
signify the spectral lines used for deriving the mapping results in (A). Reprinted
with permission from ref 18. Copyright 2010 American Physical Society.
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reciprocity theorem that corroborates
the fundamental principle of atom-
ically resolved STEM-EDX.13,15,17�20

Also due to the characteristic
long-range Coulomb interactions
between the incident electrons
and electronic excitations, each in-
elastic scattering peak recorded in
EELS is characterized by an elec-
tronic delocalization length, primar-
ily scaled by 0.5λ/θE

3/4, with λ
signifying the electron wavelength
and θE denoting the characteristic
inelastic scattering angle (ΔE/2E0;
ΔE, energy loss; E0, incident electron
energy).12,21,27 For example, with
EELS spectral onsets at 40 and
400 eV and an incident-beam energy
of200keV, theelectronicdelocalization

lengths are estimated to be ∼12.55
and∼2.23 Å, respectively. From this
notable difference in length scales,
the atomic-scale chemical mapping
by STEM-EELS should incorporate
deep ionization edges in addition
to the incoherent condition of
β > R.12,13 Otherwise, one would
obtain nonlocal mapping, signified
by the location of an atomic column
at onepositionand the corresponding
chemical contrast at another.19,28,29

Figure 3A represents an example
of carefully acquired STEM-EELS
chemical maps using a probe size
of∼1.2 Å, probe current of∼120 pA,
R of ∼20 mrad, β of ∼30 mrad, and
properly selected ionization ener-
gies of Nd-N2,3 (∼223 eV), Sr-M3

(∼271 eV), Ti-L2 (∼466 eV), and
Mn-L3 (∼642eV) appropriate for resolv-
ing the atomic-column-to-atomic-
column spacing of ∼4 Å in the
corresponding perovskite-ABO3 struc-
tures (Nd0.35Sr0.65MnO3, NSMO;
SrTiO3, STO).

17 The material system
in Figure 3A is an oxide NSMO/STO
heterojunction, and the oxide inter-
face is indicated by the white line.
The chemical contrast observed for
the Nd and Sr (Ti and Mn) at the
designated perovskite A (B) sites
demonstrates the atomically re-
solved character of these maps, as
in the former STEM-EDX case of
Figure 2A.17,18 It is now essential
to examine whether the ultimate
scope of chemical quantification at

Figure 3. (A) Scanning transmission electronmicroscopy, electron energy loss spectroscopy (STEM-EELS) chemicalmaps, and
high-angle annular dark-field (HAADF) image of the NSMO/STO heterostructure. The white line is the interface, and the open
white circles are the perovskite A and B sites. The Sr�Ti�Mnoverlay is shown in the bottom-right panel. (B) Atomic-plane-by-
atomic-plane integrations over (A) and the other four sets of maps, signifying the element-specific chemical profiles across
the interface (solid lines). The vertical dashed gray lines are the unit-cell boundaries (for convenience, 4 Å). The grayGaussians
are fits to derive the respective Sr and Ti atomic positions, and the red and green crosses are the Gaussian-fitted results.
Vertical bars show estimated statistical errors of, at most, 10%. (C) A- (black) and B-site (gray) sums of the corresponding
chemical profiles in (B). Reprinted with permission from ref 17. Copyright 2013 American Physical Society.
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atomic accuracy can be tackled in
the STEM-EELS maps.

The first step toward the ulti-
mate goal should be a systematic
evaluation of the maps. We inte-
grated the chemical contrasts of
the respective maps in Figure 3A
along the interface together with
the contrasts of the other four sets
of maps acquired at different areas
of the specimen (mapping sizes si-
milar to that in Figure 3A), giving
rise to Figure 3B.17 Figure 3B then
shows an averaging, systematic re-
presentation, and the correspond-
ing Nd, Sr, Ti, and Mn profiles can
represent the characteristic chemi-
cal features across the NSMO/STO
interface. Figure 3C further shows
the sums of the respective A-site
(black curve) and B-site (gray curve)
chemical profiles in Figure 3B.
Remarkably, the peaks of the
A- and B-site curves are systemati-
cally close to unity, that is, the char-
acteristic site-specific stoichiometry
in ABO3 perovskites. This rigorous
satisfaction of unity is a strong in-
dication of the quantitative sig-
nificance of the STEM-EELS maps
(Figure 3A) at atomic accuracy;17

STEM-EELS characterization at this
precision has been a target of such
studies.14 Accordingly, each chemi-
cal profile peak in Figure 3B can be
considered to be a measure of the
local stoichiometry, and the ob-
served Sr fraction of ∼0.65 at
∼10 Å from the interface in NSMO
and beyond agrees with the nom-
inal Sr composition of ∼0.65 in
NSMO (Nd0.35Sr0.65MnO3).

17 The ap-
pearance of substantial Nd and Mn
(Sr and Ti) in STO (NSMO, Figure 3B)
at the interfacial unit cell is a man-
ifestation of interdiffusion, and the
associated diffusion lengths can be
straightforwardly derived from the
profiles asNd∼6Å, Sr∼6Å,Mn∼4Å,
and Ti ∼ 20 Å.17 With the atomi-
cally precise quantification shown
in Figure 3B, the unit-cell-by-unit-
cell compositional, charge charac-
teristics across the NSMO/STO inter-
face also become scalable, leading
to our exploration of insulating
2D electron density at the oxide

interface.17 In classical electrostatics,
an insulating interface does not dis-
play any residual electron density,
whereas the quantitative STEM-
EELS at atomic accuracy (Figure 3)
reveals an inverse problem.17

Through the STEM-EELS exam-
ples in Figure 3, the significance of
chemical mapping and quantifica-
tion with atomic accuracy can be
understood not only for its practical
aspects (for instance, the unit-cell-
by-unit-cell stoichiometric charac-
terization, unmatched by any other
technique), but also for fundamen-
tal impacts (e.g., the atomic-scale
unraveling of exotic electronic phe-
nomena at buried interfaces).17,30

Whereas STEM-EELS chemical
mapping at atomic resolution (e.g.,
Figure 3A) is now a broadly ac-
cepted method,13 further chemical
quantificationwith atomic precision
is only in its infancy and has pro-
found potential, deserving of further
exploration.14,17

For chemical mapping at the
atomic scale, STEM-EDX is advanta-
geous compared to STEM-EELSwhen
deep ionization, above 2 keV, is
to be addressed.17,18 In contrast,
STEM-EELS is unparalleled regard-
ing chemical quantification with
atomic accuracy considering the
non-negligible spurious X-rays in
STEM-EDX.17,18

PROSPECTS AND FUTURE
CHALLENGES

With the advent of Cs-corrected
STEM and continuing develop-
ments in STEM-EDX and STEM-EELS,
seeing the locations of atoms and
knowing their chemical and elec-
tronic features are no longer chal-
lenging tasks in crystalline materials
(e.g., Figures 2 and 3), and these
features are also accessible in the
limiting cases of single-atom
detection.25,31 Chemical mapping
using STEM-EDX and STEM-EELS
with atomic resolution now can be
generally demonstrated,32,33 and a
systematic approach toward chem-
ical quantification with atomic
accuracy has also been proposed
(Figure 3).17 Some future challenges

in STEM spectroscopic probing are
given below, although this is not
meant to be a comprehensive list.

The endeavor toward chemical
mapping and quantification at the
atomic scale has centered on the
electronic characterization of hea-
vier elements using Cs-corrected
STEMs generally designed for ac-
celerating voltages of 100�200
keV10,12�20,29,32,33 because these
elements survive the high-energy
beam irradiation. The emergence
of new, atomically thin and/or
light-element materials such as sin-
gle-wall carbon nanotubes and gra-
phene prompts the need for STEM
at lower accelerating voltages in or-
der tominimize beamdamage.25,31,34

Recently, atomically resolved STEM
investigations at the reduced beam
energy of 60 keV were indeed
achieved.25,31,34 Despite this break-
through, the accompanying explora-
tion of the electronic dimensions
of the materials reside on the con-
ventional core-level spectral regime,
limited by the available EELS energy
resolution at the sub-electronvolt
scale.31 An intriguing challenge
would be improving the energy re-
solution to millielectronvolt levels
without compromising atomic resolu-
tion, potentially expanding the spec-
troscopic dimensions of atomically

With the advent of

Cs-corrected STEM

and continuing

developments in

STEM-EDX and

STEM-EELS, seeing the

locations of atoms and

knowing their chemical

and electronic features

are no longer

challenging tasks in

crystalline materials.
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resolved STEM to the far-infrared
regime where a plethora of timely
materials problems remain to be
disentangled, such as single-atom
catalysis and underlying molecu-
lar and phonon spectral charac-
teristics.35,36

Moreover, the current advances
of STEM-EELS characterizations pri-
marily focus on real-space cor-
relations between the chemical/
charged and structural features
(i.e., mapping). A complete descrip-
tion of the properties of materials,
however, requires the consideration
of the spin (magnetic moment) and
orbital (shape of electron cloud)
degrees of freedom in addition to
the classical charge and lattice
signatures.37,38 The production of
vortex electron beams, analogous
to circularly polarized X-ray beams
capable of revealing the magnetic
characteristics of materials, has re-
cently become achievable, and the
possibility for scanning vortex beams,
though challenging at present, does
exist.39,40 It would be intriguing to
explore further whether scanning
linearly polarized beams, of which
the stationary X-ray counterpart is
powerful in resolving the orbital
degrees of freedom,41 can be pro-
duced.42 A profound knowledge of
the orbital degree of freedom is
critical for correct interpretations
of the fine structures of oxygen EELS
spectra,38,41 which are indispensa-
ble for spectroscopic investigations
of one of the most outstanding
problem in oxides, oxygen vacan-
cies, at atomic accuracy.43

Taking into account all the fasci-
nating achievements and future
challenges of STEM, it is likely that
one would become capable of tack-
ling material problems with atomic
resolution, and each corresponding
field might then envisage new fron-
tiers. In this ultimate scope of under-
standing materials atomically, close
collaborations between electron
microscopists and theorists are in-
creasingly important, and at pre-
sent, no fundamental limitations
appear to hinder the scope of these
approaches.
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