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Abstract

Sections

The charge distribution in materials at the nanoscale can often explain
the origin of macroscopic properties such as localized conductivity

or the plasmonic response and illuminate more fundamental changes

in the microscopic structure such as changes in chemicalbonding
characteristics. Previously, direct visualization of the charge density
with high spatial resolution was often a missing link in the formation of
structure—property relationships, especially in heterogeneous materials
systems. However, recent advancements in microscopy technology have
enabled researchers to visualize the charge distribution in materials
down to subatomiclength scales. In this Technical Review, we discuss the
developmentsin high-resolution real-space charge distributionimaging
using diffraction techniques and electron microscopy, with afocus on
therecent advancement of four-dimensional scanning transmission
electron microscopy, electron holography, and applications to materials
interfaces.

'Department of Physics and Astronomy, University of California, Irvine, CA, USA. 2Department of Materials Science
and Engineering, North Carolina State University, Raleigh, NC, USA. *Department of Materials Science and
Engineering, University of California, Irvine, CA, USA. *Irvine Materials Research Institute, University of California,
Irvine, CA, USA. ®Center for Complex and Active Materials, University of California, Irvine, CA, USA. <le-mail:
wgao9@ncsu.edu; xiaoging.pan@uci.edu

Introduction

Quantitative convergent beam
electron diffraction

Charge density imaging by
electron wave phase retrieval

Visualization of charge in
materials

Outlook

Nature Reviews Physics | Volume 5 | February 2023 | 117-132

1m7


https://doi.org/10.1038/s42254-022-00541-4
http://crossmark.crossref.org/dialog/?doi=10.1038/s42254-022-00541-4&domain=pdf
http://www.nature.com/nrneph
http://orcid.org/0000-0002-2776-2676
http://orcid.org/0000-0002-0965-8568
mailto:wgao9@ncsu.edu
mailto:xiaoqing.pan@uci.edu

Technical review

Key points

o Real-space charge density imaging can provide key insights into
the electronic properties of a material that are unavailable with other
methods.

e Transmission electron microscopy can provide high spatial
resolution charge images through various methods.

e Quantum crystallography and quantitative convergent beam
electron diffraction can reveal the charge distribution in uniform
structures with unparalleled accuracy and spatial resolution.

e Phase-retrieval methods provide more direct ways to reveal the
charge distribution in heterogeneous materials at atomic resolution in
real space.

e Continued development of both microscopy hardware and data
analysis techniques will further enhance charge density imaging
methods and expand our understanding of materials.

Introduction

Although materials are defined by the atomic species and how they are
arrangedinto crystalline or non-crystalline structures, itis the states and
distribution of electrons, especially those in outer orbitals and those
forming bonds in between atoms, that determine their propertiesin
chemistry, biology and solid-state physics. The interactions among
atoms and the important properties of materials such as localized
functionalitiesin electronic devices, photovoltaic activity in solar cells
and catalytic reactions are all mediated by electrons. Thus, visualizing
the real-space electronic charge distribution in materials is of critical
importance for understanding the properties of materials and devices,
especially those phenomenaemergent fromthe interfaces and quantum-
engineered device structures. However, unlike conventional structural
and chemical characterization, measurement of charge at individual
defectsand interfaces remains agreat challenge. Infact, the most com-
monstructural characterization techniquesin X-ray, neutron scattering
and electron microscopy analyse the nanoscale structure by profiling
the electromagneticinteractions mostly fromtheinner shell (core) elec-
trons and the nucleusitself, not the valence electrons that participatein
bonding or form the basis for macroscopic properties.

In the past decade, several techniques have seen substantial
advancement toward imaging the nanoscale electronic charge distri-
bution in materials, including the contribution of valence electrons.
There are two classes of high spatial resolution techniques: quantum
crystallography (which not only has its origin in X-ray diffraction but
also includes quantitative convergent beam electron diffraction
(QCBED))"*and then phase-retrieval methods in transmission electron
microscopy (TEM)* "2, Quantum crystallography is optimized for meas-
uring the valence electron density with high accuracy inhomogeneous
materials through careful analysis of diffraction data and has advanced
quickly with modern computational resources. Phase-retrieval meth-
ods, suchaselectron holography and four-dimensional scanning trans-
mission electron microscopy (4D-STEM), measure the local electric
potential and profile the charge distribution in various heterogene-
ous materials systems with high spatial resolution by calculating
the phase (or gradient of the phase) ina scattered electron wave.

Every step of advancement in precision and spatial resolution has
ledtoaleapinstudies of materials physics. In this Technical Review, we
study the methods and milestonesin the development of experimental
measurement on charge density, with a focus on recent advances in
4D-STEM and electron holography methods, followed by adiscussion
oftheir similarities, unique advantages and new development in future
studies. Inaddition, other techniques, including electron energy loss
spectroscopy in TEM, which probes electronic structure, and scan-
ning probe methods, which can map charge on materials surfaces, are
highlighted in Boxes1and 2.

Quantitative convergent beam electron diffraction
X-ray and electron diffraction

Diffraction techniques, including X-ray, neutron and electron diffrac-
tion, are some of the most important tools in modern physics, chem-
istry and materials science. Most experimental setups in diffraction
methods follow a similar design (Fig.1). With anincident beamillumi-
nating the sample, both diffraction originating from the elastic scat-
tering and signals from the inelastic scattering of X-rays by the sample
can berecorded. The scattering pattern can be magnified by simply
increasing the virtual length between the scattering event and the
recording device. According to Bragg’s law, nA = 2dsin(8), structure
information confined within the spacing, d, between atomic planesin
real space canthus be revealed by analysing the intensities distribution
over sin 6/1in the scattering pattern in reciprocal space. Although
diffraction physics and crystallography are not the focus here, they
form the basis of techniques in this Technical Review.

Quantum crystallography and QCBED
To extract the electron distribution around atoms and to reveal the
bonding characteristics, quantum crystallography was originally devel-
opedwiththeadvancement of both theoretical computation and X-ray
diffraction analysis". Owing to the nature of the close correlation
between chemical bond and bond charges, the theoretical calculations
in quantum crystallography and quantum chemistry are mostly the
same', and reviews of quantum chemistry are available in refs.'>'°,
Inthese calculations, the results from scattering experiments provide
notonly the validation butalso refinement to the results from theory.
X-ray diffraction can be applied to probe the charge density around
atoms by analysing the changes of the wavefunction caused by the
local charge in a crystal. The electromagnetic wave interacts with
the electrons more than with the nucleus because electrons are much
lighter. The X-ray diffraction pattern is then the sum of the individual
wavefunctions ¥; of the scattered X-ray from each electron.
Consider the integral form of the wavefunction,
Y,o=] p(r)e 22" dr, where p(r)is the electron probability density
atthelocationr, kis the wave vector and Akis the change in wave vector
ofthescattered X-ray from the incident one. In this form, the wavefunc-
tionisinthe format of aFourier transform of the charge density, p(r).
Inaperfectcrystal, the structure factor F(Ak) =LN p(r)e 2krdp with
the integration taken over the unit cell, is therefore the Fourier trans-
form of the electron charge density in a unit cell. In experimental dif-
fraction patterns, the intensity for a wave vector Ak = (h, k, [) can be
writtenas/(Ak) = F(Ak) - F(Ak)* For most structural analysis purposes,
structure factors can be calculated assuming an independent atom
model (IAM), in which the bonding and local chemical environment of
eachatomarenot considered. However, the experimental diffraction
patterns do include information regarding these factors; therefore,
the difference betweenthe structure factors measuredin experiment,
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Box 1

Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is another scanning
transmission electron microscopy-based technique that is often
used for studying the charge distribution in materials. In scanning
transmission electron microscopy, EELS is performed by collecting
the transmitted electrons that have interacted with the sample

and then passing them through a magnetic prism, which spreads the
electrons into a spectrum based on their difference in energy from
the original high-voltage acceleration set at the source. A set

of magnetic lenses is then used to focus this spectrum onto a
detector, often a direct electron detector. The change in energy of
each electron corresponds to an excitation that has been generated
in the sample. Thus it is possible to study a wide variety of material
properties in EELS simply by focusing on different energy ranges,
including lattice vibrations, plasmonic response, local band-gap
measurements and X-ray emissions. Core-loss X-ray excitations

are the most important for studying the charge distribution in
materials because the energy loss near edge structure of specific
X-ray excitations can be correlated with the valence state of specific
elements™. For example, the titanium L, ; edge has a distinctive
structure if Ti has a 2+, 3+ or 4+ valence state™*. The processes that

F(AK)®® and the structure factors calculated with IAM, F(Ak)"*M can
beattributed to the bonding characteristics of the material. Determin-
ing F(Ak)¥*Pfrom experimental data can be challenging as the complex
phase is lost when the intensity is recorded on a camera. In quantum
crystallography, the way to overcome this problem, and therefore to
derive the charge density, p(r), is by fitting the experimental intensity
with simulated structure factors fromwhich the charge density canbe
easily calculated. Besides the IAM, in which the electron density is
distributed spherically, multipole models” " that consider the influ-
ence of surrounding atoms in a crystal are also often utilized as the
starting point in the fitting. With the data from X-ray diffraction,
the charge densities of transition metals®, carbon" and molecules”
have been studied, revealing the chemical bonds, electron density
polarizationand effects of crystal fields on the electron chargesinthese
materials.

In TEM, the electron beam also interacts strongly with nuclear
charges because they are charged particles; therefore, the structure
factor in electron diffraction includes atomic scattering factors that
have contributions from the Coulomb interaction with both the sur-
rounding electron density and the positive nuclear charges. When the
electrondiffraction patterns are collected using a convergentelectron
beam, the diffraction spots spread into discs and a convergent beam
electron diffraction (CBED) pattern is formed. Compared with X-ray
scattering or spot diffraction patterns taken using a parallel electron
beam, the intensity within diffraction discs in CBED results fromelec-
trons witharange of incident angles, containing much more informa-
tion of the electron-sample interaction (Fig. 2). The wavefunction of
the electrons spans over arange of k;(incident beam direction) and can
be precisely calculated by solving the Schrédinger equation using the
Blochwave method in each diffraction disc. For an electron travelling

lead to these changes in spectral features are shared with X-ray
absorption spectroscopy, so that the theoretical underpinnings of
these interactions are well understood™ ™, but EELS can provide
much higher spatial resolution than X-ray absorption spectroscopy
because it uses a focused electron probe™®*°, The spatial distribution
of different valence states is often mapped with nanoscale spatial
resolution by collecting spectrum images, in which an EELS spectrum
is collected for every probe position in a raster scan. EELS is not a direct
measure of the local charge distribution, like phase-retrieval methods
or quantitative convergent beam electron diffraction, so there are
some disadvantages associated with it. For example, EELS can only be
applied if there is a known correlation between some spectral feature
and the valence state for an element in the material. In addition, these
correlations can be difficult to establish or quantify as they often
change from one element to the other and there are many spectral
features with which to draw from'*®. However, unlike phase-retrieval
methods and quantitative convergent beam electron diffraction, EELS
valence mapping has very few requirements for sample geometry, so
it can be applied to a greater variety of samples and has therefore seen
wide adoption in the study of localized electronic properties'®*'®°,

inthe periodic potential field inside the crystal, the time-independent
Schroédinger equation can be written as:

(- ()G 3 U 4G,=0,
wg(x’y) _ % Ci(x’y)cé‘(x’y)ezm(khg)'r’

where C,is the proportion of the gth Blochwave, both Kand U,_, contain
information of the potential field and i corresponds to the direction of
the wave vector that contributes to the intensity at position (x,y) inthe
disc; for details see ref.”. Because the potential field originates from
the charge distribution, solving the equation based on the potential
fieldintheIAM givesthe calculated CBED pattern. Fitting the potential
(calculated CBED patterns) with experimental CBED patterns offers
quantitative and accurate measurement of the structure factor and
charge density. In this QCBED technique, multipleiterative fitting meth-
ods have been developed and applied to the study of charge density
aswellas crystal structure and Debye-Waller factors of oxides, metals
and semiconductors®>* (Fig. 2b-d).

Compared with the structure factor measurement using X-ray
diffraction, QCBED considers the dynamic scattering process that
allows multiple scattering in a thick crystal sample and does not suffer
the same extinction effects of X-ray diffraction, which can reduce the
structure factors calculated fromlow-order diffraction spots. Because
CBEDisusually takenwith alarge convergence angle, the electronbeam
size canbe as small as the size of several unit cells, whichis smaller thana
fewnanometres, making it possible to avoid defects and use asmall vol-
ume of the crystal with uniformbulk structure. The diffractionintensity
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Box 2

Scanning probe methods

Although transmission electron microscopy can feasibly
characterize the defects, interfaces and other buried
heterostructures at atomic resolution in crystalline
materials, it is difficult to use when studying surfaces
or organic molecules. As transmission electron
microscopic images are projections through the entire
sample, surface structures can be difficult to resolve.
In addition, the beam of high-energy electrons may
quickly damage most organic molecules. In comparison,
scanning probe microscopy techniques are well suited
for studying the electrical properties of surfaces and
molecules absorbed onto surfaces”®"". The recent innovation in the
usage of functionalized tips in atomic force microscopy, Kelvin probe
force microscopy and scanning tunnelling microscopy has enabled
the direct imaging of the bonding structure in organic molecules
absorbed on surfaces. In these techniques, a small molecule, typically
CO, can be absorbed onto the apex of the scanning probe, which
greatly enhances the resolution. As the probe scans, changes in the
surface potential modify the vibrational mode of the CO molecule
(see the figure, part a, in which k is the local curvature of the vibrational
well and w is the frequency). An image is generated by mapping

how various properties of the tip-sample interaction change as the

withinthe CBED discsistheresult of electron-sampleinteraction from
arange of incident beam directions, which can be accurately fitted
with simulationresults using Bloch wave methods, stacked Bloch wave
simulations®® and multislice methods®. The fitting can be performed
using either a strong two-beam condition or the zone axis pattern.
Inthe two-beam condition, the sample andbeam are tilted, so that only
the transmitted beam and the diffracted beam are excited. The row of
diffraction discs appearing in the pattern is called a systematic row.
The one-dimensionalline profiles of the intensity across the discsinthe
systematic row from experiments are compared withthe calculated one
and used to refine the structure factor’*?’, When using the CBED taken
alongazone axis, the comparison and fitting are performed using the
two-dimensional intensity map of all discs*~°. Recently, QCBED was
also developed using off-axis CBED patterns®®. More precise quantifica-
tion can be achieved when QCBED is combined with structure factor
measurements from X-ray diffraction, because the latter provides accu-
raterecording of the weak intensity from high-order reflections, which
are often missing or noisy in CBED images. With the much-improved
accuracyincrystal structure and charge density determination, QCBED
has made important contributions to quantum crystallography. The
development of QCBED and its applications have been systematically
reviewed in refs.?*?%%,

It is worth noting that because CBED can be done within a small
volume defined by the size of the electron beam, local symmetry, strain
and atomic structure can be derived using the high-order Laue zone
lines. This means that, in principle, QCBED can correlate the bonding
characteristics with local structural environment, thus offering high
spatial resolution. However, modelling structural heterogeneity and

103 nA V2

tip is scanned across the surface. The specific property depends on
the exact microscopy technique. In one example using scanning
tunnelling microscopy, high-resolution images of the halogen bonds
self-assembled halogen-benzene rings were captured by mapping
changes in the lateral vibration mode of absorbed CO molecule as the
probe was scanned across the sample'”?; constant current imaging

of a self-assembled C4F¢ island on an Ag (110) surface is shown in the
figure (part b). A schematic diagram with the intermolecular-bonding
network highlighted by red and orange dashed lines, indicating the
F-3 synthon and trans-type | F---F interaction, is shown in part €. Figure
adapted with permission from ref."?, AAAS.

the associated huge computational cost are obstacles that prevent this
approach from being feasible.

Charge density imaging by electron wave phase
retrieval
Incomparison with the aforementioned techniquesin quantum crystal-
lography, methods thatdirectly probe the local charge and its distribu-
tion are advantageous to study heterogeneous structures in materials.
Despite sharing the same basis of electron-sampleinteractionin QCBED,
the direct methods ofimaging the charge density inmaterials with TEM
donotnecessarily rely on fitting with simulated results; instead, they use
some formofphaseretrieval. Phaseretrievalis the process of calculating
the changein phase of the electron wavefunction after it hasinteracted
withthesample. Thistask is more challenging than conventional imag-
ing in TEM because the phase of the electron wave cannot be directly
recorded on a detector as only the intensity of the wave is recorded.
Therefore, the techniques for phase retrieval generally require dedicated
hardware and data analysis methods. However, the electron microscopy
instrumentation and data analysis methods necessary for phase retrieval
have seen considerable advancements in the recent decades, allowing
phase retrieval methods to be applied to more complex systems. In
thissection, we introduce the basics of phase retrieval and cover recent
advancesinthe two most prominent phase-retrieval methods used for
studying electronic properties: 4D-STEM and electron holography.
The basis of all phase-retrieval methods lies in the phase-object
approximation, which describes the effect of the electrostatic poten-
tial of the sample on the incident electron wave. The phase-object
approximation canbe derived from the Schrédinger equation for the
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interaction of a high-energy electron with some simplifying assump-
tions about the form of the wavefunction and the thickness of the
sample. The wavefunction as a function of position, W(r), is assumed
to have the form of a product between a plane wave along the beam
direction, e*, where k is the wave vector, and another function that
varies slowly along the beam direction, ¢(r), such that the full wave-
function can be written as W(r) = (/)(r)e”‘z. Using this wavefunction
with the Schrédinger equation leads to a differential equation with
two terms:

%tp(r) = (zl—kvi + ioV(r)jxp(r)

where V| isthe Laplacianacting only perpendicular to the beam direc-
tionalong (x,y),oisaninteraction constantandV(r)is the electrostatic
potential of the sample. In this form, we can see that the evolution
of the wavefunction can be separated into two parts. The first term
on the right describes the propagation of the electron through free
space and the second term describes its interaction with the potential
of the sample. For this reason, these two terms are often called
the propagation and transmission operators, respectively. To solve the
wavefunction completely, the two parts must be solved simultane-
ously. However, if we assume that the sample is very thin, then the
propagation through free space can be neglected and the remaining
equation can be easily integrated along z, yielding the result of the
phase-object approximation:

lpexit = ‘l)oeiovprOj

wherey, . istheexitwavefunction, ¢ istheincident wavefunctionand
Voo IS the projected potential of the sample. Thus, determining the
phase of the exit wave will tell us about the electrostatic potential in
the sample. The charge density can then be calculated from Poisson’s
equation. For more detailed derivations and full treatments of the
electron wavefunctioninan electron microscope, see refs.>**~*2, Note
that the simple phase shift of the incident wave is an essential assump-
tioninall phase-retrieval algorithms, as more complex modifications
to the initial wavefunction are exceedingly difficult to parse from
experimental data. Samples must be weakly interacting to satisfy these
assumptions; for atomic-resolution imaging, this means the phase-
object approximation generally is only quantitatively accurate when
asample is thinner than 5-6 nm (ref.*’). For samples with heavy ele-
ments, even results from such thin specimen need to be validated by
image simulations. Note that QCBED does not assume the weak

phase-object approximation and provides much high accuracy in
determining the charge distribution.

4D-STEM and electron holography

4D-STEMis one of the techniques that provide dataneeded to retrieve
the phase of electron wave that has seen innovation in recent years.
In 4D-STEM, a converged electron probe is raster-scanned across
the sample and a CBED patternis recorded at each scanning location
(Fig. 3a). The CBED can be recorded on a pixelated detector synchro-
nized withthe scanning probe. These detectors have beenincorporated
into many modern electron microscopes owing to the applicability of
4D-STEM towards studying awide variety of structural, electronic and
magnetic properties. The mostbasic application of 4D-STEM s virtual
imaging, in which specific regions of the diffraction pattern are inte-
grated to create differentimages that highlight specific features, such
asregions with different structures, orientations or compositions*™*¢,
Strain can alsobe analysed from low convergence angle 4D-STEM data
by measuring the change in the position of diffraction discs**%. Simi-
larly, polarization can be determined from the internalintensity in outer
diffraction discs*~'. The symmetry of diffraction patterns canalsobe
analysed to determine the orientation of asingle phase®”. The pixelated
detectors themselves have also seen significant developmentinrecent
years. Initially, fast charge-coupled device cameras were typically used
to collect 4D-STEM data, but direct electron detectors are becoming
increasingly available and can provide much higher quality data at
faster frame rates®**. The fastest direct detectors can now acquire
whole diffraction patterns with frame times comparable to the pixel
times of conventional STEM detectors™ %, For complete reviews of
4D-STEM, see refs.>**°,

As the diffraction pattern is a momentum-space image of the
probe after interacting with the sample, the change of momentumiin
the electrons owing to interaction with the sample is encoded in the
diffraction data. With a sample thatsatisfies the phase-object approxi-
mation, the gradient of the phase is proportional to the electric field
ofthe sample and canbe determined from 4D-STEM databy calculating
the average change in momentum of the probe from each diffraction
pattern which canbe determined from the intensity-weighed average
position of the diffraction pattern, also referred to as the centre of
mass (COM)°. With a full 2D raster scan, a vector map of the electric
field canbe constructed and then the charge density can be calculated
with Gauss’ law. Using this technique, the spatial resolution of the
charge density image is limited primarily by the size of the electron
probe and the step size of the electron probe. The high spatial resolu-
tion and the simple process for deriving the electric field and charge

‘Sample
F(AK) = J‘ p(r)e-2midikrdr

lpO: (Doe—ka-r , e o

p(r)

Fig.1 | X-ray and electronscattering. A schematic of the scattering
process and the formation of a diffraction pattern applicable to the
scattering of both X-rays and electrons. For definitions of variables,
please see the main text.

I(AK) = F(AK) - F(AK)*
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Fig.2|Quantitative convergent beam electron diffraction.

a, Aschematic of the workflow for quantitative convergent beam
electron diffraction (QCBED). b, The direction visualization of
d-orbital holes and bond charges in Cu,O using QCBED. ¢, QCBED-
derived and density functional theory (DFT) (Wien2K)-derived
charge density map of Al.d, The determination of the electronic
structure of NiO using QCBED-DFT. Panel b adapted with
permission from ref.?, Springer Nature Limited. Panel cadapted
with permission fromref.?, AAAS. Panel d adapted with permission
fromref.’ under a Creative Commons licence CC BY 4.0.

density make 4D-STEMideal for studying heterogeneous structuresin
materials such asinterfaces and defects. An example of the simulated
4D-STEM image of the unit cell of SrTiO, and a map of the calculated
change in momentum is shown in Fig. 3a. The theory for this tech-
nique has been originally conceived® “*and developed as differential
phase contrast (DPC) imaging, which used segmented conventional
detectors instead of pixelated detectors to detect change in probe
momentum®. The shift of the diffraction pattern can be determined
with a segmented detector by examining the difference in the signal
collected by opposing detector segments. Theoretical and simulation
studies have established that DPC can be used to accurately approxi-
mate COM imaging in 4D-STEM®*°¢, Therefore, even though a seg-
mented detector cannot be used to study the same breadth of material
properties asthe pixelated detector used in4D-STEM, for the purposes
of charge density/electric fieldimaging, they are almost equivalent and
are often treated as such in experimental studies.

Compared with4D-STEM, electronholographyis awell-established
technique for studying electronic properties of materials. Originally
proposed in 19488, holography enables phase reconstruction by
modifying the exit wave, so that the wave incident on the detector will
carry phaseinformationthatis eitherimaged directly or reconstructed
iteratively. This canbe done either throughinterference of the exit wave

with a reference wave of known phase (off-axis holography; Fig. 3b)
or by collecting multiple images with a known phase shift between
them (in-line holography)®. Although the basis for holography has
not changed in recent years, atomic-resolution holography has only
become routine within the past decade owing toadvancementsin TEM
hardware, including the availability of Cs-correctors, high-brightness
sources and direct electron detectors.

Considering the importance of the phase-object approximation
forboth4D-STEM/DPC and holography, there are many theoretical and
simulationstudies exploringits limits and other factors that may affect
thefinal phase (or phase gradient) measurement*****”"" Forexample,
ithasbeenshownin severalinstances that the probe focal position can
have a significantimpact on the results in 4D-STEM COM imaging and
that focusing the probe below the sample surface can help to mitigate
the effects of thicker samples*”*”*”, In addition to defocus, other fac-
torsin probe formation such asaberrations and convergence angle can
also affect the COM image””. Holography is less affected by defocus
and other aberrations because they can be corrected after acquisition
through forward modelling'>”®. The specific effects of thicker samples
such as increased dynamical diffraction and thermal diffuse scatter-
ing have also been investigated. It has been found that the effects of
dynamical diffraction are more prominent in holography than COM
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imaging, whereas the opposite is true for thermal diffuse scattering®.
Overall, these theoretical studies have made important contributions
to the understanding of how these phase-retrieval techniques can be
effectively applied in experiments.

Electron ptychography

The final prominent phase-retrieval technique in TEM is electron
ptychography. Ptychography uses super-sampled 4D-STEM data to
perform a full reconstruction of both the probe and the object func-
tion”’, usually through either an iterative algorithm’”° or Wigner distri-
bution deconvolution®. Ptychography has seen wide applicationasa
method for super-resolution, light-element and low-dose imaging® .
Advanced reconstruction algorithms combining multislice forward
modelling and ptychographic reconstruction®” can even enable 3D
imaging of some structures®. Recently, super-resolutionimaging has
seen marked advancement, reaching fundamental spatial resolution
limits®**2. However, ptychography has not been applied directly to
the problem of charge density or electric field imaging, exceptina
couple of cases®®’?, probably owing to its computational complexity.
In the cases in which the sample allows for the reconstruction to be
completed quickly or already satisfies the phase-object approximation,
4D-STEM/DPC imaging or holography can provide almost the same
information with less computational overhead. This faster feedback
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is especiallyimportant inexperimental studies of heterostructures as
many datasets are often collected during one TEM session. As aresult,
ptychographyis not covered in detail in this Technical Review; for more
complete reviews, see refs.”**>, However, as ptychographic reconstruc-
tion algorithms continue to advance and additional computational
power becomes available, it is possible that ptychography could be
adopted for charge imaging.

Visualization of charge in materials

In this section, we review recent advancements and applications of
4D-STEM and holography in visualizing the charge distribution and
other electronic properties in three different types of materials: 2D
materials, semiconductors and oxide heterostructures.

2D materials

2D materials often exhibit novel electronic properties because of
their unique atomic structure. Although pristine 2D monolayers hold
significant promise for applications in electronics’'%, 2D materi-
als are rarely synthesized without defects'®” In addition, the defects
themselves can often lead to unique properties that are not present
in pristine monolayers and thus their own applications. For example,
nanopores in graphene may have various applications in chemistry'®,

and linear defects in transition metal dichalcogenides could provide
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Fig.3|4D scanning transmission electron microscopy and holography.
a, The working principle of the 4D scanning transmission electron microscopy
(STEM) method in mapping the electric field at high spatial resolution. E denotes

the electric field from the nucleus. b, A diagram of holography in TEM and the
workflow for phase retrieval in electron holography. FT, Fourier transform.
Panel b adapted with permission from ref."%, Elsevier.
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conductive channels for nanoelectronics'®*. Therefore, itisimportant
tounderstand the structure and properties of defects, interfaces and
other heterostructures in 2D materials. STEM/TEM can provide clear
atomic-resolutionimages of 2D materials'®>'°®, which offers structural

MoS, bilayer termination

@Mo oS

information, but electronic properties must be studied with more
advanced methods. Owing to the requirement that thin samples be
usedin phase-reconstruction techniques, 2D materials are a natural fit
for4D-STEM and holography. Inaddition, conventional spectroscopic
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Fig. 4| Applications to 2D materials. a, Charge density image from a monolayer
(ML)-bilayer (BL) interface in MoS, (left) and the average charge density image
from ML and BL regions (right). b, Strain-minimized atomic models of the
termination of the MoS, ML-BL edge. ¢, Experimental charge density profile
taken from the dashed regionin part a (top) and charge density profiles
calculated from multislice image simulations using the structures in partb
(bottom), indicating that the experimental edge is Mo, termination. d, Atomic
model of the W-W bonding region at WS, line defects. e,f, Electric field (|, |)
images calculated using DFT (part e) and from 4D-STEM experiments (exp.)
(partf) for WS,. g,h, The corresponding charge density maps from DFT (part g)
and the experiment (part h). White dashed line indicates the position of aline
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profile, see ref.°*. i, Experimental projected charge density of the MoS, ML
calculated from a holography phase image with the structure MoS,
superimposed, indicating the location of Mo (grey) and S (yellow) atoms. The
presence of a V,defect isindicated. j, DFT simulation of the projected charge
density of the MoS, ML with a V, defect indicated. k, Experimental (blue) and
simulated (red) profiles of the projected charge density extracted across eight
atomic sites including the V, defect, as indicated by the double arrows in,j.
Experimental phase error is shown in light blue. Panels a-c adapted with
permission fromref.'”’, APS. Panels d-h adapted fromref.”* under a Creative
Commons licence CC BY 4.0. Panels i-k adapted with permission from ref.", ACS.
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Fig. 5| Applications to semiconductors. a, Unit-repeated-
averaged image of the projected electric field for GaN down
the[1120]direction. The colour and brightness denote the
direction and magnitude of the field, respectively. b, Projected
charge density map calculated from parta. ¢,d, Projected charge
density image obtained from dynamic electron scattering
simulations (part ¢) and calculated directly fromisolated-atom
(independent atom model) form factors (part d). The scale bar
inpanelbappliesto panelsb, ¢,and d. e, Line profiles taken
along the white arrow in part ¢ showing the normalized
Z-contrast signal profile, experimental, simulated and directly
calculated projected total charge density profile. Negative
(positive) values represent negative (positive) charge
densities. The grey dashed line denotes the zero projected
charge. f, Scanning transmission electron microscopic image
of asilicon p-channel metal-oxide-semiconductor device.

g, Potential map acquired from electron holography for the
regionshownin partf. h,i, Electricfield, £,(l) and £ (m),
components calculated from the potentialmap in g.j,k, Electric
field component maps acquired by alow-magnification
differential phase contrastimaging. The scale bar in panel j
applies to panels g,iandj. The scale bar in panel k applies to
panels h and k. Panels a-e adapted with permission from ref.’,
ACS. Panels f-k adapted with permission from ref."*, Elsevier.

methods for studying localized electronic properties in TEM, such
as electron energy-loss near edge structure, generally require a high
beam current and long exposure times to acquire 2D maps because
only a small part of the spectrum is used for electron energy loss
spectroscopy (EELS) of 2D materials; this often leads to radiation
damage in the sample. But such issues can be avoided in 4D-STEM
and holography because high-quality data can still be acquired with
low beam current and long exposure times when using advanced
detectors''8,

Initial applications of 4D-STEM electric field and charge density
imaging to 2D materials were conducted in 2018, using 4D-STEM to
identify the stacking sequence in MoS, (ref.°’). Experimental 4D-STEM
dataare collected from a monolayer-bilayer interface from which the
electric field and charge density were calculated (Fig. 4a-c). Several
unit cells were averaged together toimprove the signal-to-noiseratioin
the 2D maps and then compared with the charge density mapsandline
profiles generated from first principles calculations. The stacking
sequence of both pristine bilayer regions and the structure of the

monolayer-bilayer interface were determined with this method.
Similar studies of the electric field at the monolayer-bilayer inter-
face of graphene nanopores were also conducted in 2018"°. These
studies demonstrated that electric field and charge density imaging
in 4D-STEM is highly sensitive to the atomic structure and specific
bonding arrangement of light elements in 2D materials and paved the
way for further studies into the electronic structure of 2D materials
heterostructures.

In 2019, linear vacancies in MoS, and WS, were studied using
4D-STEM electric field and charge density imaging'®*. Theoretical
studies had predicted that the local band gap in these vacancy channels
would decrease to the point where the material becomes metallicand
specifically that the metal-metal bond in the vacancies would lead to
these channels being electron rich. 4D-STEM results showed that the
electrondensity inthese channels matched quantitatively with results
from first principles density functional theory (DFT) calculations
(Fig. 4d-h). Before the development of 4D-STEM, observing the elec-
tron distribution in interatomic regions was not possible in irregular

Nature Reviews Physics | Volume 5 | February 2023 | 117-132

125


http://www.nature.com/nrneph

Technical review

BiFeO,-SrTiO,

0.0240
Charge density (e A‘Z)

LaAlO;-SrTiO,

i (001) interface

[
o

O]

25

15
10
5 Width (nm)

k 8
=== Averaged profile
16 -0- Sample 1 data 1
6" m -O- Sample 1 data 2

-O- Sample 2 data 1

Charge (x10%' cm™)

-2

L By B O L B B B A |
OA 1 2 3 4 5

Lo Distance from interface (nm)
Nominalinterface

0.0095 0.0300

Valence state

LT

Charge (X10?' cm™)

Displacement A)

Measured charge (e) Charge separation A)

(w2 ,01x) 2618y

SrTio,

v

BiFeO,
-=-Displacement (A)

~-Octahedron rotation (°)
= Displacement DFT (A)

3 v Octahedron rotation in DFT (°) [

~+-Charge separation (A)

Fe+O

-~ Measured charge (e)

Fe+0O

i

- Fe

(111) interface

-
o

Charge (x10?' cm™)

25

15

10
Width (nm)

=== Averaged profile
-o- Sample 5 data 1
-O- Sample 5 data 2
-0- Sample 6 data 1

L o e s
1 2 3 4 5
Distance from interface (nm)

Nature Reviews Physics | Volume 5 | February 2023 | 117-132

126


http://www.nature.com/nrneph

Technical review

Fig. 6| Applications to oxide interfaces. a, Atomic structure of the BiFeO,-
SrTiO;interface obtained from density functional theory (DFT) calculations.
b, Atomic-resolution HAADF scanning transmission electron microscopy
(STEM) image of the interface. Scale bar, 4 A.Thearrows indicate the direction
and relative magnitude of Bi displacement. c,d, The corresponding electric
field map (part ¢) and charge density image (partd) acquired by 4D-STEM.

e, Changes in A-site (Sr or Bi) displacement (in A) determined from partband
from DFT calculations. Error bars denote standard deviation. Also shown is the
O octahedron rotation determined experimentally and from DFT calculations
(indegrees). Error bars denote the detection limit. f, Separation between the
weighted centres of positive and negative charges within each unit cell across
theinterface measured from partd. Error bars denote the detection limit.

g, Total charge of Ti + O and Fe + O columns on each side of the interface measured
from partd. Error bars denote the standard deviation. h, The valence state of Ti

and Fe measured using energy loss near edge structure. Error bars denote the
standard deviation. The inset shows the position of the interface. i,j, 2D surface
plotand projected map of the total charge density obtained by in-line electron
holography for the LaAlO;-SrTiO; (001) interface (parti) and (111) interface
(partj), respectively. HAADF-STEM images are shown next to the charge density
maps. k1, 1D electron density obtained from the charge density maps of the (001)
interface (partk) and (111) interface (partl). The solid red line corresponds to the
average electron density from averaging three datasets. For the (001) interface,
the density of the 2D electron gas (n,) is (2.88 + 0.39) x 10" cm™, which was
calculated by integration of the averaged profile (region shaded red). The spatial
depth (s) is 1.0 + 0.3 nm and the maximum density (6) is slightly displaced from
the interface by about 0.4 nm. For the (111) interface, n, = (1.02 + 0.01) x 10" cm™?,
s=3.3+0.3and §=2.4 nm. Panels a-h adapted with permission from ref.’,
Springer Nature Limited. Panels i-l1adapted from ref.'°, Springer Nature Limited.

structures because of the low spatial resolution of the electron probe
used in QCBED experiments and the requirement of periodicity in the
QCBED analysis.

Similar capabilities have also been recently demonstrated in
holography.In2020, the charge of single sulfur monovacancies (V) was
measured using off-axis holography" (Fig. 4i-k). In off-axis holography,
the greatest challenge in reaching atomic-resolution charge density
imaging has been the combined phase sensitivity and spatial resolu-
tion. Typically, phase sensitivity and spatial resolution are inversely
proportional in holography, thus acquiring a dataset that has atomic
resolution and phase sensitivity to detect weak shifts owing to the slight
changeinelectron distributionis especially challenging. In this work,
the high-resolution datawere made possible by collecting alarge series
of holograms over several minutes followed by software-enabled cor-
rection of the mechanical drift from the sample stage and of the driftin
theelectronics controlling the biprism and wavefront/image-forming
lenses. Such long total acquisition times are comparable to those in
4D-STEM; however, one advantage of holography is that the entire field
of view is acquired in each frame, so that temporal resolution can be
gained at the cost of increased noise—something that is generally not
possible with commercially available 4D-STEM detectors. As noted in
the paper", this makes holography better suited for observing dynamic
processes in situ. However, segmented detectors can run at the same
speed as conventional STEM detectors and, as mentioned previously,
the frame times for the most advanced pixelated detectors are reach-
ing the microsecond range® %, which means that stacking multiple
acquisitions™ or observing dynamic phenomenawill soon be possible
in4D-STEM as well.

Semiconductors

Initial studies’ of the charge density of individual atomic columns
were conducted on semiconducting materials (Fig. 5a—e). In this study,
quantitative charge density measurements from GaN collected with
segmented detectors showed negative-charge pockets surround-
ing both Ga and N atomic columns. To demonstrate the influence of
the nucleus and electrons separately, image simulations were per-
formed in which the scattering potential of the positive and negative
charges were separated and could each be included/excluded during
the calculation. Only the simulation that included both the positive
nuclear charge and the electron cloud reproduced the same charge
density profile observedin the experiment, demonstrating that DPC/
4D-STEM s sensitive to both the nuclear charge and the surrounding
electron cloud.

Although high-resolution charge density imaging of individual
atomic columns has beeninitiated using GaN as amodel system, most
studies of conventional semiconductor materialsin which4D-STEMis
applied have focused on device applications in which the real-space
distribution of the electric field and free charge determine the overall

functionality.In 2015, it was first demonstrated that DPC can detect the
built-in electric field at a GaAs p—njunction'. One of the key challenges
inimaging the built-in electronic properties of doped semiconductor
heterostructuresis that the changes in thelocal field and charge caused
by the dopants arerelatively weak compared with that of atomic nuclei.
Therefore, strategies must be devised to suppress the contributions
of individual atomic columns. This study used a very large electron
probe, with a spatial resolution of 12 nm, to average the field over a
large area. However, using such a large probe will not always be feasible
asdevices continue toshrinkinsize.In2021, another study® improved
ontheearlier result by resolving nanoscale electric fields and electric
potential changes alsoina GaAs p—njunction. Thisimproved approach
used astandard high-resolution STEM probe (spatial resolution of <1 A)
and asufficiently large step size that the atomic potential israndomly
sampled. Combining this with alow-pass filter allows for the contribu-
tions of individual atoms to be eliminated, revealing the built-in field
of the p—njunction with much higher spatial resolution.

Electron holographyis a well-established technique for measuring
electric potential, field and charge in semiconductor materials and
devices. The technique was first demonstrated in1999'* and has seen
wide applications in academia and industry™*>, With lateral spatial
resolution in the nanometer range, holography was the only method
capable of mapping the embedded fields in semiconductor devices
before the development of 4D-STEM. Mapping embedded fields is
essential for measuring dopant distributions, whichin turn determines
the overall performance of the device. Subsequent studies have demon-
strated phase sensitivity down to 0.1V and spatial resolution down to
3 nm (refs."*").1n 2019, a study"® directly compared holography and
DPC for applications with semiconductor materials by imaging the
same metal-oxide-semiconductor field effect transistor (MOSFET)
and quantum well structures with both techniques (Fig. 5f-k). The
paper concluded that both techniques can achieve similar spatial
resolutionand phase sensitivity, but not without some considerations.
Holography is generally less affected by dynamic diffraction and is
therefore more sensitive to weak fields than DPC. However, DPC can
achieve a higher resolution while keeping the sample in the field of
view because no reference wave is required (for the case of off-axis
holography). However, these issues are both areas of active investiga-
tion. Asdiscussed earlier, strategies for reducing theimpact of dynamic
diffraction are being developed for 4D-STEM/DPC; choosing an opti-
mal probe size, step size or even using precession electron diffrac-
tion'?isa possible avenue. For holography, the development of in-line/
focal-series holography could eliminate the need for a reference
wave at the cost of a more complex reconstruction process and less
sensitivity to low-frequency information. However, recent advance-
ments have improved the spatial resolution of in-line holography,
such that it can also reach the full resolution achievable with off-axis
holography'®°.
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Oxide heterostructures
Besides 2D materials, perovskite oxides have seen the most applica-
tionsof DPC/4D-STEMinrecent years. In perovskite oxides, like other
strongly correlated materials, unexpected phenomena often emergein
interfaces, superlattices, domain walls or heterostructures''?*, Often,
multiple properties, such as lattice distortions, the local charge and
chemistry, interact together to generate new phenomenain the hetero-
structure. The most prominent example of such emergent interfacial
phenomenonis the 2D electron/hole gas (2DEG/2DHG) that has been
discovered at the LaAlO,-SrTiO; interface'”. Ferroelectric perovskite
heterostructures and domain walls have also drawn significant atten-
tion because they can also form a 2DEG or 2DHG that is controllable
withanexternal electric field?° 2. Inall cases, the localized electronic
properties occur within a few unit cells surrounding the interface,
so TEM has had a large role in characterizing these material systems.
Aberration-corrected STEM imaging and EELS are currently the pri-
mary TEM-based methods for understanding these heterostructures
(see Box 1). However, recent advances in 4D-STEM and holography
have enabled direct imaging of the electrostatic properties, which is
complementary to the structural imaging and spectroscopic study.
4D-STEM electric field and charge density imaging have been
applied to various oxide heterostructures and domain walls**">'**, The
internal electric field of ferroelectric domains can generate contrast
in DPC images*, and the polarization of ferroelectrics is reflected in
the electric field of individual atomic columns, as shown in Ca-doped
BiFeO, superlattices' and simulated BiFeO, structures*. 4D-STEM
for charge density imaging has been used to probe BiFeO, with a sub-
angstrom resolution’; acombination of atomic-resolution high angle
annular dark-field (HAADF) imaging, 4D-STEM charge density imaging
and first principles calculations has been applied to reveal the mecha-
nismthat leads to the emergence of a2DEG at the interface (Fig. 6a-h).
Three new methods were developed in this study for quantitatively
measuring the oxygen octahedral tilt, the dipole of individual unit
cells and the charge state of atomic columns using the charge density
image and through a modification of Bader charge analysis'>"¢,
These new methods helped toillustrate the asynchronous change
in the atomic structure and charge distribution that leads to an accu-
mulation of free charge, and the technique has been used to measure
the charge state of a BiFeO,-TbScO; interface and directly image the
polarization-controlled 2DEG/2DHG at the interface'”. In a similar
vein, atomic charge density imaging has been used to show how the
conductivity of charged domain walls in BiFeO, can be attributed
to an accumulation of oxygen vacancies; nanoscale charge density
images showed anaccumulation of charge at the domain wall, whereas

atomic-resolutionchargedensityimagesrevealed changesintheintensity
of oxygen columnsin charge density images, indicating the presence of
oxygen vacancies"®, Atomic-resolution charge density imaging has also
been used to show the charge transfer between an oxide supportanda
gold nanoparticle catalyst. Direct visualization of the charge transfer
with 4D-STEM revealed how oxygen treatment of the heterogeneous
catalyst can switch the sign of the charge accumulated at the surface
of the oxide support™®.

Nanoscale4D-STEM electric field and polarization mapping have
alsohad animportantrolein characterizing the electronic properties
of therecently discovered polar vortex'° and skyrmion'! nanodomains
found in PbTiO,;-SrTiO; superlattices and multilayer systems. In both
cases, simultaneous mapping of the electric field and ferroelectric
polarization using 4D-STEM data enabled the discovery of stable
regions of localized negative capacitance®'*. A similar polarization
mappingtechniquehasalso beenusedtoimage the skyrmion-like nano-
domains found in a freestanding PbTiO,-SrTiO, bilayer film*. In con-
trast to most of the other research discussed here, the 4D-STEM data
in these studies were collected with a low convergence angle, so that
the CBED discs were well separated, instead of overlapping. While this
reduces the spatial resolution of the probe, it also allows for the electric
field and polarization to be simultaneously calculated from the central
and outer diffraction discs in the same dataset****'*, respectively. This
enables the calculation of further electronic properties such as the
local capacitance.

Electron holography has alsobeenrecently applied to oxide inter-
faces. Thegeometry of samples withburiedinterfaces lends themselves
more towards in-line holography because a vacuum region does not
needtobeincludedinthefield of view to provide a reference wave. Full-
resolutionin-line holography'?® has been applied to an LaAlO;-SrTiO,
interface tostudy the differencesin (001) and (111) oriented interfaces™
(Fig. 6i-1). Inin-line holography, multiple images are collected with a
known change in defocus between eachimage; this enables aniterative
reconstruction of the exit wave phase. The study showed that the 2DEG
atthe (001) interfaceis concentrated within1 nm of the interface onthe
SrTiO, side, whereas the 2DEG at the (111) interface is spread between
land 4 nmfromtheinterface onthe SrTiO;side. This was attributed to
the differences in relative orientation of the interface and d orbitals,
which the accumulated electrons occupy. An in-depth analysis of the
differences between off-axis, in-line and hybrid holography using
the LaAlO,-SrTiO; (111) interface as a model system can be found in
ref."**. Inhybrid holography, the data from off-axis holography are used
asaninitial guess for theiterative reconstruction by in-line holography
of the same region'**'*¢, Although the known deficiencies of off-axis

Table 1| Technical details of methods in electron microscopy

Technique Charge density image

Sample requirements

Specialized microscopic
hardware

Computational difficulty

Full 3D distribution based on
fitting with simulated structure
factors

Quantitative
convergent beam

electron diffraction (t>30nm)

Thick enough for dynamic
diffraction to be clearly visible

High, simulation and fitting process
is complex and time-consuming

Energy filter

2D projection based on shift in
probe momentum

4D scanning
transmission

electron microscopy resolution (t<6nm)

Thin enough for phase-object
approximation for highest spatial

Fast camera synchronized
to scanning coils

Medium, datasets can grow very
large (10-100GB)

2D projection based on
interference pattern or iterative
reconstruction

Holography

resolution (t<6nm)

Thin enough for phase-object
approximation for highest spatial

Low (off-axis holography)
Medium (in-line holography requires
iterative reconstruction)

Bi-prism (off-axis
holography)
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and in-line holography in reconstructing high-frequency and low-
frequency information, respectively, were translated to the detection
of the 2DEG, hybrid holography could reconstruct the full frequency
range faithfully. Beyond the LaAlO5-SrTiO; interface, off-axis holog-
raphy has also been applied to visualize the effects of charge transfer
caused by band bending at a Pt-TiO, interface'’.

Outlook

Amongtheelectron microscopy techniques forimaging the real-space
charge distribution and other associated electrostatic properties in
materials, QCBED can determine the charge density with high precision
in three dimensions for homogeneous materials; 4D-STEM and holo-
graphy measure the landscape of electrostatic potential by following
the phase-object approximation (in the kinematic diffraction regime).
Although limited by the fact that the mapped charge distributionis the
projection in two dimensions, 4D-STEM and holography can be more
easily applied to nanostructures and heterogeneous materials because
of both the higher spatial resolution and the less restrictive bound-
ary conditions necessary to complete the data analysis. A summary
of the capabilities and requirements of these techniques is presented
inTable1.

Note that the limitation of using phase retrieval methods in elec-
tron microscopy to map local charge at the atomic scale is obvious.
The phase change is approximated to be linear to the local potential;
however, the interaction of the electron probe with sample is usually
more complicated. In addition to the effects of dynamic scattering,
residual aberrations can also influence the relationship between the
phase of the electron beam and the local potential. In holography,
uncorrected aberrations affect the quality of the final phase image,
and in 4D-STEM, they limit the size of the electron probe. Although
theelectron probessizeisalready smaller than that of an atom, positive
charges fromthe nucleistill strongly contribute to the Coulomb force
feltby the electron probe, and the changes of the internal electrostatic
potential between atoms can also occur at even smaller length scales
than the probe size. Therefore, the charge density image acquired in
4D-STEM is generally regarded as a convolution of the true charge
density with intensity distribution of the electron probe and often
requires additional modelling to accurately interpret.

Moving forward, algorithmicimprovements to consider the non-
linearity in the potential-phase relation*®, technique advancement
in data acquisition and processing, including the incorporation of
machinelearning methods'*’, sample preparation, and perhaps more
importantly, improvements in aberration correction, stability and
other features offered by newly developed instruments, all canimprove
the feasibility and reliability in characterizing the charge distribu-
tion and other electromagnetic properties in materials. For example,
the intrinsic magnetic field of an anti-ferromagnetic material was
recently visualized at the atomic scale through combined innovations
in microscopy hardware and advanced image filtering techniques™°.

Finally, as briefly mentioned earlier, microscopic properties are
often directly influenced by microscale or even atomic-scale elec-
tronic structure, but linking knowledge gained between vastly differ-
ent length scales often remains challenging. 4D-STEM and electron
microscopy,ingeneral, are now theideal tool to resolve the structure-
property relationship across different length scales, because by sim-
ply changing the convergence angles, the size of the electron probe
can vary from sub-angstrém to tens of nanometres, covering at least
three orders of magnitude in size, easily matching the dimension of
thefeatures and properties of interest. Connecting atomic-scale field

and charge distributions to microscale and larger-scale properties is
thus possible*5152,

Published online: 9 December 2022
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