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ARTICLE INFO ABSTRACT

Keywords: Recent advances in scanning transmission electron microscopy have enabled atomic-scale focused, coherent, and
Scanning transmission electron microscopy monochromatic electron probes, achieving nanoscale spatial resolution, meV energy resolution, sufficient mo-
(STEM)

mentum resolution, and a wide energy detection range in electron energy-loss spectroscopy (EELS). A four-
dimensional EELS (4D-EELS) dataset can be recorded with a slot aperture selecting the specific momentum di-
rection in the diffraction plane and the beam scanning in two spatial dimensions. In this paper, the basic principle
of the 4D-EELS technique and a few examples of its application are presented. In addition to parallelly acquired
dispersion with energy down to a lattice vibration scale, it can map the real space variation of any EELS spectrum
features with a specific momentum transfer and energy loss to study various locally inhomogeneous scattering
processes. Furthermore, simple mathematical combinations associating the spectra at different momenta are
feasible from the 4D dataset, e.g., the efficient acquisition of a reliable electron magnetic circular dichroism
(EMCD) signal is demonstrated. This 4D-EELS technique provides new opportunities to probe the local dispersion

Four-dimensional electron energy-loss spec-
troscopy (4D-EELS)

Phonon dispersion

Defect scattering

and related physical properties at the nanoscale.

1. Introduction

The dispersion relation of elementary excitations is fundamental in
solid physics, describing elementary quasiparticles and their couplings
in condensed matter systems. For example, the electron band structure
determines the transport behavior of a solid, correlates with photo-
electric excitations, such as indirect/direct interband transitions [1-4]
and excitons [5], and serves as a crucial signature of different ordered
states [6-8]. It is also related to the electromagnetic behavior in su-
perconductors, determining the superfluid weight [9] and Fermi ve-
locity [10]. For lattice vibrations, the phonon dispersion offers
absorption/emission at infrared/THz frequencies [11-17]. Phonons are
primary heat carriers in most nonmetallic solids. Therefore, the phonon
dispersion is crucial for determining the thermal properties of materials
[18-23], i.e., the thermal conductivity of a material is closely related to
the differential of dispersion (determines the phonon group velocity),
the line width of dispersion (determines the phonon lifetime), and
phonon density of states (derived from the dispersion relation and de-
termines the heat capacity) [22]. For electron-phonon coupling that is
critical in electrical transport properties, the interaction strength

depends on the momentum transfer in the dispersion [24]. The softening
of the phonon modes driving the phase transition might occur at specific
positions in the Brillouin zone, requiring the dispersion of knowledge.
Since the momentum of a phonon (q) implies a spatial frequency, the
variation of spatial translational symmetry alters the energy dispersion.
The structural dimensions of materials and devices are rapidly
approaching the nanometer length scale. The reduced size can cause
many emergent phenomena unavailable in bulk materials [25-32]. Such
nanotechnology has shown broad applications in electronics [33], en-
ergy [34], the environment [35], and biomedicine [36]. Taking a
phonon as an example, at the interface, surface, and structural defects
with discontinued chemical bonds, local phonon modes typically
emerge [24,37-40]. The phonon modes for nanostructures with huge
specific surface areas should differ from the bulk states. Typically, these
local phonon modes, described by local phonon dispersion, will signif-
icantly affect the physical properties in the low dimensional systems. For
example, nanoscale inhomogeneities can enhance phonon scattering
and suppress thermal conductivity [41-44], which delivers essential
information for defect engineering in thermal management materials.
The interface phonon modes in heterostructures with two-dimensional
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electron gas or interface/surface superconductivity are critical for
electrical transport properties [45]. Due to the confinement effects, the
energy and the symmetry of the surface phonon polariton modes also
depend on the size of the nanostructures [46-48]. Hence, it is crucial to
unveil the nanoscale dispersion to directly correlate the energy (E), q,
and space (x) variations.

Such a local dispersion measurement requires a technique to achieve
high energy, momentum, and spatial resolutions simultaneously. Fig. 1
summarizes the resolutions in advanced characterization techniques to
study the nanoscale dispersion. Inelastic neutron/X-ray scatterings
(INS/IXS) are powerful in studying the phonon dispersion of bulk
crystals [49], but high-spatial resolution is lacking due to their large
beam size. The demand for large-scale experimental setups and
large-size single-crystal specimens also limits their use. Optical methods,
such as tip-enhanced Raman scattering and infrared absorption based on
scanning near-field optical microscopes (SNOM), can attain high energy
and decent spatial resolutions [37,50-52]. However, restricted by the
inherent property of an optical probe, optical methods primarily provide
information about essentially zero-momentum transfer [53].
High-resolution electron energy-loss spectroscopy (EELS) (HREELS) is
used to detect lattice vibrations but is only sensitive to surface signals.
Due to the low acceleration voltage in HREELS, the corresponding
spatial resolution is poor [54]. Recently, advances in EELS in scanning
transmission electron microscopy (STEM) [55,56] have made it possible
to form the atomic-scale focused, coherent, and monochromatic electron
probe [57-60]. Due to the picometer-level de Broglie wavelengths of
high-energy electrons, electron microscopy naturally realizes
high-spatial resolution and detection sensitivity, ideal for studying the
nanostructure [61-65]. The small wavelength of electrons indicates a
large momentum exchange range. The attainable coherent and mono-
chromatic electron beam with high brightness further delivers milli-
electronvolt energy resolution and a sufficient momentum detection
range and resolution [38,56-58,66-72]. Particularly, the recently
developed four-dimensional EELS (4D-EELS) technique, containing
four-dimensional information about the energy, momentum, and two
spatial dimensions, is powerful to probe the dispersion at the nanometer
scale [24,73-75].

Here, we summarize some applications of the 4D-EELS technique in
investigating nanoscale dispersion and beyond. By placing a slot aper-
ture in the diffraction plane to select a specific momentum transfer di-
rection, the dispersion diagram can be parallelly acquired within a short
acquisition time. During sample scanning, the recorded 4D dataset is a
matrix of E-q maps as the function of the scanning position in real space.
Due to the breakthrough of energy resolution in STEM-EELS with a cold
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Fig. 1. The spatial and momentum resolving power of different techniques.
Scanning near-field optical microscopy (SNOM). Infrared (IR) absorption
spectroscopy. Inelastic neutron/X-ray scatterings (INS/IXS). High-resolution
electron energy-loss spectroscopy (HREELS).
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gun and monochromator, this technique could recently detect
momentum-dependent lattice vibrations. Moreover, stacks of
momentum-resolved energy-filtered images extracted from the 4D
dataset can visualize and distinguish local inhomogeneity at the nano-
scale. We can also subtract or integrate the electron energy-loss (EEL)
spectra at different reciprocal locations, elucidating momentum-related
physical properties and dynamical processes, such as obtaining a reli-
able, high-efficiency electron magnetic circular dichroism (EMCD)
signal. The flexibility of the experimental setup and the extractability of
multidimensional information in nanostructures provide new opportu-
nities to probe the thermal, electrical, optical, and mechanical proper-
ties in interface science and nanoscience. In the following, we introduce
the available multidimensional information and the corresponding res-
olution in electron microscopy. Next, we discuss the applications of 4D-
EELS in probing phonon dispersion and then extend to some electronic
excitation.

2. Experimental
2.1. Multidimensional information in electron microscopy

Fig. 2a shows the fundamental transmission electron microscopy
geometry. Kiloelectronvolt electrons pass through the magnetic lens and
are focused onto the sample, propagating through and scatter with the
sample, resulting in the elastically and inelastically scattered electrons
in postspecimen electron optics containing abundant information. The
capability of measuring nanoscale dispersion in electron microscopy is
achieved by setting different detectors at different crossover positions in
the electron optics to select and analyze the scattered electrons. Spe-
cifically, the structural information can routinely be extracted from the
high-angle annular dark-field (HAADF) detector. The scattered electrons
will form a diffraction pattern at the back focal/diffraction plane, rep-
resenting the reciprocal/momentum space of the specimen. Manipu-
lating the postspecimen electron optics allows the switching between
real and momentum space. Moreover, the entrance aperture in the
diffraction plane can select the scattered electrons with a specific mo-
mentum range, which further pass through the projector lens and EELS
spectrometer and are finally collected by the EELS detector. It can detect
a wide energy range and implies multiple physical processes [55,76].
The typical acquired EELS signal comprises a zero-loss peak (ZLP) cor-
responding to the elastic scattering and an energy loss part signifying
inelastic scattering information with specific momentum (#q) and en-
ergy transfer (7w). In principle, we can obtain the specimen properties of
the spatial, momentum, and energy dimensions by recording the above
signals in different detectors.

In detail, as presented in Fig. 2b, by combining a real space scan and
the momentum information in the diffraction pattern, different STEM
images, such as bright field, dark-field [77,78], and 4D-STEM images
[79,80], are extracted, mapping the underlying nanostructure,
atomic-scale electric field, and charge distribution. In addition to the
imaging characterization, adjusting the projector lenses to rotate and
scale the scattered beam allows us to select a specific momentum di-
rection to enter the EELS spectrometer, obtaining the
momentum-resolved EELS and identifying different dispersion branches
[58,67,81]. A three-dimensional dataset comprising the EELS spectra
and the corresponding two-dimensional scanning position of the spec-
imen will correlate bonding, chemical, and structure information [76,
82]. The above measurements have been the mature and standard
analysis methods in STEM, but all lack the information in a specific
dimension. The recently developed 4D-EELS technique records the
two-dimensional region in real space and the two-dimensional intensity
map versus energy and momentum transfer associated with each scan-
ning point [24,73], simultaneously encompassing spatial, momentum,
and energy information.

Fig. 3a shows the multidimensional information recorded by 4D-
ELLS. This 4D hyperspectral data cube is a collection of a series of
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Fig. 2. Schematics of the experimental setup and obtained information in 4D-EELS. (a) Illustration of the beam geometry in 4D-EELS measurement. The reciprocal
space of h-BN with high-symmetry points is also inset as a typical example. (b) Different operating modes in transmission electron microscopy (TEM) using single or

combinations among spatial, momentum, and energy information.
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Fig. 3. Schematic diagram of available multidimensional information in 4D-EELS. (a) The assembly of the 4D data tube. The individual bit contains the E-q maps
recorded on a pixel (dx, dy) in real space (x, y). (b) The schematics of the extracted spatial-resolved EELS spectra (top panel) and energy-filtered image (bottom

panel) from the 4d dataset.

momentum-resolved EELS maps (E, q) (the lateral face in the cube) and
the corresponding region of interest in the sample (the top face in the
cube), correlating the spatial and dispersion diagram. The individual
cube represents the fundamental component in the 4D dataset, con-
taining the scan location of a single pixel in real space and corresponding
recorded E-q maps. In the experiment, the pixelated E-q map is ob-
tained by properly placing a slot aperture oriented normal to the spec-
trometer dispersion (g, direction, the slot aperture orientation, and the
momentum transfer direction), typically parallel to a high-symmetry
line in Brillion zones (BZs). The g, dimension in the slot aperture is
integrated, and the acquired data displays the g, and E dependence.
Previous studies have attempted to measure the momentum-resolved
EELS maps by beam deflection or serially moving the collection aper-
ture relative to the diffraction plane to ensure the EELS spectra along a
specific momentum direction can be collected in the spectrometer
entrance [58,67]. However, the typical acquisition time for these ap-
proaches is from tens of minutes to several hours [58,67] for one space
point. Placing the slot aperture at the diffraction plane [81,83] is more
efficient to parallelly map high signal-noise ratio (SNR) phonon
dispersion within a shorter acquisition time (a few seconds). This setup

is also advantageous for data consistency among different momentum
points. Combined with the scanning illumination recording the struc-
tural information (x, y) using a HAADF detector, the (x, y, E, q) 4D
dataset is formed. We can also selectively omit one or two dimensions
from this dataset to obtain the above three-dimensional or
two-dimensional datasets. For example, as shown in Fig. 3b, we can
extract the spatial-resolved energy-loss map or select a specific energy to
obtain a series of energy-filtered images.

Furthermore, the advance in electron microscopy equipment over
the past decades has broadened the research field of electron microscopy
studies. The spherical aberration corrector promotes spatial resolution
[84]. The progress in the monochromator and spectrometers with
multipole correctors produces a narrow and small-tailed ZLP and im-
proves the energy resolution [57,60,66,85], previously limited by the
spread of the electrons from the gun. The attainable EELS details are
down to THz frequencies, enabling studying some low-loss excitation,
such as exciton [86], plasmon [87], and phonon dispersions [24,38,70,
73,88-90]. The minimalized ZLP tail decreases the spectra background
and ensures the precise extraction of the signal of interest. Besides, the
progress in detectors with a high dynamic range and good quantum
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detection efficiency improves the acquired data reliability and accuracy
[91]. The widespread availability of computational power and simula-
tions contributes to the data analysis and quick extraction of the
required information.

2.2. The accessibility and constraint of different resolutions

Fundamentally, the size of the corresponding crossover (i.e., the
demagnified image of the electron source, also known as the probe)
determines the spatial, momentum, and energy resolutions in the elec-
tron optics [66,71]. After minimizing the instrument instabilities well
enough, ideally, the diffraction limit becomes the fundamental limit.
The size of the crossover is expressed as [24,59,66,92]

05,72 21 %3
dm_{{z(f_p) ! +(mz)}
n\B a a

where 1 denotes the electron wavelength, a is the semi-angle of the
electron beam converging on the crossover, Ip represents the probe
current, and B is the source brightness. Hence, the spatial resolution (the
probe size at the sample) is inversely proportional to the corresponding
convergence semi-angle («) and the primary energy (Ep). The beam size
as a function of « at primary energies of 30 kV, 60 kV, and 100 kV is
plotted in Fig. 4a.

The uncertainty principle limits the momentum resolution, indi-
cating the intrinsic tradeoff between spatial and momentum resolution.
Fig. 4b shows the relation between the convergence semi-angle at the
sample and the diffraction spots radius. The BZ size of a diamond is
marked as the reference. A 10 mrad convergence semi-angle at 60 kV is
approximately equivalent to the BZ size of the diamond, and the larger
convergence angle will lead to the overlap among neighboring BZs,
mixing scattering signals with momenta along all directions. Therefore,
the momentum-resolved energy-loss spectroscopy must use a
nanometer-sized electron probe with a small convergence semi-angle to
ensure enough momentum resolution (typically at least one-quarter of
the BZ lateral size) [24]. Fig. 4c shows the acquired E-q maps with
different convergence semi-angles at the 30 kV and 60 kV primary
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energy. As the convergence semi-angle increases, the central diffraction
spot increases, and the dispersion becomes blurred.

The crossovers and the energy dispersion at the monochromator slit
and the EELS detector determine the energy resolution, where the ab-
erration correction in the slit and the spectrometer will improve the
energy resolution [59,66]. However, the minimum usable post-slit beam
current for spectroscopy requires a specific probe current at the silt,
unavoidably worsening the attainable energy resolution [59]. Based on
these limitations, the energy resolution at 60 kV can attain 3.2 meV in
this experiment [93]. Besides, the energy resolution is proportional to
the square root of the primary energy [60,66]. As shown in Fig. 4c, the
phonon dispersion measured at 30 kV shows sharper and more detailed
features than at 60 kV.

Hence, it requires balancing the spatial, momentum, and energy
resolutions based on the different experimental purposes. In practice, we
need a reasonable compromise for the resolution and the corresponding
SNR. First, to obtain a high SNR, the acquisition time can be increased at
the expense of energy and spatial resolutions due to possible drifts.
Second, the wider energy-selecting slit will increase the probe current to
acquire the weak signal where the intensity of the energy loss is 102-10*
times less than the ZLP but might worsen the energy resolution. A large
dispersion (low eV/channel) will minimize the full width at half maxima
(FWHM) of the ZLP but could decrease the SNR. We must choose
different settings based on the signal with varying energy ranges and
spectra features. Due to the multidimensional and complex information
in the 4D-EELS technique, data analysis is critical. The data processing,
such as beam energy drift-correcting, noise removal, and deconvolution
by the angle distribution of the incident beam [24,83], is beneficial for
extracting accurate signals. The following two sections discuss the
4D-EELS measurements and related physical processes in phonon
modes.

2.3. Experimental setup of 4D-EELS

The 4D-EELS were recorded using a Nion HERMES 200 microscope
operating at 60 kV and 30 kV. By optically rotating the postspecimen
beam to a fixed slot aperture, we can select a specific diffraction pattern
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Fig. 4. The tradeoff relation between the spatial, momentum, and energy resolution as a function of the convergence semi-angle and primary energy. (a, b) Spatial
resolution (a) and momentum resolution (b) vary with convergence semi-angles at 100 kV (orange), 60 kV (red), and 30 kV (blue) primary beam energy. A larger
convergence semi-angle can attain a higher spatial resolution. The momentum resolution depends on the convergence and collection semi-angles. For example, the
dashed horizontal lines in (b) represent the ratio of the '-X distance of the diamond. The corresponding typical configuration of the diffraction spot (green circles)
and the slot aperture (gray rectangle) in the 4D-EELS measurement is also inserted. (c) The beam energy and convergence semi-angle dependence of the measured
diamond phonon dispersion. The collection angle of the slot aperture was 4.5 x 75 mrad. As the convergence semi-angle increases, the central diffraction spot
increases, and the dispersion becomes blurred. For the primary energy, the dispersion measured at 30 kV shows sharper and more detailed profiles than at 60 kV.
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entering the EELS entrance with desired orientation and obtain the
corresponding E-q diagram. The uncertainty principle precludes the
possibility of obtaining best spatial and momentum resolutions simul-
taneously. Thus, to ensure enough momentum resolution for the mea-
surement of decent dispersion curve, the electron probe we usually
utilized is 1.5 mrad convergence semi-angle at 60 kV, which corresponds
to approximately spatial resolution of ~4 nm.

The typical dwell time for recording 4D-EELS datasets was 15 s/
pixel. The dispersion was a 0.0005 eV/channel with typical energy
resolution (FWHM of the elastic line) 14-16 meV. The corresponding
momentum range was 0 < g < 10 A}, and the momentum resolution
was ~0.2 A, which can be estimated by the convergence semi-angle
and geometry of the slot aperture.

All acquired spectra were processed by custom-written MATLAB
code [24]. The EELS spectra were registered by their normalized
cross-correlation for each dataset to correct beam energy drifts. The
4D-EELS datasets were individually denoised in two spatial dimensions
for each energy and momentum channel. The noise level was estimated
based on the high-frequency elements in the Fourier domain. A correc-
tion for the statistical factor was conducted following the literature [94]
to reduce the influence of elastic peak.

2.4. Phonon dispersion in 4D-EELS

The recent breakthrough in energy resolution in STEM-EELS pro-
motes researching the 4D-EELS technique in probing phonons, the
quantized modes of lattice vibration. Fig. 5 shows the typical phonon
dispersion diagram acquired by the 4D-EELS technique. The vertical axis
corresponds to the energy loss, and the horizontal axis represents the
momentum gy. As shown in Fig. 5b, the bright spot corresponds to the
diffraction spot in the diffraction plane, where the central diffraction
spot refers to zero-momentum transfer. The colored intensity in the di-
agram is determined by the double differential cross-section, providing
the probability of detecting scattered electrons in a scattering angle
element dQ with an energy loss (dw) compared to its initial energy Eg
expressed as [24,58,73,95-98]

di"(x Z IF,(q)2 [nq +ql (0 — w;(q)) +wf€q)5(w+w1(q)) ,

where q denotes the momentum transfer and equals a reciprocal lattice
vector of material, 4 labels the phonon branch, w,(q) is the momentum-
dependent phonon frequency, n, is the occupation number, F,(q) is a
fundamental parameter describing the coupling strength for fast elec-
tron scattering involving the vibrational mode, and §(x) is the Dirac
delta function. After correction for the statistical factor, the acquired
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k labels the atom in the unit cell. My, Z (q), and ry are the mass, the
effective charge, and the real space position vectors of the kth ion,
respectively. The effective charge Zx(q) is calculated using atomic form
factors [96,99]. e;(k,q) represents the phonon displacement
eigenvectors.

Based on the above expression of the scattering cross-section, we can
understand the relative contributions of the different modes to the E-q
map. First, the g-dependent scattering cross-sections result in the
asymmetric acquire EELS at different momentum transfers. Second, the
dot product of the electron momentum transfer q and the displacement
vector of the kth atom and Ath mode e, (k, q) implies that those modes
with nonzero vibration displacement along the q direction predomi-
nately contribute to the E-q map intensity. Hence, when we place the
slot at the position of the blue rectangle in Fig. 5a, the displacement
vector q; of transverse modes such as TO and TA modes perpendicular to
q and these modes will be inactive in EELS shown in Fig. 5b. However, if
we displace the slot aperture to the green position in Fig. 5a, these
modes will become active as shown in Fig. 5c. This is because the
electron momentum now is along the q direction and therefore q dots e
will no longer be zero for transverse modes.

However, the different scattering processes dominate the obtained
signal at different momentum transfers. Factor 1/ q2 highly modifies the
recorded signal at the small momentum transfer [97], resulting in strong
intensity for Bragg spots, affecting the signal quality of low-energy
acoustic phonon modes. The dipole scattering with the delocalization
nature is proportional to 1/q? thus having a large scattering
cross-section in the long wavelength limit (momentum q =0 AH100].
At the large q, the localized impact scattering will mostly contribute to
the spectra [61,101,102]. The conventional acquired EELS signals lack
momentum resolution and typically mix the two phonon scattering
processes. The typical way to collect scattered electrons with different
momentum transfers is by deflecting the beam after or before the sample
[65,100]. The 4D-EELS technique can simultaneously record the signal
at different momentum transfers and flexibly extract the nanoscale real
space distribution of different phonon modes with specific momentum
transfer. Specifically, by extracting the signal in the long wavelength
limit, we can probe some low-loss nanophotonic excitations in the
mid-infrared to terahertz ranges with a high Q factor, showing prom-
ising applications in nano optics [75,103,104]. We can map different
phonon modes after excluding the signal at a small q. We can also
integrate the signals containing more than one BZ of momentum space,
and the obtained spectra will preferably be closer to phonon DOS. The
following section will explain a more detailed application of the
4D-EELS technique.

Bright field image  Nano-optics
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Fig. 5. Comparison of the obtained E-q maps at different momentum transfers. (a) Schematic of geometry showing the position of the slot aperture in the first
Brillion Zone (BZ) (blue rectangle) and higher-order BZ (green rectangle). (b, ¢) The corresponding acquired E-q maps when the slot aperture places at the position of
blue and green rectangle in (a), respectively. More phonon branches are visible in the maps of higher-order BZs. The typical phonon dispersion recorded by the 4D-
ELLS and the corresponding extractable information by choosing suitable energy and momentum windows are also illustrated in (a).
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3. Results
3.1. Energy and momentum filtered in 4D-EELS

3.1.1. Elemental sensitive mapping

We introduce new 4D-EELS applications for nanoscale real space
mapping with specific momentum transfer and energy loss. We chose
the cubic boron nitride (cBN)/diamond heterointerface as the model
system. The atomically resolved HAADF image in Fig. 6a shows the
atomically sharp and coherent interface. Fig. 6b shows that the bulk cBN
and diamond have similar phonon dispersion profiles with a large de-
gree of overlap of phonon DOS. However, that cBN features an obvious
longitudinal optical-transverse optical splitting gap at the ' point.
Fig. 6¢c and d shows the phonon dispersion curves along I'-K-X-K-T"
measured at the diamond and c¢BN sides, respectively, correlating well
with the calculated phonon dispersion. A convergence semi-angle of
1.5 mrad was used to ensure enough momentum resolution. A reciprocal
lattice vector displaces the slot aperture along the '-K-X-K-T" line to
avoid the strong central diffraction spot and activate more phonon
modes. The beam geometry is similar to the position of the green rect-
angle in Fig. 5. Previous energy-filtered (EF) TEM imaging techniques
are typically equipped with specific energy filter attachments
[105-107]. One specific energy is selected, and the energy-filtered
image containing the corresponding spatial distribution of spectral in-
tensity is formed. This setup makes the selected energy of the EELS
spectrum integrate over a large range of q vectors. The 4D-EELS tech-
nique provides convenience to extract the same information by selecting
an area with specific energy loss and momentum transfer in the recorded
dispersion mapping of the 4D dataset during data processing. Then, we
can obtain the corresponding real space image of the selected range
using the information with the momentum and energy dimensions
simultaneously.
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For example, as marked by the purple rectangle in Fig. 6b, the
phonon DOS has a large overlap from 80 meV to 100 meV. Hence, if we
only select the electrons with an energy loss from 80 meV to 100 meV,
the corresponding image has uniform intensity profiles (Fig. 6e). How-
ever, from the corresponding E-q maps in the 4D-EELS dataset, we can
separate the cBN and diamond at specific momentum transfer and
obtain elementally sensitive images. In Fig. 6f, when selecting the red
rectangle range in the E-q maps, the high intensity primarily occurs at
the diamond side, showing an abrupt intensity change at the interface.
The spatial distribution of the blue rectangle range is also shown in
Fig. 6g, where a very strong intensity in cBN is visible. More particular
stacks of energy and momentum-filtered images can be extracted via the
4D-EELS technique.

3.1.2. Different defects mapping and diffraction contrast decoupling

Due to the ability to form the image in the real space of any spectral
feature, the 4D-EELS can provide a chance to decouple the scattering
contributions in the traditional bright and dark-field images. Fig. 7a
shows the HAADF image of multiwalled boron nitride nanotubes
(BNNTs), where multiple voids or defects and resulting defect scatter-
ings (elastic and inelastic) exist inside this structure. Due to the strong
dynamical effect in electron diffractions, the dark-field image is sensi-
tive to crystal defects and is a powerful imaging mode for defects. The
4D-EELS technique can further identify the energy loss with different
scattering processes at varying momentum transfers. Here we spatially
map the different energy ranges of the EEL spectra in the central
diffraction and second-order diffraction spots, separately shown in
Fig. 7b-g.

First, Fig. 7b and e show that the different momentum transfers result
in different intensity profiles. The real space map of the overall EELS
spectrum extracted from the central diffraction spot and the secondary
diffraction spot are fundamentally consistent with the bright field and
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Fig. 6. Energy-filtered image at a specific momentum. (a) The HAADF image of the diamond/cBN interface shows a sharp and coherent interface structure. (b) The
calculated phonon dispersions for the bulk diamond (green) and cBN (orange). (c, d) The measured phonon dispersion diagrams along the '-K-X-K-I" line with the
beam in the (c¢) diamond and (d) c¢BN are consistent with the calculated results. (e-g) The energy-filtered image at the specific momentum range marked by the purple
rectangle in Fig. 6b. The 80-100 meV range without momentum resolution is selected for real space imaging (e), presenting uniform intensity distribution. However,
the intensity maps by choosing the specific momentum areas marked by the (f) red and (g) blue rectangles show matter sensitivity. In all the color maps of intensity
(counts), the lower color limit is fixed to zero, and the contrast has been adjusted for better visibility.
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50-200 meV Fig. 7. Real space mapping of various components in bright
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and dark-field imaging. (a) A HAADF image of a BNNT tube.
The bottom panel shows the electron diffraction pattern
recorded at the center of the tube in the diffraction plane. The
dashed rectangle represents the position of the virtual slot
aperture. The orange and blue circles represent the selected
momentum range for bright and dark-field imaging, respec-
tively. (b-d) The intensity maps of different energy range with
the entire EELS spectrum (b), the zero-loss peak (ZLP) corre-
sponding to the quasi-elastic scattering (c), and the 50-200
meV primarily dominated by the phonon polariton (d) in bright
field imaging. The quasi-elastic scattering includes elastic and

inelastic scattering with a tiny energy transfer that cannot be
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dark field images respectively, where the map from the secondary
diffraction spot is highly influenced by the defect scattering and show
some strong hot spots appearing at the tube edge.

The entire EELS spectrum contains the elastic and inelastic scatter-
ings with the sample. We then extract the intensity distribution at
different momentum transfers of quasi-elastic scattering signals (energy
of —10 meV to 10 meV, containing elastically scattered electrons and
part of low-energy acoustic phonons) and phonon modes (energy of
50-200 meV) (Fig. 7¢, d and f, g). Understandably, the intensity maps
obtained in the —10 meV to 10 meV range show the nearly same features
as that extracted from the whole EELS spectrum. Furthermore, based on
the scattering theory, dipole scattering affects the interaction between
the electron beam and the BNNTs at zero-momentum transfer. Hence,
the phonon polariton signal will significantly affect the intensity maps
extracted from the central diffraction spot. Due to its long-range
Coulomb interaction, the resulting intensity maps (Fig. 7c and d) are
not sensitive to structural defects. However, the slight difference in the
tube wall, such as nonuniform chirality, faceting, crystal orientation, or
change in the stacking order, could contribute to the intensity contrast of
the EELS extracted from the central diffraction spot [64], resulting in the
asymmetric intensity profiles of the left and right tube edges in Fig. 7d.
As mentioned above, a larger variety of phonon modes can be activated
when we select the scattered electrons with higher momentum transfers.
The ZLP is much weaker and the phonon signals are explicitly visible
and easier to extract. Interestingly, the intensity maps of EELS signal in
50-200 meV range extracted from the secondary diffraction spot
(Fig. 7g) shows different distribution in real space, compared with that
in —10 meV to —10 meV range (Fig. 7f). The contrast difference in
different energy loss may derive from different kinds of defects, indi-
cating that the stack of energy-filtered EELS maps at different mo-
mentum transfers may be a useful label to separate different defect
types. Therefore, the 4D-EELS technique can be supplementary to
traditional diffraction contrast imaging to decouple the scattering con-
tributions and an effective tool to visualize and distinguish different
defects, helping to study the defect-related interactions.

3.2. More underlying physical processes extracted from 4D-EELS

The above sections provide different operating modes in 4D-EELS

| E (Q)H

distinguished due to the limited energy resolution. (e-g) The
intensity maps of different energy range with the entire EELS
spectrum (e), the ZLP corresponding to the quasi-elastic scat-
tering (f), and the 50-200 meV primarily dominated by the
phonons and possible phonon polaritons due to the dynamic
scattering effect (g) in dark-field imaging, where the contrast is
highly sensitive to defecting scattering.

based on one momentum range. Typically, as denoted in Fig. 8a, the
4D-EELS technique can simultaneously record two arbitrary areas in the
diffraction plane with different momentum transfers. Therefore, we can
conduct various combinations or mathematical operations among the
signals in these two areas. For example, previous studies presented a
differential phonon momentum map by subtracting the phonon signal at
opposite reciprocal locations [88]. The intensity in such a map indicates
the difference in phonon populations and can identify the direction of
phonon propagation, classifying the diffuse and specular reflections in
the abrupt and gradual interfaces.

Another promising application is conducting the EMCD measure-
ment, a method based on STEM-EELS to characterize the local magnetic
structure of the nanostructures, which is critical for understanding and
designing the magnetism, multiferroics, and spintronics on a nanometer
scale [108,109]. The basic experimental concept is to obtain two EELS
spectra at opposite chiral positions of positive (marked by + in Fig. 8)
and negative (marked by — in Fig. 8) in the diffraction plane. The dif-
ference between these two EELS spectra is the corresponding EMCD
signals. Due to the strong dynamical diffraction effects of fast electrons,
the strength and sign of the EMCD signal highly depend on the mo-
mentum transfer vectors. Typically, the circular aperture sequentially
acquires the two EELS spectra twice, only collecting a small fraction of
the inelastically scattered electrons, and could cause inconsistency in
acquisition conditions. Compared with the conventional implementa-
tion of EMCD measurements, the 4D-EELS technique can realize a par-
allel acquisition of EELS spectra. This setup ensures recorded positive
and negative spectra under the same acquiring conditions and negates
the need for scanning the same sample area multiple times. Acquiring a
complete momentum space also benefits the accurate extraction of
EMCD signals.

Using the slot aperture, we measured reliable EMCD signals with a
decent SNR in the yttrium iron garnet (YIG; YsFes015) magnetic crystal.
Fig. 8b shows the configuration of the slot aperture in the diffraction
plane. As proposed by the dynamical diffraction calculation results
[110], when the slot aperture places from the Left to Right position of
the momentum space shown in Fig. 8b, the EMCD signal is flipped. In the
experiment, the acquisition time of a single 4D-EELS dataset is
approximately 8 s to ensure enough SNR. The resulting 2D intensity map
versus energy and momentum transfer, which align along the energy
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Fig. 8. Combination of two momentum transfer information from 4D-EELS. (a) A scheme of the diffraction pattern and the slot aperture configuration. The dashed
circles denote the two target momentum positions. Various mathematical combinations of the EELS spectra extracted from the two positions can be performed. (b)
The experimental diffraction patterns for the slot aperture (dashed rectangle) are placed on the Left and the Right sides. (c, d) Experimentally recorded E-q maps (c)
and corresponding EMCD spectra (d) by extracting the chiral EELS spectra from the red and blue boxes, respectively, in the Left region. (e, f) Experimentally recorded
E-q maps (e) and corresponding EMCD spectra (f) by extracting the chiral EELS spectra from the red and blue boxes, respectively, in the Right region.

axis, is correspondingly shown in Fig. 8c and e. The iron edges are visible
as vertical streaks at 709 (L3) and 723 eV (Ly). By fitting the background
with the power law model in the pre-edge region, we extract the chiral
EELS spectra at the Left and Right regions, normalized by integrating the
intensity in a window between 740 eV and 800 eV. The blue and red
spectra in Fig. 8d and f, respectively, correspond to the chiral EELS
spectra at the + and — range. The sign of the obtained EMCD signal on
the right side is opposite from that on the left, signifying data reliability.
This measurement enables the spatially resolved EMCD to be practical,
allowing us to study the effects of the surface, interface, and defects on
the local magnetic properties. Furthermore, more plentiful measure-
ments about electronic structures, such as the orbital arrangement and
interband transition [111-113], should be achieved in 4D-EELS.

4. Conclusions

This study provides the physical connotation of recently developed
4D-EELS measurements and demonstrates a few applications. The un-
matched spatial resolutions of STEM with an aberration corrector and
the high degree of flexibility in energy and momentum dimensions
adjusted by electromagnetic lenses and multipoles make it possible to
closely correlate the spatial, energy, and momentum information in
materials. Although the resolution of spatial and momentum cannot
achieve the best because of the intrinsic tradeoff between them simul-
taneously, the phonon dispersion in nanoscale can be effectively map-
ped by scanning the electron probe and placing a slot aperture to select a
specific momentum direction in the diffraction plane. In addition to the
balance of spatial, momentum, and energy resolutions in the practical
experiments, the tradeoff between the resolution and the SNR must be
considered. From the measurable 4D dataset, we can flexibly extract real
space mapping of different scattering processes, including phonon
modes at various momentum transfers, which is adapted to distinguish
the local inhomogeneity, such as structural, phase, and element varia-
tions. Furthermore, the collection of spectra contributions at different
momentum range in the acquired 4D dataset allows for obtaining reli-
able EMCD signals and much more dynamic processes. These results

exhibit the perspective of the 4D-EELS technique in probing nanoscale
thermal, mechanical, optical, and electronic properties.

However, it should be appreciated some limitations and space still
exist for development in the 4D-EELS technique. First, although sub-10
meV energy resolutions are feasible because it works well for those light
element systems with high-energy phonons, for most materials with
heavy atoms, their data quality and extractable knowledge of phonon
dispersion are limited by the energy resolution. Besides, even though
compared with the measurement with large convergence semi-angles,
which averages all the signals over the entire BZs, the momentum-
resolved 4D-EELS data allow us to remove the background of the
spectra more accurately but is still restricted by the attainable energy
resolution in STEM-EELS. For example, the details in acoustic phonon
modes, specifically at the small q, are challenging to extract. Therefore,
better energy resolution is highly desirable. Moreover, given the
complexity of the scattering between the electron beam and the sample,
precise and efficient data processing and sophisticated theoretical
simulation are required to interpret the obtained signal and reveal the
deep physical properties. In addition to providing a direct picture of the
spatial, energy, and momentum dimensions, a further combination of
multiple dimensions, such as time and temperature, by local external
field modulation will promote the abundant development of the 4D-
EELS technique and broaden the applications of this technique.
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