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Abstract

Sections

Nanoscale electromagnetic fields formed at localized structures such
asinterfaces play a pivotal role in the properties of state-of-the-art
electronic and spintronic devices. Direct characterization of suchlocal
electromagnetic fieldsinside devices is thus crucial for propelling their
research and development. In recent years, direct electromagnetic
field imaging via differential phase-contrast scanning transmission
electron microscopy (DPC STEM) has attracted much attention. Recent
developments of tilt-scan averaging systems and magnetic-field-free
objective lenses have finally enabled the practical application of

this technique to electronic and spintronic devices. This progress
hasled to the nanoscale, quantitative observations of electric fields

of p-njunctions, 2D electron gas and quantum wells, as well as
magnetic fields of magnetic domains, magnetic tunnel junctions and
antiferromagnets. These studies demonstrate that DPC STEM can
observelocal electromagnetic fields from nanometre to sub-angstrom
length scales across awide range of materials and devices. In this
Review, we describe the basic principles of DPC STEM, discuss its
recent developmentsin both hardware and imaging techniques and
finally show its practical applications in device characterization.

We emphasize the immense potential of advanced DPC STEM for the
research and development of future electronic and spintronic devices.
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Key points

o Differential phase-contrast scanning transmission electron
microscopy has enabled electromagnetic field imaging at nanometre
to sub-angstrom resolution.

e Recent developments in scanning transmission electron
microscopy, such as the tilt-scan averaging system and magnetic-
field-free lenses, have enabled the practical application of
electromagnetic field imaging technique to electronic and
spintronic devices.

¢ Nanoscale and quantitative observations of electric fields in
semiconductor devices, including p-n junctions, 2D electron gas
and quantum wells, have been achieved.

¢ Nanoscale magnetic domains, domain walls, switching
of magnetization in magnetic tunnel junctions, and atomic
antiferromagnetic layers have been visualized.

o Further developments of differential phase contrast, such as
in situ biasing and magnetizing technique, will accelerate the
research and development of state-of-the-art electronic and
spintronic devices.

Introduction

Precise control of nanoscale structures such as interfaces is vital
for future electronic and spintronic devices with higher efficiency,
increased speed and smaller size. These nanoscale structures strongly
correlate with local charge carriers and electromagnetic fields, which
determine the properties and performance of the device. Hence, direct
characterization of local charge carriers and electromagnetic fieldsin
conjunctionwith nanoscale structures is essential for the research and
development of future electronic and spintronic devices.

Scanning transmission electron microscopy (STEM) is a power-
ful tool for characterizing materials and devices at subnanometre
dimensions. In STEM, a finely focused electron probe is scanned
across asample, capturing the transmitted and scattered electrons
ateachrastertoobtain sample information. Advancementsin aber-
ration correctors have enabled the electron beam to be focused
down to less than an angstrom'™, pushing the resolution of STEM
beyond atomic dimensions. Additionally, STEM is distinctive in its
versatile imaging modes. A schematic diagram of a typical STEM is
shown in Fig. 1a. For atomic structure analysis, we use high-angle
annular dark field (HAADF) forimaging heavy elements®®and annular
bright field (ABF) forimaging light elements’ . We can obtain local
information on elemental distribution and electronic states using
energy-dispersive X-ray spectroscopy (EDS)" and electron energy
loss spectroscopy (EELS)™'*. Moreover, recent technological devel-
opments in STEM bright-field detectors, such as segmented and
pixelated detectors™*, have led to the development of new imaging
modes. Theseinclude atomic structure imaging modes with ultrahigh
signal-to-noise ratio for beam-sensitive materials: examples are
optimum bright-field imaging** and electron ptychography®*,
and the electromagnetic field imaging method using differential
phase contrast (DPC)**¢, which is the focus of this paper. A sche-
matic diagram of DPC STEM is shown in Fig. 1b. DPC STEM detects

the deflection of an incident electron beam by the electromagnetic
fields of a sample using segmented or pixelated detectors, visual-
izing the electromagnetic fields at the nanometre or smaller length
scale. DPC STEM enables not only high-resolution observations of
electromagnetic fields but also simultaneous observation of atomic
structures through other STEM imaging modes such as HAADF. An
example of DPC STEM observation in a GaAs p—n junction is shown
in Fig. 1c-g. In theory, diffusion and combination of electrons and
holes at the depletion layer in between n-type and p-type regions
induce electric fields pointing from n-type to p-type regions at the
equilibrium state. Because the dopant concentrations in p-type
and n-type regions are usually small (about 107-10" atom cm™),
there is almost no structural difference between the two regions.
Therefore, almost no contrast appears at the p—n junction when
using structure-sensitive imaging such as HAADF (Fig. 1g). DPC STEM
clearly visualizes lateral electric fields from n-type to p-type regions,
showing the exact position of the p—n junction. Many applications
have also shown the usefulness of DPC STEM, such as imaging of
electric fields in semiconductors® *, polar materials®*~¢, atomic elec-
tric fields (even within single atoms)*** =’ and charge densities®*,
and imaging of magnetic fields inside magnetic domains, domain
walls®*"' and magnetic skyrmions’ ™,

Recent advances in DPC STEM, particularly the development of
tilt-scan-averaged DPC STEM (tDPC STEM)**”’, have enabled quanti-
tative observations of electromagnetic fields and charge densities in
the vicinity of crystalline interfaces such as heterointerfaces and grain
boundaries. Another noteworthy development is the magnetic-field-
free objective lens”®, which enables high-resolution observation of
magnetic materials in a magnetic-field-free environment. These
advancements have led to real-space observations of 2D electron gas
atwide-gap semiconductor heterointerfaces’”, magnetic domains and
walls in polycrystalline magnets, magnetic fields in magnetic tunnel
junctions® and atomic magnetic fields of an antiferromagnet®. Thus,
theadvanced DPC STEM has the potential to substantially enhance our
understanding of device characteristics.

Inthis Review, we discuss the theoretical background of DPC STEM
andrecent developments of tDPC STEM and magnetic-field-free objec-
tive lenses. Then, we show the application of electromagnetic field
observations using the advanced DPC STEM. Finally, we discuss the
remaining challenges of electromagnetic field imaging and future
directions of this field. Through the discussion, we show how DPC
STEM might contribute to the research and development of future
nanoscale devices.

Theoretical backgrounds of DPC STEM

In this section, theoretical principles of electromagnetic field imag-
ingby DPCSTEM are described. When an electromagnetic field exists
perpendicular to the path ofan electron, and the electron beam passes
throughthe fields, momentumis transferred to the electrons and their
phase will be shifted. The basic concept of DPC STEM is to measure
this momentum transfer by splitting the detector on the diffraction
plane and taking the subtraction of the intensities detected by the
opposing detector segments. Theidea of detecting phase information
of the incident electron beam by subtracting electron intensities of
the opposing detector segments was originally proposed by Rose***,
Dekkers and de Lang substantiated that the differences in the elec-
tron intensities of the opposing detector segments correlate with
the differential phase of the transmitted electrons, which relates to the
electromagnetic fields inside the sample®*. Waddell and Chapman®>%
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Fig.1| Overview of differential phase-contrast
scanning transmission electron microscopy
techniques. a, Schematic of STEM. The
configurations of high-angle annular dark-field
(HAADF), annular bright field (ABF), segmented,
pixelated, electron energy loss spectroscopy (EELS)
and energy-dispersive X-ray spectroscopy (EDS)
detectors with respect to the sample areillustrated.
b, Schematic of differential phase-contrast scanning
transmission electron microscopy (DPC STEM) for
visualization of electric (left) and magnetic (right)
field. When afocused electron probe scans the
sample region wherein a leftward electric field or
frontward magnetic field exists, the transmitted
electrons are deflected to the right. c-g, The results
of p-njunction observation by DPC STEM. ¢, Schematic
of p-njunction and its ideal electric field profile.
Simultaneously observed images of horizontal
(paneld) and vertical (panel e) components of electric
field, colour map of electric field vector (panel f) and
HAADF STEM images (panel g) are shown. In panel

f, the inset colour wheel indicates how colour and
shade denote electric field orientation and strength.
Allscalebarsin panels d-gcorrespond to 200 nm.
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later elucidated that the measurement of the centre of mass (CoM)
of the diffraction pattern directly correlates with the electromag-
neticfieldsinside the sample under the phase object approximation,
where the electromagnetic field alters only the phase of the incident
electronbeam.

Theoretical studies of phaseimaging using segmented or pixelated
detectors have evolved substantially since these seminal works*”* %,
Here, we start with the classical framework of electromagnetic field
imagingin DPC STEM, followed by a quantum mechanical framework
based on Ehrenfest’s theorem?®39%%329101,

For simplicity, let us assume that the electric (E) and magnetics
(B) fields on the sample have only components perpendicular to the
electron beam’s path, E; and B,, and they are uniform throughout

the thickness of the sample. In the classical framework, we can
describe the momentum transfer (Ap, ) to the transmitted electron
beam by the electromagnetic fields through the Coulomb and
Lorentz forces:

Ap, = _%t (E (r) +VxB,(r)) W

Inequation (1), eis the electron charge, t is the thickness of the sample,
vis the velocity of the electron and r is the real-space coordinates of a
sample plane (perpendicular to the path of the electron beam). The
deflection angle 6 can be described using the electron momentum
p= h/A, where his Plank’s constant and A is the electron’s wavelength,
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Box 1| Comparisons of detectors for DPC STEM imaging

The recent rapid development in bright-field detectors for scanning
transmission electron microscopy (STEM) has played a crucial role
in the progress of differential phase-contrast (DPC) STEM. This Box
compares the main features of two types of bright-field detectors for
DPC STEM: segmented and pixelated detectors'2%?"2%-26,

Segmented detectors, which are based on a photomultiplier
system' or semiconductor system, typically consist of 4-40 segments
divided in both radial and azimuthal directions. An example of a
40-segmented detector is illustrated in Fig. 1b. In contrast, pixelated
detectors typically use a complementary metal-oxide-semiconductor
(CMOS)-based system and consist of hundreds-by-hundreds of square
pixels. When STEM uses pixelated detectors, it is frequently described
as ‘AD STEM'’, as the 2D information on the detector plane is combined
with the 2D information on the sample plane.

Theoretically, pixelated detectors offer more quantitative
electromagnetic field imaging than segmented detectors, as
discussed in the main text. However, for now, segmented detectors
often hold practical advantages. Currently, a notable limitation with
pixelated detectors is their read-out speed. Recent technological
advancements, such as the development of hybrid-array detectors,
have realized fast detection speeds (around 10 us per pixel)*.
However, segmented detectors still offer much faster detection
speed, in the submicrosecond per pixel range. This rapid detection

andAp:tanf= Apl/pH Asthedeflection angleis usually sufficiently small,
tanf= 6, 6 canbe described by using equation (1) as:

0:—%(&&) +vxB,(r)) (2)

Inthis model, the deflection of transmitted electrons canbe seen
asthesimple shift of the bright-field disc of the incident electronbeam.
Thismodelistherefore sometimesreferred to as the ‘rigid shift model".
In this model, the deflection angle 6 can be measured by subtracting
electronintensities of the opposing detector segmentsrelative to the
optical axis.

Although this rigid shift model is valid in situations where the
electromagnetic fields are uniform within the electron probe size,
for example measuring uniform magnetic fields inside magnetic
domains, it is too simplistic for situations where the electromag-
netic field varies within the electron probe size, for example observ-
ing inside the magnetic domain walls. In these cases, the rigid shift
model breaks down, and the quantum mechanical framework should
be considered.

Ehrenfest’stheorem canbe used for including aquantum mechani-
calframeworkinequation (2). According to thistheorem, the expecta-
tion value of the quantum operator for particle momentum should
behave like the momentum of the classical particle Therefore, in equa-
tion (2), the deflection angle 8 and the electromagnetic fields E, and B,
can be replaced by their expectation values (6, (£, ) and (B, ), making
the equation generally valid. When defining the reciprocal-space coor-
dinates of a plane perpendicular to the electron beam path as k,
the expectation values become (0) =A¢k) =/1/(p*(k, R)ky(k, R)dk,
E)= 9 (r, E(Ng(r,R)dr, (B)= [¢*(r,R)B,(r)¢(r,R)dr. Here,
¢(k,R) and ¢(r,R) represent the electron wavefunctions on the

capability is especially advantageous for tilt-scan-averaged DPC
(tDPC) STEM and in situ DPC experiments. Because tDPC STEM
requires signal detection at each beam-tilt condition, slower
detectors result in a very slow frame rate’’. In situ DPC experiments
require fast beam scanning and fast detectors to track changes in the
sample over time. Another issue is the computational cost. Pixelated
detectors generate vast amounts of data, often reaching hundreds
of gigabytes for one image. This data volume can lead to time and
financial costs for data transfers and processing.

Given these factors, selection of an appropriate DPC STEM
detector should be based on the balance of the following points:
quantitativeness, computational cost, tDPC and in situ capabilities.
It should be noted that both the speed of pixelated detectors and the
quantitativeness of segmented detectors have been improving year
by year”""¢, For example, ultrafast event-driven pixelated detectors
have been recently developed’*'*°. For each incoming electron on
the detector, the point of impact and time of arrival are monitored.
When this is combined with the probe position at each time, the 4D
STEM dataset can be obtained. This detector can accelerate the
detection speed of pixelated detectors up to the submicrosecond
regime by skipping the readout of pixels with zero counts. Further
developments are expected to mitigate the current limitations of
both detectors.

detectorand the sample plane, respectively, when the electron probe
is positioned at r = R. Using the electron probability densities on
the detector plane, |[p(k, R)I2 =I4i(k, R), and on the sample plane,
lp(r, R)I2 = l,robe(r, R), equation (2) can be reformed as:

[ Klirt, RYdk = —% JE® + VB ope(r, RAr  (3)

The right side of equation (3) can be simplified when assuming
thatthe electron probe is not altered during the probe scan. The inte-
gral over the sample plane on the right side of equation (3) can be
rewritten as a convolution with the probe intensity function:
~ o (EL(R) +V X BL(R) ®prope-

Theleftside of equation (3) represents theintegral of the electron
diffraction pattern, weighted by its position on the detector plane. This
can be measured by calculating the CoM of the electron diffraction
pattern.Inanideal pixelated detector with aninfinite number of pixels,
accurate CoM measurements can be made. As for afinite detector like
asegmented detector, itis possible to measure an approximate CoM,
where theintensity is weighted by the geometric centre of mass of each
segment®. Inthis case, itis equivalent to approximating that the inten-
sity within each segment is constant. Recently, multisegment detectors
(suchas40-segmentdetectors) havebeendeveloped.Suchdetectorsare
practically useful because they allow fast scanning while maintaining
CoM quantitation accuracy®. The comparison between pixelated and
segmented detectorsis discussed in Box 1.

Finally, when defining the measured CoM as DPC signal Sppc(R),
we obtain

Sppc(R) ~ % (E.(R) + v B,(R)) ® ;o1 @)
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Equation (4) shows that the measured CoM at the position R
has linear correlation with the electric field and the cross-product
of electron velocity and magnetic field at R, all convoluted with the
electron-probe point spread function within the phase object approxi-
mation. Sample thickness ¢ can be estimated by EELS'*>'* or convergent
beam electron diffraction technique'®*. Thus, DPC STEM can
quantitatively visualize electromagnetic fields inside the sample.

Itshould be noted that the range where the phase object approxi-
mation remains valid is not straightforward. When an atomically sharp
probe is used, the phase object approximation can break down for
several nanometres of sample thickness, owing to the dynamical effects
associated with the strong atomic potential®*>. However, when using a
nanometre-sized probe, the situation is different. The strong atomic
potentialis averaged outinside the nanometre-sized probe, resulting
in an almost uniform potential that does not significantly contribute
tothe DPCsignal. Therefore, only mesoscopic phase shifts, whichare
generally much smaller than the atomic potential, contribute to the
DPCsignal, making the applicable domain of the phase object approxi-
mation wider than an atomically sharp probe. For a p—njunction with
dopant density 0f 10" atom cmand a semiconvergent angle of 1 mrad,
the phase object approximation remains valid for thicknesses of several
hundred nanometres®. Thus, itisimportant to choose the appropriate
convergence angle depending on the strength of the electromagnetic
field being observed. In cases where the phase object approximation
breaks down, the specimen potential might be reconstructed through
aniterative algorithm using multislice simulation, as demonstratedin
ref.105. Additionally, itis worth noting that the atomic potential might
still contribute to the DPC signal via dynamical diffraction, even when
using a nanometre-sized probe, a phenomenon known as diffraction
contrast. The phase object approximation can only be adopted when
this diffraction contrast is absent or sufficiently weak. Non-ideal situ-
ations, such as existing diffraction contrast, defocus or plasmon scat-
tering, in which equation (4) does not work well, have been discussed
in detail elsewhere*>?¢1961%7,

Recent development of DPC STEM

Tilt-scan-averaged DPC STEM

In this section, we describe the development of tDPC STEM. As men-
tioned in the Introduction, precisely characterizing the behaviours
of electromagnetic fields and carriers associated with interface
structures is crucial for understanding the properties of nanoscale
devices. Indeed, TEM or STEM allows for high spatial resolution
cross-sectional observation of interfaces, but substantial barriers, espe-
cially the problem of diffraction contrast, remain in electromagnetic
field imaging using Lorentz TEM, electron holography, 4D STEM and
DPC STEM*>##19819° The comparison between electron holography
and DPC STEM is discussed in Box 2. The principles of DPC STEM
described in the previous section assumed an ideal situation with-
out strong dynamical effects, but in practice, electrons transmitted
through crystalline samples are strongly affected by the changes of
diffraction conditions with multiple scattering. Moreover, this dif-
fraction effect is highly sensitive to sample bending or other factors
such as strain and sample thickness'°®. Therefore, if such factors exist
within the specimens, the true CoM changes generated by specimen
electromagneticfields are largely disturbed, and diffraction contrast
issuperposed on DPC images. Because strains are commonly formed
at crystalline interfaces, diffraction contrast often appears as strong
signals in DPC images. Therefore, previous studies have often used a
technique of arbitrarily tilting the samples about 10° away from the

zone axis orientation to circumvent the strong excitation of Bragg
reflections®®. However, this sample tilt sometimes worsens the spatial
resolution at the crystalline interfaces. This is because the interfaces
areinevitably tilted from the exact edge-on condition.
Sofar,severalstudies havebeenreportedtoovercomethis problem.
Somestudieshaveintroduceda4D STEMapproachthatusesedge detec-
tionof abright-field discby a pixelated detector"*™", The edge detection
method reduces diffraction contrast by discarding the intensity distri-
bution inside the bright-field disc and measures the rigid shift of the
discto quantify the electromagnetic fields. As discussed in the previous
section, a rigid shift model assumes that the electromagnetic field is
constantacross the electron probe. This technique cannot be applied
to cases in which the uniformity of electromagnetic fields cannot be
assumed. To overcome such limitations, the sample tilt averaging
method has been proposed*'°®'2, This technique acquires multiple
DPC signals by slightly changing the tilt angles of the specimen. To a
good approximation, when the sample tilt angle is sufficiently small,
the electronbeam deflection due to the electromagnetic field isinsen-
sitive to the sample tilt. Furthermore, the diffraction contrast can be
sensitively changed by the small sample tilt. Therefore, by averaging
many DPC images obtained with various different sample tilt angles,

Box 2 | Comparison between DPC STEM
imaging and electron holography

Both electron holography and differential phase-contrast scanning
transmission electron microscopy (DPC STEM) are techniques that
measure the phase shift of transmitted electrons to characterize
electromagnetic potentials and fields*. In electron holography,
biprisms are introduced before the specimen in a specialized
transmission electron microscope, which separates the electrons
into an object wave and a reference wave. By interfering the object
wave with the reference wave, a hologram is formed, allowing
quantitative, absolute potential measurements. Electron holography
has been applied to various materials, including magnets, thin film
devices and nanoparticles'™"""'%°7'% This Box briefly compares the
DPC STEM and electron holography techniques.

One major difference is that DPC STEM can be relatively
easily performed by introducing a segmented detector into
normal STEM, without the need for the specialized transmission
electron microscope instrument. Therefore, DPC STEM allows the
simultaneous acquisition of structural information through other
STEM techniques, such as high-angle annular dark-field imaging
and energy-dispersive X-ray spectroscopy analysis. This enables
a correlative understanding of atomic structure, chemistry and
electromagnetic fields, which is particularly useful for studying
crystal defects and heterointerfaces.

Another difference is that DPC STEM primarily measures the
electromagnetic field, whereas electron holography measures
potential. Although electromagnetic fields and potentials are
theoretically interrelated, differentiation or integration image
processing can be practically challenging, owing to the increased
high-frequency or low-frequency noise’. Consequently, DPC
STEM should be more advantageous for observing field or charge
distributions along with atomic structures, whereas electron
holography excels in quantitative measurements of potential
distributions.
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Fig.2|Overview of tilt-scan-averaged DPC STEM.
a, Schematic of tilt-scan-averaged differential
phase-contrast scanning transmission electron
microscopy (tDPC STEM) technique. The intensity
distributionin a bright-field disc originated from
diffraction effect can be minimized by averaging
multiple beam-tilt condition bright-field discs. Using
this averaged bright-field disc, tDPC STEM images
areacquired. b,c, Conventional DPC (panel b) and
tDPC (panel ¢) images of the same GaN/Al, ;,Gay gsN/
GaN/Aly,,GaygsN/GaN heterostructures. The film
configurations are shown at the top of the images.

In panelsb and ¢, the inset colour wheel indicates how
colour and shade denote electric field orientation
and strength. The scale barsin panelsband ¢
correspond to 30 nm. Panels b and cadapted with
permission fromref. 48.
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diffraction contrast can be effectively cancelled out, whereas the true
electromagnetic field signals are reinforced. Previous work showed
that the diffraction contrasts due tosample bendinginap-njunction
sample can be effectively reduced by sample tilt averaging'*®. Those
authorsalsosimulated tilt-averaged electron diffraction patterns with
Bloch-wave method and quantitatively evaluated the residual diffrac-
tion contrast after averaging. Another study proposed a method to
evaluate the residual diffraction contrast in the sample-tilt-averaged
DPC images by statistical analysis of individual sample-tilted DPC
images before averaging®’.

Although the sample tilt-averaging method has been showntobe
effective for suppressing diffraction contrast in DPC images, it relies
on mechanical sample-tilting systems that include notable errors in
tiltangles. In addition, post-image processing for averaging many DPC
images might lead to degradation of image resolution. Moreover, sub-
stantial electron doses on the sample, which are required for acquiring
multiple sample-tilt DPC images from the same sample position, can
resultinsevere electron beam damages. To address these issues, anew
beam-tilt-scanning system has been developed””. A schematic diagram
of tbDPCSTEMis shownin Fig. 2a. The new scanning system can control
the electron beam tilt with respect to the sample while scanning the

beamacross the sample. This scan system enables the rapid acquisition
ofthe beam-tilt-averaged DPCimages. Because there are nomechanical
tilterrors, precise and reproducible beam-tilt-averaged DPCimages can
beacquired. The effectiveness of tDPC STEM was first demonstrated by
observing GaN/Al,,Ga, ssN multi-heterostructures*®. Such heterostruc-
turesareintrinsically strained owing to the lattice mismatch between
GaNand Al,;,Ga,gN layers. Conventional DPC STEM observation shows
strong contrast fluctuation within each layer due to the unavoidable
diffraction contrast (Fig. 2b). In contrast, tDPC STEM image exhibits
almost uniform contrast within each layer, and the interface electric
fields, resulting from the meaninner potential difference between GaN
and Aly,,Ga, g¢N layers, are distinctly visualized (Fig. 2c). The precise
beam-tilt control allows us to quantitatively evaluate the residual dif-
fraction contrastin tDPC STEM image by simulating beam-tilt-averaged
electrondiffraction pattern'. These results showed that the diffraction
contrast canbe substantially reduced in the tDPC STEM image, to about
one-twentieth of that in the conventional DPC STEM.

Magnetic-field-free objective lens for magnetic field imaging
In this section, we introduce the development of a magnetic-field-
free objective lens that facilitates ultrahigh-resolution magnetic
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field imaging of magnetic materials and devices. Spintronic devices
require precise control of magnetic structures with length scales of a
nanometre or less, which show strong interactions with atomic-scale
local structures such as grain boundaries and heterointerfaces.
Therefore, it isimportant to probe local magnetic structures in con-
junction with atomic structures simultaneously. However, achiev-
ing ultrahigh-resolution magnetic field imaging has been extremely
challenging in electron microscopy for many years.

In a high-resolution objective lens, a strong magnetic field is
generated in the pole piece, whichis used to focus highly accelerated
electrons. The sampleis placed inbetween the upper and lower pole
pieces, being exposed to almost maximum magnetic field within
the pole piece (Fig. 3a). A strong external magnetic field of about
2-3 Tisthereforeinevitably applied to the sample during observa-
tion. When observing magnetic materials, the magnetic structure
of the sample, or even the sample itself, has often been altered or

even destroyed by the fields. Therefore, a mode with the objective
lens off, known as ‘Lorentz mode’, has often been used for observ-
ing magnetic materials via electron microscopy™*'". However, this
mode markedly restricts the spatial resolution, typically to only afew
nanometres or so. Consequently, visualizing magnetic materials at
high spatial resolution has been an exceedingly challenging task in
electron microscopy.

Toovercomethis limitation,amagnetic-field-free objectivelens has
beendeveloped’®. Aschematic diagram of thislensisshowninFig. 3b. The
frontand back pole pieces are precisely aligned inamirror-symmetrical
arrangement relative to the sample position"®. The front and back pole
pieces apply magnetic fields in opposite directions above and below
the sample, thereby effectively cancelling out the magnetic fields at the
sample position. Inthis configuration, we can place strong magneticfields
requiredforformingatomicallysharpelectronprobeasclosetothesample
aspossible, while keeping the samples in a magnetic-field-free condition.

a b

Fig.3|Overview of magnetic-field-free objective
lenses and its application result. Schematics of
conventional (panel a) and magnetic-field-free (panel b)
atomic-resolution objective lenses with respect to
the sample. In the conventional objective lenses, a
sample (orange rectangle) is placed in between the

NV
.\
4 \S

X

upper and lower pole pieces, resulting in maximum
perpendicular magnetic fields (red arrows) at the
1 sample position. In the magnetic-field-free objective
lens, the front and back objective lenses are aligned
inexactly mirror-symmetrical configuration with
respect to the sample. Because the magnetic fields
inthese lenses are in opposite directions, this

configuration can cancel out the lens magnetic field
atthe sample plane. High-angle annular dark-field
(HAADF) scanning transmission electron microscopy
(STEM) images (panel ¢) of a £9 symmetrical tilt grain
boundary of silicon steel (Fe-3 wt% Si), obtained
using the magnetic-field-free objective lens. The inset
isthe averaged image of the grain boundary structure
units. The scale bar correspondstolnm.d,e, The
grain boundary structure units superimposed with
the previously predicted and newly discovered
structure models, respectively. Panels c-e adapted
fromref. 119.
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A Fig.4|Two-dimensional electron gas imaging.

‘ a, Schematics of the GaN/Al, gsIn, ,N heterointerface
with the positive polarization-bound charge and
2D electron gas due to the difference in spontaneous
polarization (Pg,) and piezoelectric polarization
(Pyp). b,c, Electric-field-vector colour maps of GaN/
Al g5Ing 1,N (pseudomorphic AlInN) by tilt-scan-

| averaged differential phase-contrast scanning
transmission electron microscopy (tDPC STEM)

_—E +E / (panel b) and conventional DPC STEM (panel c).

: Theinset colour wheel indicates how colour and
3 - shade denote electric field orientation and strength.
| d,e, Charge density maps generated by calculating
the divergence of the electric-field-vector maps
(panels cand d). All the scale bars in panels
b-e correspond to 20 nm. f,g, Experimental and
simulated horizontal electric field profiles of
GaN/Al, gsIny ;,N (pseudomorphic AlInN; red dashed
line) and GaN/Al, In, N (lattice-matched AlInN;
blue solid line) heterointerfaces. CBM, conduction
band minimum; £, Fermi energy; VBM, valence band
minimum. Panels a-gadapted fromref. 79.
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In combination with state-of-the-art aberration correctors, this lens
design allows for atomic-resolution TEM and STEM observations
with residual magnetic fields on the samples less than 0.2 mT, far less
(under 1/10,000) than those imposed on samples by conventional
objective lenses.

Anatomic-resolution HAADF STEM image of a X9 symmetrical tilt
grainboundary of silicon steel (Fe-3 wt% Si) using STEM equipped with
the magnetic-field-free objective lens is shown in Fig. 3c-e™. Silicon
steel, despite being commonly used, poses considerable challenges
for atomic structure imaging owing to its soft ferromagnetic nature.
However, with this new objective lens, the unique atomic structure of
the grain boundary was clearly resolved.

Magnetic-field-free objective lenses are also useful for observing
magnetic fields via DPC STEM. This powerful combination allows for
unveiling atomic-scale magnetic phenomena that were concealed
because of the constraints of conventional high-resolution TEM and
STEM. Later, we present several studies that used this lens system with
DPC STEM to directly observe local magnetic fields inside magnetic
materials and devices.

Material and device applications of advanced
DPC STEM
Two-dimensional electron gas imaging
Two-dimensional electron gases (2DEGs) are important components
for electronic devices, owing to their highly mobile characteristics?’ >,
Heterointerfaces of GaN-based semiconductors, consisting of AIN,
GaN, InN and their compounds, are used in high-electron-mobility
transistors, where 2DEGs are spontaneously induced at the interfaces
by polarization mismatches'>"'%, The behaviour of 2DEGs within such
devices is presumed to be influenced by local atomic-scale defects
such as compositional fluctuations, dislocations and unintentional
impurities'*'”. Unfortunately, conventional electrical measurements
such as Hall effect measurements'”® measure only overall macroscopic
device properties and thus fail to capture such localized information
inside devices. Therefore, direct and local observation of 2DEGs is
essential for in-depth understanding of mechanisms and properties
of these electronic devices.

So far, microscopic characterization of 2DEGs has been
attempted by using atomic force microscopy'?*"*° and optical laser
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probe microscopy®'. However, these methods are not suitable for

cross-sectional observation of 2DEGs formed at heterointerfaces,
owing to their sensitivity only to the surface or their limited spatial
resolution. Addressing thisissue, tDPC STEM was used for directly visu-
alizing 2DEGs formed at GaN-based semiconductor heterointerfaces at
subnanometre resolution”. Given that substantial strains are typically
present at these heterointerfaces, the tilt-scan averaging technique
should be particularly advantageous for 2DEG observation. Their study
focused on two samples: nearly lattice-matched GaN/Al gIn, ;0N and
pseudomorphic GaN/Al, ¢In, ;,N with lattice mismatches. A schematic
diagram of GaN/AlInN polarization mismatches and a band diagram
areshown in Fig. 4a. The conventional DPC and tDPC STEM images of
the pseudomorphic samples are shown in Fig. 4b,c. The electric field
image obtained by conventional DPC STEM shows remarkable con-
trast fluctuations, not only at the interface but also within each layer.
These fluctuations are due to diffraction contrast from the local strain
and sample bending within the sample, complicating the extraction of
interface charge signals. In contrast, the electric field image obtained
by tDPC STEM clearly shows leftward signals (blue contrast) on the
GaN side of the heterointerface, indicating the presence of negative
charges at the interface. The charge density map (Fig. 4d,e), derived
from the divergence of the electric field image, confirms the pres-
ence of negative charge at the GaN side of the heterointerface. This
distribution of electric field and charge was similarly observed in the
lattice-matched sample. Line profiles of the electric field for both sam-
plesareshowninFig. 4f, indicating that the pseudomorphicinterface
hasastronger negative electric field than the lattice-matched interface.
These profiles are consistent with the profiles that are obtained by the
Poisson-Schrédinger simulation' (Fig. 4g). At the pseudomorphic
interface, piezoelectric polarizationisinduced by tensile strainin addi-
tionto the spontaneous polarization. The sum of the two polarizations
results in the stronger electric fields at the heterointerface and thus
larger amount of 2DEG accumulated.

To extract quantitative sheet charge densities in the two sam-
ples, the experimental electric field profiles were fitted with the
Fang-Howard wavefunction'®*, The results are summarized in
Table 1. Experimental quantification of the sheet charge density shows
that the amount of 2DEG formed at the pseudomorphic interface is
about twice as much as that formed at the lattice-matched interface,
consistent with the simulations and previous studies™”%, Intriguingly,
apositive charge of about 10'® atom cmwas also observed within the

a b

—> C axis

Fig. 5| Magnetic domainimaging in a polycrystalline magnet. High-

angle annular dark-field (panel a), conventional differential phase-contrast
(DPC) (panel b) and tilt-scan-averaged DPC scanning transmission electron
microscopy (tDPC STEM) (panel ¢) images of Nd-Fe-B polycrystalline
magnet. Panels are obtained from the same sample position. All the scale bars

Table 1| Quantitative sheet charge densities

Method Lattice-matched-AllnN Pseudomorphic AlinN
2DEG sheet lon density in 2DEG sheet londensity
charge AlInN (electron charge in AlinN
(electron cm™) (electron (electron
cm?) cm?) cm™)

tDPC 1.2+0.2x10" 5.8+0.5x10"™ 2.6+0.3x10"® 55+0.6x10"

experiment

Simulation  1.9x10"™ NA 3.6x10" NA

Previous 1-3x10™ 1-3x10™® (SIMS)  NA NA

studies (Hall effect
measurement)

Summary of quantitative 2D electron gas (2DEG) sheet charge density and ionized donor
density in the lattice-matched and pseudomorphic AlinN interface, estimated by tilt-scan-
averaged differential phase-contrast (tDPC) scanning transmission electron microscopy
images, simulation and previous studies, which use a Hall effect measurement and secondary
ion mass spectroscopy (SIMS). NA, not applicable.

AllnN layers. This suggests that the electronsinthe 2DEGs are supplied
from the AlInN layers to the heterointerface, and the positive chargesin
the AllnN layer could originate fromthe donors after supplying the elec-
trons. Previous studies have suggested that unintended donors might
be introduced during AlInN film deposition owing to the difference
in deposition temperatures between InN and AIN (refs. 137,139,140).
The present experimental results indicate that such donors canbe the
source of 2DEGs formed at the heterointerfaces.

Magnetic domain and domain wallimagingin

polycrystalline magnets

Polycrystalline permanent magnets are extensively used inawide range
of industrial applications such as motors, generators and sensors**.
In these magnets, suppressing the nucleation of reversal magnetic
domains and pinning the propagation of domainwalls by grainbound-
aries or precipitates are key to control magnetic properties such as
coercivity? ', A fundamental understanding of such effects requires
simultaneous observation of local magnetic fields and atomic-scale
defect structures. However, in polycrystalline materials, the different
crystallographic orientation of each grain often leads to pronounced
formation of diffraction contrast, which inevitably obscures the extrac-
tion of true magnetic field signals from DPC images®. Moreover, strong
external magnetic fields applied to the sample using conventional

correspond to 500 nm. In panels b and ¢, the inset colour wheel indicates how
colour and shade denote magnetic field orientation and strength. In panels a
and c, the grain boundaries that are pinning the magnetic domain walls are
highlighted by white arrows.
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Fig. 6 | Spintronics device imaging. Schematic
(panel a), high-angle annular dark-field (panelb),
conventional differential phase-contrast (DPC)
(panel ¢) and tilt-scan-averaged DPC scanning
transmission electron microscopy (tDPC STEM)
(panel d) images of amagnetic tunneljunction.

e, Series of magnetic field images by tDPC STEM of
the same sample after applying external magnetic
fields. Strength and direction of the external
magnetic fields are shown at the top of the images.
In panels c-e, the inset colour wheel indicates how
colour and shade denote magnetic field orientation
and strength. All scale bars correspond to 50 nm.
Adapted with permission fromref. 80.

70mT

TEM and STEM lenses can severely alter or even destroy the native
magnetic structures of the sample. Thus, the combination of tDPC
STEM and magnetic-free-objective lenses should be useful for directly
and simultaneously observing local magnetic fields and atomic-scale
defect structures in polycrystalline magnets.

ANd-Fe-B permanent magnet™®'* was selected asamodel sample
for visualizing magnetic fields using tDPC STEM and magnetic-field-
free objective lens. HAADF STEM, conventional DPC STEM and tDPC
STEM images of the Nd-Fe-B polycrystalline sample are shown in
Fig. 5a-c. The axis of easy magnetization, the c axis, is oriented in the
in-plane upward direction of the TEM lamella. The HAADF STEM image
(Fig. 5a) reveals the shape of crystal grains by contrast differences.
The c axes of these grains are well aligned, with a vertical extent of
several tens of nanometres and a horizontal extent of approximately
500 nm. In the conventional DPC STEM image (Fig. 5b), there is pro-
nounced contrast attributed to the varying crystal orientations and
internal strains within the grains, complicating a detailed analysis
of domain wall position. Conversely, the tDPC STEM image (Fig. 5¢)
effectively minimizes diffraction contrasts, visualizing a 180-degree
domain wall separating the downward magnetization on the left side
and upward magnetization on the right side. Notably, the domain walls
are pinned at specific grain boundaries, as highlighted by the white
arrows. Using other analytical STEM techniques suchas EDS and EELS,
we can also obtain chemical and electronic structure information from
such specific grain boundaries directly.

Magnetic field imaging in spintronic devices

Inthe pursuit of higher-performance computing devices, magnetore-
sistive random-access memory (MRAM) emerges as a pivotal tech-
nology, offering non-volatility, integrability and durability**'*. The
magnetic tunnel junction (MTJ), comprising two ferromagnetic layers
separated by a thin insulating barrier layer, is the key component for
MRAM" 2, The parallel and antiparallel alignment of magnetization
in these two ferromagnetic layers controls the low and high resistivi-
ties, respectively, owing to the tunnel magnetoresistance (TMR) effect,
retaining binary information. Thus,improving the TMR ratio, whichis

therelative changein electrical resistance between these two states, is
essential forimproving MT) performance’”"**. The TMR ratio is thought
tobeinfluenced by thelocalatomic structures, especially by theinter-
faces of the insulator and ferromagnetic layers. Therefore, directly
observing the local magnetic fields in the ferromagnetic layers and
near their interfaces should provide valuable insights into the TMR
properties of MT]Js.

For observing magnetic fields inside ferromagnetic layersin MT]Js,
tDPC STEM with the magnetic-field-free objective lenses was used®.
Asamodelsample, theresearchers prepared afilmonaMgO substrate,
consisting of a 57-nm-thick Fe free layer, a 3-nm MgO barrier layer,
al9-nmFe pinned layer and a15-nm Co layer to enhance the coercivity
ofthe pinned layer. Aschematicillustration of the sample structure and
observationresults are shownin Fig. 6. In the conventional DPC STEM
image (Fig. 6¢), itis difficult to distinguish the magnetization directions
in the free and pinned Fe layers owing to diffraction contrast caused
by the strain and local crystal misorientations. Conversely, the tDPC
STEM image (Fig. 6d) clearly visualizes the magnetic fields inside Fe
layers: the pinned layer and Co layer show a rightward magnetic field,
whereas the freelayer shows aleftward magnetic field, identifying the
antiparallel state.

To investigate the transition between parallel and antiparallel
magnetization states in the MTJ, the researchers applied magnetic
fields to the sample ex situ and subsequently observed the sample
magnetic fieldsby tDPCSTEM, as shown in Fig. 6e. Initially, on applying
arightward 100-mT external magnetic field in the rightward direction,
magnetization of all layers aligned to the right. Subsequently, the
researchersincreased the leftward external magnetic field step-by-step
from O mT to 80 mT. When the external field was varied between20 mT
and 30 mT, only the magnetization of the free layer flipped leftward,
resulting in the antiparallel state. At an external field between 60 mT
and 70 mT, the magnetization of the pinned layer and Co layer also
flipped, resulting in the parallel state but in the opposite direction
to the initial orientation. This study demonstrated the capability for
directly observing the parallel and antiparallel states within the MT)
atnanometre length scale.
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Atomic magnetic field imaging of an antiferromagnet

Ultimate understanding of the properties of magnetic devicesrequires
the characterization of magnetic structures down to atomic dimen-
sions. In electron microscopy, atomically resolved magnetic field
observation has long been unfeasible, owing to several problems.
One problem was the high magnetic field applied to the sample by
conventional objective lens, which can disrupt the magnetic structures.
This issue was overcome by the development of magnetic-field-free
objectivelenses’, as discussed in the previous section. Another prob-
lem involves separating atomic electric fields from atomic magnetic
fields. Previous studies in non-magnetic materials have indicated that
atomic-scale DPC STEM primarily visualizes electric fields emanat-
ing from positive atomic nuclei to the surrounding negative electron
cloud®. Given the relative weakness of the atomic magnetic field sig-
nals compared with the atomic electric field signals™>"°, it is neces-
sary to separate the atomicelectric field signals from the original DPC
signals for visualizing the atomic magnetic field. For materials with
macroscopic magnetization, such as ferromagnetic or ferrimagnetic
materials, a method in which an external magnetic field is applied to
induce magnetization reversal has been proposed. By subtracting the
results before and after applying the magnetic field, the magnetic field
within the specimen can be extracted””"**, However, this magnetization
reversal method cannot be applied to antiferromagnetic materials,
which do not have macroscopic magnetization.

Observations of antiferromagnetic a-Fe,0, were conducted using
atomic-resolution DPC STEM with the magnetic-field-free objective
lens®. HAADF STEM image with the atomic structure model of a-Fe,0,
projected along the[1120] directionis displayedinFig. 7a.Inthe HAADF
STEMimage, dumbbell-like pairs correspond to the Fe atomic columns
within Fe-Fe double atomic layers are present as bright spots. In
o-Fe,0,, whereas spins at Feionsin the same Fe-Fe double atomic layers
are expected to be ferromagnetically aligned, those in the adjacent
Fe-Fe double atomic layers are expected to be antialigned™’. Within
this assumption, the researchers developed a method to cancel out

the atomicelectric field signals and reinforce the atomic magnetic field
signals by image filtering the experimental DPC images. They setup a
kernel filter that subtracted the atomic electric field signals from the
centre Fe atomicsites, using four neighbouring Fe sites considered to
have opposite spin. The signal-to-noise ratio was enhanced by averag-
ing over the crystal units to capture weak atomic magnetic fields. Asa
result, the magnetic field was successfully observed, and itis estimated
to be approximately 0.1% of the electric field signal. The atomic mag-
netic field and phase-shiftimage obtained are showninFig. 7b,c.Inthe
magnetic-field-vector map, antiparallel contrasts are clearly observed
inthe adjacent Fe-Fe double atomiclayer. These vector map and mag-
netic phase-shift images are consistent with image simulations that
took into account the antiferromagnetic spin orientation measured
by neutron scattering'®.

The spin orientation of a-Fe,0;isknown to be rotated below 260 K,
whichis called the Morin transition'. Hence, the researchers compared
the magnetic DPC image of a-Fe,0, at room temperature with that at
about 113 K. The low-temperature DPC images are shown in Fig. 7d-f.
Note that images in Fig. 7a-c and d-f were obtained from almost the
same sampleregion. The magnetic vector colour map and correspond-
ing magnetic phase-shift image at low temperature show substantial
changes from those obtained at room temperature, consistent with
simulated images assuming spin orientation parallel to the [0001]
direction below Morin temperature. These results demonstrate that
atomic magnetic fields canbe imagedinreal space and are sensitive to
the rotation of spins in antiferromagnets.

Conclusions and outlook

DPCSTEM has evolved considerably, owing to the development of bet-
ter aberration correctors, better detectors, anew tilt-scan system and
the magnetic-field-free objective lens. These advancements position
DPC STEM as a pivotal tool for characterizing materials and devices
at nanometre or even smaller length scales. We thus conclude that
the advanced DPC STEM has finally become usable for characterizing
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Fig.7| Atomic magnetic field imaging of
antiferromagnetic a-Fe,0;. High-angle annular
dark-field (HAADF) (panel a), differential phase-
contrast (DPC) magnetic-field-vector colour map
(panelb) and magnetic phase image (panel c) of
a-Fe,0;atroomtemperature. HAADF (panel d),
DPC magnetic-field-vector colour map (panel e) and
magnetic phase image (panelf) of a-Fe, 0, at 113 K.
Structure models of a-Fe,0; are superimposed in
panelsa, b, d and e. Schematics of spin direction at
room temperature and at113 K are shownin panelsb
and e, respectively. The same image filtering and unit
cellaveraging were applied in panels b and e. Scale
barin panela corresponds to 0.5 nm. Adapted from
ref. 81, Springer Nature Limited.
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real materials and devices. We hope that the capabilities of advanced
DPC STEM shown in this Review will contribute to the research and
development of future electronic and spintronic devices.

However, there is still room for further developments in DPC
STEM. We summarize such future directions for DPC STEM as follows.

Improvement in dose efficiency

Previous studies have discussed the issues of dose and signal-to-noise
ratio in DPC STEM'®*'¢*, According to these results, to capture weaker
electromagnetic fields with smaller electron probe size — that is, with
higher spatial resolution —anincrease in electron dose is essential. How-
ever, the high-dose imaging condition poses a problem of beam dam-
age. Future developmentsin DPCSTEM should focus on addressing this
issue by developing imaging techniques with ultrahigh signal-to-noise
ratio, by enhancing hardware performance (such as detector efficiency,
fast scanning systems'®*), developing efficient image processing””’
and integrating machine learning approaches'*%’,

Upgrading image simulation techniques

For quantitative electromagnetic field analysis, especially in thick
samples and/or imaging complex electromagnetic field structures,
comparison between experimental images and image simulations
is likely to be crucial. Developing advanced image simulation tech-
niques, such as the recently proposed multislice algorithm with ab
initio descriptions, must be further pursued'*®'¢°,

Combining withinsitu techniques

Insitu or operandoimaging techniques have beenrapidly developedin
the electron microscopy community*>7°"* It will be powerful to apply
these in-situ techniques for electromagnetic field imaging of materi-
als and devices under working conditions. To do this, fast beam scan-
ningis essential. Recently, afastbeam-scan system for STEM has been
developed'®*. Furtherimprovements in scan speed and detector speed
arelikely to be indispensable for practical in situ DPC STEM imaging.

Disentangling electric and magnetic field information

When conducting DPC STEM observation fromregions where anelec-
tric fieldand magnetic field coexist, the DPCSTEM image reflects both
contributions. Therefore, to extract pure magnetic field information,
we need to separate the electric field signals, including the contribu-
tion of the meaninner potential changes, from the DPCimage. Several
separation methods have been proposed and applied inelectron holog-
raphy and DPC STEM®"**5177 However, these methods are not yet
universally applicable or perfect, and thus we need to further explore
the most suitable separation methods for DPC magnetic field imaging.

Published onling: 26 November 2024
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