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The desire to design and build skyrmion-based devices has led to the need to characterize magnetic textures in
thin films of functional materials. This can usually be achieved through the Lorentz transmission electron mi-
croscopy (LTEM) and the Lorentz scanning transmission electron microscopy (LSTEM) in thin film cross-section

;?f;?xl and single crystal specimens. However, direct imaging of the magnetic texture in plan-view samples of thin (<
Feée 50 nm) films has proved to be challenging due to the complex “background” contrast associated with the

microstructure and defects, as well as contributions from bending of the specimens. Using a mechanically pol-
ished 35 nm plan-view FeGe thin film, we have explored three methods to extract magnetic contrast from the
complex background contrast observed; (1) background subtraction in defocused LTEM images, (2) frequency
filtered CoM-DPC reconstructed from LSTEM datasets and 3) registration of 4D-STEM datasets acquired at
different tilt angles. Using these methods, we have successfully implemented real space imaging of both the
helical phase and skyrmion phase. The ability to understand nanoscale magnetic behavior from plan-view thin

Magnetic contrast

films is a fundamental step towards development of highly integrated spin electronics.

1. Introduction

Real space imaging of magnetic textures such as skyrmions is
important for characterization and development of magnetic and spin-
tronic devices. Magnetic skyrmions are topologically protected particle-
like spin textures ranging in size from nanometers to micrometers [1,2].
To visualize such magnetic textures, the transmission electron micro-
scopy (TEM) is an indispensable tool. In the TEM, phase contrast asso-
ciated with a magnetic field in the sample, is caused by the magnetic
vector potential inside and around the sample. The 2-D gradient of the
integrated magnetic induction along the beam direction can then be
obtained from the magnetic contrast maps, which will be referred as
integrated magnetic induction (IMI) maps hereinafter. A general term
for imaging magnetic textures in electron microscopy is called Lorentz
mode. Over the last half-century, a number of techniques have been
explored to characterize magnetic phase contrast in Lorentz mode,
including Fresnel imaging, Foucault imaging, electron holography,
center of mass differential phase contrast (CoM-DPC) and ptychography
[3-9]. All these techniques have been successfully used to observe to-
pological magnetic configurations in a variety material systems, such as

vortices, bubbles and skyrmions [10,11]. However, in thin films and
multilayers, it can be challenging to differentiate weak magnetic
contrast from that associated with complex microstructure, e.g. grain
boundary, thickness variation. Consequently, methods to enhance and
extract the weak magnetic contrast in such thin film samples are
necessary. Generally, this can be realized in the post-processing of image
datasets. For example, in Lorentz TEM (LTEM) images, the background
subtraction method and Fourier filter have been demonstrated to be
effective in single crystals, and in some cases, thin films [12,13]. For
Lorentz scanning TEM (LSTEM) data, methods, such as frequency
filtering by selecting different scattering angle ranges in the transmitted
disk [14-16] and specimen-tilt series averaging DPC STEM [17] have
been explored.

Here we explore the use of LTEM and LSTEM for imaging spin tex-
tures in epitaxial FeGe thin films grown on Si (111) for skyrmion based
spintronic applications. FeGe is a chiral magnet with the B20 structure
and a Curie temperature (T.) of ~x223C 280 K. The epitaxial films are
polycrystalline with (111) out-of-plane orientation and grains with
+30° rotations in plane. In single crystal FeGe and in cross-sections of
epitaxial thin films, transitions between helical and skyrmion phases
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have been observed by tuning magnetic field and temperature [18,19].
Theoretical simulations indicate that skyrmion or chiral bobber phases
will be observed in the plan view FeGe thin film under a magnetic field
that is in the direction of film growth [19]. However, a recent report
claimed that magnetic textures could not be observed experimentally in
the plan-view FeGe thin film on a Si substrate due to substrate-induced
tensile strain [15]. To check the disagreement between the experimental
results and theoretical modeling, it is important to carefully extract
weak magnetic phase contrast from the complex background. In this
contribution, we have explored three methods to extract the magnetic
texture from a plan view sample of an MBE grown polycrystalline FeGe
thin film prepared using wedge-mechanical polishing. These methods
including (1) background subtraction in defocused LTEM images, (2)
frequency filtered CoM-DPC reconstructed from LSTEM datasets and (3)
registration of 4DSTEM datasets acquired at different tilt angles.
Through these phase enhancement processes we have demonstrated the
possibility of extracting weak magnetic contrast from complex back-
ground contrast in plan-view thin films. Using real space images, we
have successfully revealed the presence of both helical and skyrmion
phase in FeGe thin films on Si (111) substrate. In the following sections,
we will compare and summarize advantages/disadvantages of each
approach to this challenging problem.

[1-10] [11-2]
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2. Material and methods
2.1. Sample preparation and structural characterization

The 35 nm FeGe sample used in this study was grown on a Si (111)
substrate in an MBE chamber with base pressure of 2 x 107'° Torr. To
remove the top native oxide layer, the Si (111) substrate was immedi-
ately loaded into the chamber after a two min etching process in buff-
ered HF, and then annealed in vacuum at 800 °C for 20 min. A two-step
growth method was used to improve the quality of FeGe film. Initially, a
3 nm FeGe buffer layer was grown at 340 °C and then annealed at 370 °C
for 30 min, then a 32 nm thick film was grown at 340 °C.

To perform the structural characterization of the sample, a cross-
section specimen was prepared by Ga ion milling in a FEI Helios
NanoLab 600 DualBeam focused ion beam (FIB) operated at 30 kV and
then 5 kV. Final polishing was performed using a Fischione NanoMill
using 900 V and then 500 V Ar ions to remove any amorphous surface
damage created in the FIB. Annular dark field (ADF) STEM imaging was
performed using a Thermo Scientific Themis Z S/TEM at 300 kV. An
ADF-STEM image from a cross-section specimen of FeGe thin film is
presented in Fig. 1a. The FeGe thin film adopts a B20 structure and
grows epitaxial on the Si substrate, following a [111]s;/[111]ege out-of
plane direction and [112]s;/[110]gege in-plane direction.

Plan-view specimens were prepared by wedge-mechanical polishing.

Fig. 1. Structural characterization of Si//FeGe (35 nm) thin film. (a) Cross-sectional ADF STEM image along [112]s;/[110]gege direction. Insert: a high magnification
image from the FeGe thin film showing B20 structure. (b) Plan-view ADF STEM image,(c) in-plane TKD map showing in-plane alignment of the grains and (d)

elemental XEDS maps.
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ADF-STEM imaging and x-ray energy dispersion spectroscopy (XEDS)
analysis were performed using image-corrected FEI Titan3™ G2 60-300
S/TEM at 300 kV. ADF-STEM images from the plan-view specimens
demonstrate the specimens are electron transparent and the epitaxial
films have large grains with +30° rotations in plane as observed by
transmission kikuchi diffraction (TKD) patterns (Fig. 1c) performed
using ThermoFisher Apreo LoVac Field Emission Scanning Electron
Microscope equipped with an EDAX Hikari Pro-EBSD camera using the
OIMDC software. XEDS analysis show the Si substrate was not
completely removed (Fig. 1d).

2.2. Lorentz EM experiments and magnetic contrast enhancement
methods

The Fresnel mode LTEM and LSTEM experiments were conducted
using an image-corrected FEI Titan3™ G2 60-300 S/TEM at 300 kV. In
Lorentz mode, the magnetic field applied to the sample is tuned by
changing the current of the objective lens. In order to observe skyrmions
or the helical phase, the temperature (T) and magnetic field (B) were
chosen from the B vs T phase diagram for FeGe single crystals reported in
previous works [20]. The specimen temperature during the experiment
was controlled using a liquid nitrogen cryo-holder (Gatan 636) while the
magnetic field was varied by gradually changing the objective lens
current of the microscope. In all the experiments, the sample was zero
field cooled (+ 10 mT remanent field). The experimental workflows for
different magnetic contrast enhancement methods are summarized in
the sub-sections below.

CTF (%) =

2.2.1. Background subtraction in defocused LTEM images

The majority of non-magnetic “background contrast” in the images
arises from crystalline defects (grain boundaries), sample bending arti-
facts (bend contours), and residual particles from mechanical polishing.
Note that background contrast caused by defects and residual particles
can contribute intensity components related to both absorption and
phase, so they depend on defocus. To reduce as much as possible the
background contrast, over/under focused LTEM images are acquired
from the same sample region under different conditions of T and B to
emphasize magnetic contrast (target images) or only background
contrast (background images). Due to the image corrector, our micro-
scope has a lower spherical aberration coefficient (Cs) than normal
system , and therefore higher resolution achievable in the image cor-
rected TEM. The image corrector is also used to correct distortion in
images. To optimize the correction, we minimized astigmatism and
misalignment in the diffractograms obtained from defocused LTEM
images using the fast Fourier Transformation. This was conducted with
our plan-view sample of polycrystalline FeGe thin film. The intensity
scale for each image is normalized to be 0-1 to balance the electron dose
change in images. The target images are aligned with a selected back-
ground image using Etomo [21], where the features in these images are
non-linearly aligned using automatic and manual alignments. Note that
due to changes in the pixel size in the aligned image, the scale bar needs
to be adjusted according to the reference features. Finally, to get the best
match, different background images acquired at varied optical param-
eters were tested. Hot spots due to pixel level mismatch are removed
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using a Gaussian blur function (¢ = 1 — 2) as necessary.

In Section 3.1, the non-background subtraction LTEM focal series
images were used to reconstruct the magnetization maps using the QPt
software package which utilizes the transport-of-intensity equation
(TIE) [22]. Since QPt algorithm includes a division of the Fourier
transform of image intensity by a squared modulus of frequency, the
noise at low frequency is amplified and results in a spurious background
phase shift variation that is not physical. To reveal fine details of the
phase in relatively high spatial frequencies, we applied a high-pass filter
in the IMI images.

2.2.2. Frequency filtered CoM-DPC reconstructed from LSTEM 4D-STEM
datasets

4D-STEM refers to recording convergent beam electron diffraction
(CBED) patterns at each probe position in a real space image [8]. The
technique has been widely explored in structural and electronic in-
vestigations [8,23,24] as well as for the characterization of electric/
magnetic fields [25-27]. In LSTEM mode, the in-plane magnetic field of
the specimen can be measured from the momentum transfer in CBED
patterns according to the theory of Ehrenfest [28]. In this work, the
momentum transfer in CBED patterns is measured using CoM-DPC,
where the relative shift of center of mass of the CBED pattern can be
related to momentum transfer and thus to the magnetic field [29].

The contrast transfer function (CTF) of DPC determines how much
phase signal at different spatial frequencies is transmitted to the image
and depends on both convergence semi-angle () and collection semi-
angle () [26,30,31]. Assuming no loss of coherence, the maximum
CTF of DPC using pixelated detector can be given by [30]:

0, <a,

where the Qj, is spatial frequency. For CoM-DPC reconstructed from
regions with different collection angles, as shown in Fig. 2a and 2b, there
are high and low critical frequencies. Since the signal contrast in
CoM-DPC comes from the phase difference in the overlapping area of the
disk, only the spatial frequency between the high and low critical fre-
quencies will be transferred to the virtual detector area. Fig. 2c shows
the cumulative contribution of successive annular rings to the CTF of full
transmitted disk DPC. The central region of the transmitted disk (5 ~ 0)
is transferring spatial frequencies around o, while the transmitted disk
edge region (# ~ a) includes the spatial frequency range from 0 to 2a. By
optimizing convergence angles and collection angles for reconstruction,
it is possible to select target frequencies in CoM-DPC. To extract weak
magnetic contrast from background contrast, we want to select spatial
frequencies associated with magnetic textures while excluding spatial
frequencies contributing to background contrast.

This simplified description of the CTF of DPC does not consider the
influence of coherence, the potential function, or the probe size. For
example, Cao et al. proved that the CTF of DPC can origin from disk shift
and/or intensity distribution within the disk, depends on sample po-
tential models [16]. If the sample has a linear ramp (probe size <<
function size) then disk drift dominates, while if the sample potential is a
delta function (probe size >> function size) the intensity distribution
within the disk will change. In the first case, the magnetic contrast can
be enhanced by tracking only the edge of the bright field disk, serving as
a low-pass filter [14]. In the latter case, the spatial frequency selection
depends on the collection angle as shown in Fig. 2. We note that Nguyen
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Fig. 2. The illustration of high critical frequency (a) and low critical frequency (b) in the reconstruction of CoM-DPC using a virtual annular detector. Disk-overlap
regions with anti-phase are indicated in red and blue colors. #; and f, are inner and outer collection angles of virtual detector. (c) is the cumulative contribution of
successive annular rings to the CTF of full quadrant DPC, which is adapted from reference [30]. The inner and outer collection angles of each annular segment are
0-Yaox, Ya-Yo0r, Ya-%aor, %—1a. The 4 areas separated by the plots represent the fractional CTF of the four rings and summing up the four areas leads to the CTF of full
quadrant DPC. The red arrows in c indicate the cases of high (a) and low (b) critical frequency when the inner and outer collection angles of the annular segment is
Vs-%o (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).

et al. tried to separate the magnetic signals from short-range potentials
based on the assumption that magnetic field is long-range signal relative
to the probe size (a few nanometers), while changes in grain contrast are
short range [15]. In this work, we found using the CTF in Fig. 2 for
frequency selection enabled better separation of the magnetic signal
from the background signal. This may be reasonable considering the
electron beam deflection (f;) is proportional to Byt in the linear ramp
model, where By is the local magnetic field and t is sample thickness. To
obtain a signal sufficiently higher than Poisson noise, there is a mini-
mum deflection angle f;, = za/4y/n which is determined by the
convergence angle a and the dose n [15]. When the magnetic signal is
weak (fs < f;), the disk shift cannot be resolved even if the probe size is
smaller than the feature size. In addition, when the sample potential has
a gradient (i.e. the field within the sample is not constant), there is no
visible disk displacement in the simulation, but a COM displacement is
observed due to intensity redistribution [29,32].

A summary of spatial frequency ranges with different @ and g is
presented in Table 1, calculated from Bragg’s law with a relativistic
corrected wavevector at different acceleration voltages [33]. In this

Table 1

work, convergence semi-angles of 60 and 390 prad are used at 300 kV.
CoM-DPC images and associated virtual bright field (BF) images are
reconstructed from 4D-STEM datasets using a program based on py4D-
STEM and pixSTEM [34,35].

2.2.3. Registration of 4D-STEM datasets acquired at different tilt angles
Registration of DPC STEM images acquired at different tilt angles has
been explored previously as a path to suppress diffraction contrast in
DPC images [17]. This is because the diffraction contrast in these images
is sensitive to crystal orientation and thus random diffraction contrast
will vanish by averaging specimen-tilt image series. Here we extended
this method to Lorentz 4D-STEM datasets following the workflow
described in references [36,37]. The workflow is illustrated in Fig. 3.
Firstly, the CBED patterns in 4D-STEM datasets are aligned to remove
any shift of the transmitted disk. BF images are reconstructed from each
dataset and registered using SmartAlign [38]. In the prior report it was
assumed that the diffraction contrast in the DPC image varies randomly
with the tilt angle of the sample. Therefore, for the final image regis-
tration, each image in the image series should be treated equally.
However, this assumption does not hold true in many cases. For

The selected real spatial frequency ranges in reconstructed CoM DPC images using different convergence semi-angles a and collection semi-angle ranges p. The real
spatial frequency ranges are given in a format of (high critical frequency, low critical frequency), where only spatial frequencies between these two critical numbers are

transferred into DPC images.

Spatial frequencies (nm)

fa 100 kv

300 kv

b G G

)

(o) (i)

25 prad (118.4, 394.8) (98.7, 592.2) (84.6,1184.4) (74.0, o) (63.0, 210.0) (52.5, 315.0) (45.0, 630.0) (39.4, )
50 prad (59.2,197.4) (49.4, 296.1) (42.3,592.2) (37.0, ) (31.5, 105.0) (26.3, 157.5) (22.5, 315.0) (19.7, )
60 urad (49.4, 164.5) (41.1, 246.8) (35.3, 493.5) (30.8, ) (26.3, 87.5) (21.9,131.2) (18.8, 262.3) (16.4, )
100 prad (29.6, 98.7) (24.7,148.1) (21.2, 296.1) (18.5, ) (15.7, 52.5) (13.1,78.7) (11.3,157.5) (9.8, »)
300 prad 9.9, 32.9) (8.2, 49.3) (7.1, 98.7) (6.2, ) (5.3,17.5) (4.3, 26.3) (3.8, 52.5) (3.3, )
390 prad (7.6, 25.3) (6.3, 38.0) (5.4,75.9) (4.8, ) (4.0, 13.5) (3.4, 20.2) (2.9, 40.4) (2.5, )
500 prad (5.9,19.7) (4.9, 29.6) (4.2,59.2) (3.7, ») (3.2,10.5) (2.6, 15.7) (2.3, 31.5) (2.0, )
1 mrad (3.0,9.9) (2.5, 14.8) (2.1, 29.6) (1.9, ) (1.6, 5.3) (1.3,7.9) (1.1,15.7) (1.0, o)
5 mrad (0.6, 2.0) (0.5, 3.0) (0.4,5.9) (0.4, ) (0.3, 1.0) (0.3,1.6) 0.2, 3.2) (0.2, )
10 mrad (0.3, 1.0) (0.3,1.5) (0.2, 3.0) (0.2, ) (0.2, 0.5) (0.1, 0.8) (0.1, 1.6) (0.1, )
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Fig. 3. Flowchart of registration of 4D-STEM datasets. In step 1, virtual BF images are reconstructed from 4D-STEM datasets (t;, ..., ty) and then aligned using non-
rigid registration. In this process, the registration history of virtual BF images is recorded. In step 2, the original 4D-STEM datasets are transformed into 3D-STEM
datasets (GMS3 type). After that, in step 3, these 3D-STEM datasets are aligned and averaged using the registration record in step 1 and transformed back to one 4D-

STEM dataset.

example, the contrast caused by sample bending during sample prepa-
ration and diffraction contrast from grain boundaries are not randomly
distributed. Thus, in some cases diffraction contrast sometimes cannot
be suppressed as it may overlap in adjacent images in the series.
Compared with DPC acquired from segmented detectors, 4DSTEM
datasets requires more storage and processing time. To minimize
diffraction contrast in this work, the datasets used for registration were
selected from 4DSTEM datasets series obtained with different sample tilt
angles (in a range of +2°) with a step of 0.5° The selection is based on the
distribution of bend contrast and grain contrast in reconstructed virtual
BF images.

3. Results
3.1. Background subtraction in defocused LTEM image

Three main sources of non-magnetic background contrast (grains,
bend contours, and residual particles from mechanical polishing) can be
readily seen in the in-focus LTEM images in Fig. 4a,b. First, we confirm
the presence of magnetic textures in the material by adjusting the mi-
croscope to over-focus LTEM conditions (Fig. 4c,d). The magnetic phase
diagram predicts we should observe the helical phase at B = 0 mT
(Fig. 4c) and the skyrmion lattice at B ~ 80 mT (Fig. 4d) at 240 K. The
presence of magnetic textures in defocused images can be seen, though
the details are still obscured by background contrast. The in-focus and
over-focus images were combined with under-focus images (not shown)
to reconstruct the IMI maps using QPt [22], as presented in Fig. 4e and f.
The image sequence is aligned by affine alignment, and a high-pass filter
is applied to phase contrast to filter out low spatial frequencies. This
reconstruction confirms the transition from helical to skyrmion phase in
certain areas of the image, e.g. inside the white boxes. However, back-
ground contrast contributions clearly impact the reconstruction, making
it difficult to see the magnetic phases clearly or quantify the magnetic
fields accurately.

To isolate the magnetic texture from the background contrast, we
apply the image subtraction method described in Section 2.2.1. Based on
the magnetic phase diagram for FeGe single crystal thin films [17], no
magnetic textures are expected in FeGe above Tc ~ 280 K, meaning

images collected at room temperature (RT) and B = 0 mT can be used to
isolate background contrast features (Fig. 5a). These images can be
compared with those collected at T ~ 240 K with B =0 mT (Fig. 5b) and
B =130 mT (Fig. 5¢), and subtracted to isolate the magnetic features.
After applying this method, the helical phase at 0 mT is readily apparent,
and we can distinguish between skyrmions with different chirality based
on their bright/dark contrast, as seen in Fig. 5d and 5e. Note, these
images were acquired at same defocus as both magnetic and
non-magnetic background contrast can be defocus sensitive. While this
image subtraction method is effective for separating magnetic contrast
from most of the background contrast features, especially grain
boundaries and residual particles, it is not perfect; contrast from bend
contours is still visible , and it is sometimes enhanced because of changes
in diffraction condition at different temperatures. Slight variations in
optical conditions, such as defocus, will also introduce additional
contrast such as Fresnel fringes.

To explore further the effectiveness of this method, we acquired
additional images at different T and B conditions. At T = 240 K, we
expect the skyrmion phase to be present at B =~ + 100 mT, and the
sample magnetization to be saturated at B = + 300 mT. Fig. 6a shows
the area of interest at T = 240 K and B = —100 mT. Fig. 6b—e show the
resulting defocused LTEM images after subtracting background contrast
images acquired at (b) RT and 0 mT, (c¢) RT and —100 mT, (d) 240 K and
300 mT, and (e) 240 K and —300 mT, respectively.

In all cases, contrast from the magnetic textures is enhanced while
contrast from residual particles is reduced. Consistent with previous
experiments, bend contours introduce substantial artifacts when sub-
tracting images collected at different temperatures. This suggests the
optimal approach is to use background images acquired at constant T
but different B. We note that even at constant T, there are important
differences in the final images depending on the relative sign of the
applied field at saturation (Fig. 6d and e). Subtracting opposite sign
images results in readily apparent skyrmions, bend contours, and an
additional contrast (yellow arrows in Fig. 6d); which is also weakly
observed in images obtained after subtraction background images at RT
and B = 0 (Fig. 6b and c¢). However, this additional contrast is not seen in
final images where the saturation field has the same sign (Fig. 6€). One
explanation for the origin of this additional contrast is the grains present



on the sample; when the diffraction and optical conditions are close
between the original image and the subtracted image, these features are
not clearly observed, but when the differences are maximized, it be-
comes clearer.

3.2. Frequency filtered CoM-DPC reconstructed from Lorentz 4D-STEM
dataset

Fig. 7 shows the reconstructed virtual BF images and IMI maps ob-
tained from the same region with different convergence semi-angles and
collection semi-angle ranges. The Lorentz 4D-STEM dataset were

Ultramicroscopy 232 (2022) 113395

Fig. 4. LTEM series images form the same area
acquired at 240 K: (a) 0 mT and (b) 80 mT in-
focus; (¢) O mT and (d) 80 mT 400 um over-
focused. Corresponding under-focus images
not shown here. (¢) 0 mT and (f) 80 mT IMI
reconstruction maps obtained from defocused
LTEM images with high pass filter of 5. The
color wheel indicates the field direction. The
white circle in the images highlighted same
residual particles as reference markers. Regions
in white box are magnified to show the transi-
tion from the helical phase at 0 mT to sky-
rmions at 80 mT.

acquired at 0 mT and 240 K. As explained in Section 3.1, the non-
magnetic features can be readily seen in virtual BF images (Fig. 7a,d).
To minimize the contrast contribution from these features (background
contrast), it needs a combination of convergence angle and collection
angle range that covers the spatial frequencies of magnetic textures
while the spatial frequencies of background contrast are mostly
excluded, as discussed in Section 2.2.2.

In Fig. 7b and ¢, IMI maps are reconstructed using virtual masks from
scattering angle range (0-0.5)a and (0.75-1)a, respectively. Here, we
have a pre-knowledge that the spatial width of the magnetic helical
phase in FeGe is ~x223C 50-70 nm [39]. In Fig. 7b, the transmitted core
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Fig. 5. Enhanced magnetic contrast in LTEM images. (a) Defocused LTEM image acquired at RT and 0 mT used as a background contrast image. (b) Defocused LTEM
image acquired at 240 K and 0 mT. (c) Defocused LTEM image acquired at 240 K and 130 mT. (d) Background removed LTEM image from (b). (e) Background
removed LTEM image from (c). The temperature and magnetic field are labeled at top right corner in each image. White circles in (e) indicate regions where

skyrmions have opposite chirality. The defocus was fixed to be 200 pm.

spatial frequency range (3.4 nm, 20.2 nm) is in a higher range than
spatial frequencies of magnetic contrast. Therefore, the contrast in
Fig. 7b mainly comes from short-ranged components in background,
such as grains, bend contours and residual particles. In contrast,
selecting transmitted disk edge, (0.75-1)a, means that CTF includes
both short-range and long-rang spatial frequencies above ~x223C 2.5
nm. Consequently, one can observe the coexistence of magnetic contrast
of helical phase and background contrast in Fig. 7c. These results are
consistent with the recently reported work on FeGe thin film [15]. Better
resolved magnetic contrast can be established by selecting a smaller
convergence angle of ~x223C 60 prad. As shown in Fig. 7e, helical phase
is clearly distinguishable when we selected a spatial frequency range of
(21.9 nm, 131.2 nm). Including a larger collection angle range does not
enhance further the magnetic contrast but introduces diffraction
contrast from particle defects and grains, see Fig. 7f.

Having established a method to enhance magnetic phase contrast in
Lorentz 4D-STEM, we explored if the helical-skyrmion phase transition
can be observed. The results are shown in Fig. 8. The reconstructed
virtual BF images are shown in Fig. 8a,c, where residual particles linked
with white dashed lines are used as reference markers. After applying
80 mT magnetic field, the helical phase in Fig. 8b is transformed into a
skyrmion phase in Fig. 8d. In addition, skyrmion chirality can be
distinguished directly from the IMI maps. However, the spatial fre-
quency filtering method cannot distinguish magnetic texture from the
mixed contrast of magnetic texture, defects, and bend contours if they
span similar spatial frequency ranges. This can be observed from the
defect rich regions in Fig. 8 where one can observe contrast change when
applied field while the magnetic texture cannot be resolved from the
unwanted contribution from defects and bend contour.

3.3. Registration of 4D-STEM datasets acquired at different tilt angles

Most features contributing to background contrast in LSTEM are
sensitive to sample tilt. Therefore, registration of images acquired at
different tilt angles can help to enhance the magnetic contrast by
minimizing background contrast. Recent work has explored image
registration to improve the phase contrast in a series of DPC images
acquired using segmented detectors [17]. Here, we extended this
method to 4DSTEM datasets acquired at different sample tilt angles.
Fig. 9a-c show reconstructed BF images and IMI maps from three
4DSTEM datasets acquired with varied sample tilts (< 1° along hori-
zontal or vertical axis). In each image, one can observe the redistribution
of bend contours and grain contrast since they are sample tilt sensitive.
Following the image steps in Section 2.2.3, we registered three 4DSTEM
dataset into a new one. Comparing the reconstructed BF and IMI maps,
we can find the contrast from bend contours decreased after the regis-
tration average, as shown in the highlighted red dashed boxes in Fig. 9d.
Therefore, this method can help to get a more reliable phase contrast
interpretation. However, Fig. 9d still contains some contrast that cannot
be considered as magnetic origin, such as the strong contrast near the
specimen boundaries and defects. As we mentioned in Section 2.2.3, if
their distribution does not change randomly when tilting the sample,
these residual diffraction contrasts cannot be suppressed. In addition,
when the objective lens in the microscope is activated, specimen tilting
will create in-plane fields in the sample. The presence of in-plane fields
may affect the behavior of the magnetic texture in the in-plane field
sensitive magnet.

4. Discussion

By using the phase contrast enhancement methods presented here,
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Fig. 6. Enhanced magnetic contrast in LTEM images after background subtraction using background images obtained at different conditions. (a) Original defocused
LTEM image acquired at 240 K and —100 mT. (b)-(e) resulting images after subtraction of background images acquired at (b) RT and 0 mT (c¢) RT and —100 mT, (d)
240 K and 300 mT, and (e) 240 K and —300 mT. Yellow arrows point additional contrast observed in (b), (c) and (d). The defocus was fixed to be 200 um (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 7. Images obtained from Lorentz 4D-STEM datasets that acquired from plan-view FeGe thin films at 240 K. (a), (d) Virtual BF images reconstructed from (0 —
1)a. (b), (e) IMI map reconstructed from (0 — 0.5). (c), (f) IMI map reconstructed from (0.75—1). The convergence semi-angle is ~x223C 390 prad in (a)-(c) and
~x223C 60 prad in (d)-(f). The transmitted spatial frequency ranges in reconstructed IMI maps are labeled at the bottom right (more details see Section 2.2.2). Color
wheel indicates the field direction. Same particle defects are highlighted in virtual BF maps with red circles. The blurring in (d) is due to the high spatial frequencies
are limited with small convergence semi-angles.



B. Wang et al. Ultramicroscopy 232 (2022) 113395

Magnetic field
magnitude

Virtual BF

0 field

80 mT

Fig. 8. Virtual BF image and CoM DPC IMI map obtained from 4D-STEM dataset of planar view FeGe thin films at 240 K with convergence angle ~x223C 60 prad. (a)
The virtual BF image reconstructed from scattering angle range (0 — 1) at 0 mT. (b) The CoM IMI map reconstructed from scattering angle range (0 — 0.5) at 0 mT. (c)
The virtual BF image reconstructed from scattering angle range (0 — 1) at 80 mT. (d) The CoM IMI map reconstructed from scattering angle range (0 — 0.5) at 80 mT.
White dashed lines connected defects for reference to see magnetic phase transformation regions between helical and skyrmions. The region in the red circle is
magnified together with a color figure showing spin direction while the orange arrows point out regions with mixed contrast of magnetic textures, defects, and bend
contour. The scale bar in the magnified maps is 100 nm while the color wheel indicates the field direction.

(a) Aa=-1°08 =0° (b) Aa=0°48 = 0° ‘ (c) Aa=0°48=1°

Fig. 9. Virtual BF image and CoM IMI map obtained from 4D-STEM dataset of planar view FeGe thin films at 253 K and 0 mT with different sample tilting angles.
Note that the datasets are acquired at 0 mT to avoid any potential contribution from in-plane fields. (a—c) are reconstructed images from raw 4D-STEM datasets at
different sample tilting angles of Aax and Ap. (d) are reconstructed images from averaged 4D-STEM dataset of (a)-(c) after registration. The BF images are in gray and
the IMI maps are in color, where the color wheel indicates the field direction. Dashed rectangular highlighted regions are some example of bend contours. The scale
bar is 500 nm. The bright field and IMI maps are reconstructed from (0 — 1) and (0.75—1), respectively.
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we successfully imaged skyrmion and helical phase in a polycrystalline
FeGe thin film sample in plan-view in both LTEM and LSTEM modes. In
this section, we will summarize the advantages and challenges of three
methods explored in this work.

LTEM in Fresnel mode provides a faster acquisition and larger field of
view for imaging magnetic contrast than LSTEM. In this mode, the
Lorentz lens are defocused so that domain boundaries can be observed as
bright/dark lines. However, an abrupt change of projection potential
can also result in such Fresnel fringes. Therefore, for non-ideal thin film
samples with weak magnetic contrast, large defocus and post-processing
are needed to extract magnetic contrast from complex background
contrast. However, using larger defocus will change the optical condi-
tions in microscope, and thus decrease the spatial resolution and change
the image magnification. In addition, varying the objective lenses cur-
rent to apply different fields will introduce a beam shift and image
rotation, also affecting the defocus and beam intensity distribution.
These make the reliable alignment of LTEM image series challenging in
practice, especially if a large defocus is applied on a sample with weak
magnetic phase contrast and complex backgrounds. Even LTEM back-
ground subtraction provides effective phase contrast enhancement after
good alignment, it remains challenging to find the proper background
image as shown in Section 3.1. In our case, even though we can get a
good imaging of skyrmion phase with helicity inversion, IMI map from
background subtracted images is not implemented because it requires
alignment of a series of images at different defocus, and contains
negative components.

The reconstruction of CoM-DPC from Lorentz 4D-STEM datasets can
provide better spatial resolution in IMI maps. By understanding the
phase contrast transmission function of CoM-DPC, it is possible to filter
out specific spatial frequencies by a combination of the beam conver-
gence angle and collection angle ranges. In this work, we demonstrated
that the frequency filtered Lorentz 4D-STEM method provides a method
comparable to the LTEM background subtraction, and in addition to
provides an IMI map. Although spatial frequency selection may limit the
spatial resolution of magnetic features, it is a trade-off for a better signal-
to-noise ratio, i.e. the high-frequency signal (higher resolution) infor-
mation is filtered out since it includes more background signal. How-
ever, this approach also has some challenges, requiring not only a prior
understanding of the spatial frequency of the magnetic phase in the
sample, but also an optimal convergence angle, which is limited by the
range of convergence angles available in the microscope. In addition,
the phase-contrast reconstruction using this technique is sensitive to any
background in which transmission disk strength redistribution is intro-
duced. Reliable interpretation of pure magnetic phases can be chal-
lenging if the background contrast is similar to the spatial frequency of
the magnetic phase, or if they are too strong to break the weak phase
approximation.

The registration of Lorentz 4DSTEM at different sample tilt angles
provides an alternative method to minimize sample tilt sensitive back-
ground contrast. However, there are three main challenges that can limit
its application. Firstly, if there is an external magnetic field, it will
introduce in-plane field. The presence of in-plane fields should not affect
electric field imaging but is critical for many in-plane field sensitive
magnets. Secondly, for non-randomly distributed magnetic contrast, it is
necessary to explore a large sample tilting series, which is a challenge
from both an experimental and data processing perspective. Finally, a
sample tilt causes changes to the phase shifts since the integration tra-
jectory changes, and therefore the combination of IMI maps for different
sample tilts will decrease the spatial resolution of magnetic features. The
combination of 4DSTEM and dynamic probe tilt system may be a more
promising approach than sample tilt-series averaging method.

5. Conclusions

In summary, we used Lorentz TEM and Lorentz STEM to study the
magnetic texture in a polycrystalline FeGe thin film (35 nm) grown on Si
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substrate. The complex "background" contrast associated with defects
and sample preparation artifacts make it difficult to directly image
magnetic textures in this plan view sample. To separate magnetic
contrast from the background comparison, we explored three post-
processing methods: 1) background subtraction in defocused Lorentz-
TEM images; 2) frequency filtered CoM-DPC reconstructed from Lor-
entz 4D-STEM dataset; 3) registration of 4D-STEM datasets acquired at
different tilting angles. Using these methods, we have successfully
achieved real spatial imaging of both helical and skyrmion phases in this
plan-view specimen. The implementation of each method and its ad-
vantages/limitations is discussed in detail, providing insights that can be
transferred to other non-ideal magnetic or electrical samples.
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