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Introduction

Off-axis electron holography is a powerful technique that involves the formation of an
interference pattern in a transmission electron microscope (TEM) by overlapping two
parts of an electron wave, one of which has passed through a region of interest on a
specimen and the other is a reference wave. The resulting off-axis electron hologram
can be analyzed digitally to recover the phase difference between the two parts of the
electron wave, which can then be interpreted to provide quantitative information about
local variations in electrostatic potential and magnetic induction within and around the
specimen. Off-axis electron holograms can be recorded while a specimen is subjected
to external stimuli such as elevated or reduced temperature, voltage, or light. The
protocol that is presented here describes the practical steps that are required to
record, analyze, and interpret off-axis electron holograms, with a primary focus on the
measurement of magnetic fields within and around nanoscale materials and devices.
Presented here are the steps involved in the recording, analysis, and processing of
off-axis electron holograms, as well as the reconstruction and interpretation of phase
images and visualization of the results. Also discussed are the need for optimization
of the specimen geometry, the electron optical configuration of the microscope, and
the electron hologram acquisition parameters, as well as the need for the use of
information from multiple holograms to extract the desired magnetic contributions from
the recorded signal. The steps are illustrated through a study of specimens of B20-
type FeGe, which contain magnetic skyrmions and were prepared with focused ion

beams (FIBs). Prospects for the future development of the technique are discussed.

Magnetic nanostructures are increasingly used in applications

that include nanoscale

devices':2:3:4.5 A |ocal understanding of the magnetic

logic,

properties of the constituent materials requires the

storage, and spintronic development of techniques for magnetic characterization

with nanometer (nm) spatial resolution, both in projection
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and in three dimensions, ideally while the specimen is
subjected to external stimuli such as elevated or reduced
temperature, applied voltage, or light. Currently-available
magnetic characterization techniques include magneto-
optical Kerr effect microscopy, magnetic force microscopy,
spin-polarized scanning tunneling microscopy, spin-polarized
low-energy electron microscopy, X-ray magnetic circular
dichroism, X-ray holography, and scanning transmission X-

ray microscopy®:7:8.9,10.11,

In transmission electron microscopy, magnetic
characterization techniques include the Fresnel and Foucault
modes of Lorentz microscopy, off-axis electron holography,
differential phase contrast (DPC) imaging, and electron
magnetic circular dichroism (EMCD)6*7' 12,13,14 The focus
of this paper is on the technique of off-axis electron
holography, which is capable of providing real-space
quantitative measurements of magnetic fields inside and
around nanoscale materials with sub-5-nm spatial resolution,
both in projection and, when combined with electron

tomography, in three dimensions'3:14.

In the TEM, a highly accelerated electron beam is passed
through an electron-transparent (usually solid) specimen to
provide access to its crystallographic, chemical, electronic,
and/or magnetic structure with a spatial resolution that
can reach the atomic scale. Typically, a thin (<100 nm)
specimen is irradiated with electrons that are emitted from
an electron gun and accelerated by 60-300 kV in a high-
vacuum (<1O'5 Pa) column. Electromagnetic lenses are used
to focus electrons onto the specimen and subsequently onto
one or more detectors. The electrons interact strongly with the
atomic potentials in the specimen and with electromagnetic
fields within and around it. Although this information is

encoded in the electron wavefunction, an in-focus bright-

field or dark-field TEM image records only variations in the
intensity of electrons that reach a detector, while information
about their phase shift is lost. This so-called "phase problem"

is also encountered in X-ray and neutron experiments.

One of the techniques that allows the measurement of the
phase shift of the electron wavefunction is off-axis electron
holography. Further details about fundamental aspects of
electron wave functions are available elsewhere'®. The
concept of electron holography was first proposed by Dennis
Gabor in 1948 to overcome limitations in the spatial resolution
of electron microscopy due to aberrations of the primary
imaging lens of the microscope16. The technique allows
information about both the amplitude and the phase of
an electron wave to be recorded. It has been readily
available for commercial electron microscopes since the
1990s, in part owing to developments in field emission gun
technology. Although more than 20 variations of electron
holography have been described, the most popular and
versatile type is currently the TEM mode of off-axis electron
holography17 for electromagnetic field mapping with high

spatial resolution8:19,20,21,22,23

The TEM mode of off-axis electron holography involves
the formation of an interference pattern or hologram by
overlapping two parts of an electron wave (Figure 1A), one
of which has passed through a region of interest on the
specimen and the other is a reference wave?4. The phase
shift @ can be retrieved digitally from a recorded off-axis
electron hologram and interpreted to provide quantitative
information about local variations in the electrostatic potential

and magnetic vector potential by using Equation 12°,

¢(xy) =
2me

Ce - Ve y,2)dz =7 |17 Ay, 3, 2)dz,
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where CE is an interaction parameter that depends on the
microscope accelerating voltage (Cg = 6.53 x 108 rad/(Vm)
at 300 kV), V(x,y,z) is the electrostatic potential, Az(x,y,z)
is the z component of the magnetic vector potential, z is
parallel to the incident electron beam direction, e is an
elementary unit of charge, and h is Planck's constant. The
electrostatic and magnetic contributions to the phase shift
can be separated, for example, by combining information
from electron holograms recorded before and after turning
the specimen over, from electron holograms recorded below
and above the magnetic Curie temperature of the specimen,
or from electron holograms recorded at different microscope
accelerating voltages13’26. Once the magnetic contribution
to the phase shift ® (i.e., the second term on the right side
of Equation 1) has been retrieved, the in-plane magnetic
induction projected in the electron beam direction, Bp, can be
obtained from its first derivatives by using Equation 2,

h dpym dom
B, = (Byx Byy) = " (—gjg )

+oo
where By = f_m B.(x,y, z)dz and

+oo
B,, = f_m By(x,y. z)dz

A magnetic induction map can then be displayed

using contours and colors to provide a visual

representation of the magnetic field of a thin film

26’27'28’29'30*31, as described below.

or nanostructure
Magnetic phase images and magnetic induction maps
should always be interpreted with great care: first,
because they represent two-dimensional projections of
three-dimensional (3D) magnetic vector fields; second,
because they are insensitive to out-of-plane components
of the magnetic field Bz and third, because they

combine information from magnetic fields that are present

both inside and outside the specimen. Fortunately, it
is now possible to recover 3D magnetic information
from tomographic tilt series of magnetic phase images
by using either backprojection—based?’z'33'34’35'36’37 or

g38.39,40

model-base reconstruction algorithms.

Transmission electron microscopic studies of the magnetic
properties of materials are usually carried out with the
specimen in magnetic-field-free conditions, i.e., after turning
off the conventional microscope objective lens and using
either a non-immersion Lorentz lens or the transfer lenses
of an image aberration corrector as the primary imaging
lens. The use of an additional specimen stage located

41 or a double

between the condenser and objective lenses
objective lens system to cancel the magnetic field at the
specimen position42 can also help achieve magnetic-field-
free conditions. The recording of images with the specimen
located in magnetic-field-free conditions is often referred
to as Lorentz microscopy. Lorentz transmission electron
microscopy is a rapid technique to check the magnetic
state of the specimen in the presence of external stimuli.
However, it is usually only applied qualitatively and is not
readily applicable to studies of magnetic fields in the smallest
nanostructures, in part due to the presence of Fresnel fringes
from local changes in specimen thickness. Depending on the
specification of the microscope and the specimen of interest,
a variety of different imaging, diffraction, or spectroscopy
techniques (e.g., DPC imaging and EMCD) can be used to
perform magnetic characterization in transmission electron

microscopy.
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Off-axis electron holography is often applied in combination
with the simpler, albeit less quantitative, technique of
Fresnel defocus imaging (i.e., the Fresnel mode of Lorentz
microscopy), particularly for studies of magnetic domain
walls. Just as for off-axis electron holography, the contrast
in Fresnel defocus images arises from the refraction of
electrons by the in-plane component of the magnetic field
within and outside the specimen. To a first approximation,
an in-plane magnetic field Bxy in a specimen of thickness

t results in deflection of the incident electron beam by an

_ed

angle h Y

, where A is the (relativistic) electron
wavelength. When using Fresnel defocus imaging, the
positions of magnetic domain walls are revealed as lines
of dark or bright intensity in defocused bright-field images.
Phase information can be recovered from such images by
solving the transport-of-intensity equation43. However, a
lack of knowledge of boundary conditions at the edges of
the field of view can result in errors in the reconstructed

phase.

In contrast, when using the Foucault mode of Lorentz
microscopy, an aperture is used to allow only electrons that
have been deflected in a specific direction to contribute
to image formation. It should be noted that DPC imaging
in scanning transmission electron microscopy and the
Fresnel mode of Lorentz microscopy record signals that are
approximately proportional to the first and second derivatives
of the phase shift of the electron wave, respectively. As
a result, they can contain strong contributions from local
changes in specimen thickness and composition, which can

dominate magnetic contributions to the contrast®:7 .

From an experimental perspective, the TEM mode of off-
axis electron holography requires the use of an electrostatic

biprism, which usually takes the form of a thin conductive wire

that is positioned close to one of the conjugated image planes
in the microscope. The application of a voltage to the biprism
to overlap the object and reference electron waves (Figure
1A) results in the formation of an electron hologram, which
can be recorded on a charge-coupled device (CCD) camera

or a direct electron counting detector*.

The condenser lens stigmator settings are typically adjusted
to make the electron beam highly elliptical to maximize the
lateral coherence of the beam in a direction perpendicular
to the biprism, while retaining a sufficient number of
electron counts. The region of interest on the specimen is
positioned so that it covers part of the field of view, while
a reference hologram is usually obtained from an adjacent
region of vacuum or a region of thin clean support film.
The experiments that are described below were carried
out in an image-aberration-corrected TEM operated at 300
kV. This microscope has a large (11 mm) pole-piece gap
and is equipped with two electron biprisms (Figure 1B). In
these experiments, only one of the biprisms was used to
record electron holograms. The advantages of using multiple
biprisms are described elsewhere*®:46_ Fresnel defocus
images and off-axis electron holograms were recorded using
either a conventional 2k x 2k CCD camera or a 4k x
4k direct electron counting detector. Lorentz mode was
set up by adjusting the objective lens to a small negative
excitation to achieve a magnetic-field-free environment at the
specimen position by compensating for the residual magnetic
field of the objective and nearby lenses. The first transfer
lens of the image corrector unit was then used as a non-
immersion imaging lens. Specimens could be imaged either
at remanence (in zero magnetic field) or in the presence
of a pre-calibrated magnetic field47, which could be applied
by exciting the conventional microscope objective lens. The

twin structure of the objective lens in this microscope allows

Copyright © 2020 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

December 2020-166 - €61907 - Page 4 of 18


https://www.jove.com
https://www.jove.com/

jove

magnetic fields in the range from -150 mT to 1.5 T to be
applied in both negative and positive vertical directions to
study magnetization reversal processes in situ in the TEM
by tilting the specimen in the presence of an applied vertical
magnetic field. Although in-plane magnetic fields can, in
principle, be applied using dedicated magnetizing specimen

holders, such a holder was not used in the present work.

Protocol

1. Electron microscope alignment 3

1. Switch the microscope (see Table of Materials for
details and Figure 1B in the representative results
section) to Lorentz mode by loading a dedicated
alignment file. 4.

1. Load the specimen (e.g., a micron-sized lamella

attached to a 3-mm diameter Cu grid; see Figure

1C in the representative results section for specimen 5

preparation details; here, the investigated material
is skyrmion-hosting B20-type FeGe) into a TEM
specimen holder (see Table of Materials for

details).

2. Perform standard preparation of the microscope
(e.g., filling of the cold trap) and alignment (e.g.,
electron beam shift, pivot points, rotation center,
condenser lens astigmatism, and eucentric height of
the specimen).

NOTE: Re-alignment of the microscope may be

required following changes to the microscope 7.

settings (imaging mode, objective lens current, gun
lens, spot size), biprism, specimen position, or

temperature.

2. Correct the two-fold astigmatism of the Lorentz lens

using a thin amorphous region on the specimen by

monitoring the Fourier transform of such a region in real
time using the image recording and processing software
that is used to control the detector.

NOTE: If there is no amorphous region on the specimen,
then a separate cross-grating or amorphous carbon thin
film can be used for this purpose. The specimen of
interest then needs to be loaded into the microscope
after alignment and aberration correction have been

completed. This note also applies to step 1.3.

If applicable, tune the image aberration corrector of the
microscope using appropriate software.

NOTE: Higher-order aberration correction may not be
required for electromagnetic field mapping with nm

spatial resolution.

Adjust the magnification of the microscope for the desired
field of view, ideally including a region of vacuum across

at least 10% of the image.
Move the specimen away from the field of view.

1. Insert the biprism, and orient it with respect to the

specimen (usually parallel to the specimen edge).

2. Apply a desired voltage to the biprism, typically at a

rate of no more than 1 V/s to avoid damage.

Set up an elliptical electron beam condition by tuning
the condenser lens astigmatism, and center the electron
beam.

NOTE: To avoid damage, do not focus the beam onto the

biprism.

Maximize the holographic interference fringe contrast
by fine-tuning the gun and condenser lens astigmatism
settings.

NOTE: The fringe contrast and spacing can be monitored

on the fly using acquisition control software.
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10.

Wait for 15-30 min to allow the electron beam,
microscope, biprism, and specimen to stabilize.

NOTE: The choice of magnification and biprism voltage
depend on the desired field of view, spatial resolution,

and signal-to-noise-ratio in the reconstructed phase.

Determine the magnification according to the size of the
region of interest.
NOTE: A small vacuum region (~10% of the field of view)

should ideally be included in the hologram.

Adjust the biprism voltage according to the desired
overlap width and spatial resolution.

NOTE: The electron optical spatial resolution is at
best two or three times the holographic interference
fringe spacing, depending on the mask size used for
reconstructing the hologram (see the representative
results section for details). The magnification and biprism
voltage may need to be optimized iteratively. In general,
the greater the magnification or the lower the biprism
voltage, the better are the fringe contrast and signal-to-
noise ratio in the reconstructed phase, but the poorer is

the spatial resolution.

2. Region of interest

Select the area on the specimen by moving the region of
interest into the field of view.

NOTE: The region of interest should normally be close to
the specimen edge (or to a region of thin clean support
film), as a reference wave is needed for interference with
the object wave that travels through the region of interest
on the specimen, and a vacuum region (ideally ~10% of

the field of view) should be included in the hologram.

If required, adjust the specimen temperature using the

temperature controller of the TEM specimen holder.

Cool the cold trap of the microscope before cooling the
specimen. Make sure that the column is in the best
possible vacuum condition to avoid the deposition of
contamination or ice on the specimen.

NOTE: Additional waiting time may be needed for

stabilization of the specimen temperature.

3. Lorentz TEM (Fresnel defocus imaging)

Remanent magnetic state of the specimen

1. For Fresnel defocus imaging, switch back to round
beam illumination. If required, move the biprism from
the field of view.

NOTE: The condenser lens settings for round and
elliptical beam illumination can typically be saved
and recalled using electron microscope control

software.

2. Change the defocus of the Lorentz lens (e.g., in
multiples of £200 pym) to record Fresnel defocus
images. Control the acquisition of defocused images

by using a script in the microscope control software.

3. Set the desired exposure time, and record in-focus,
underfocus, and overfocus images using the camera
control software (see Figure 2 in the representative

results section).
Field evolution of the specimen

1. Change the magnetic field applied to the specimen
by tuning either the current of the conventional
microscope objective lens while remaining in
Lorentz mode, or if applicable, the current in the coils

of a magnetizing TEM specimen holder.

2. Adjust the eucentric height of the specimen and the

defocus.
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Check the alignment of the microscope (see section

1.1).

Set the exposure time, and record in-focus,
underfocus, and overfocus images using the camera

control software.

Change the applied magnetic field, specimen tilt,
and/or temperature (using the temperature controller
for the TEM specimen holder), as required, to follow
the magnetic response of the specimen, as well as
to select a suitable condition for off-axis electron

holography.

4. Off-axis electron holography

1.

Zero-field magnetic state of the specimen

1.

Switch back to an elliptical beam condition, and bring

the biprism to the center of the field of view.

1. Check the alignment of the specimen, biprism,

and microscope.

2. Focus the specimen after waiting for 10-30 min

for stable conditions.

Place the region of interest on the specimen within

the field of view (see step 2.1).

Set the desired exposure time, and record single or
multiple electron holograms of the specimen using

the control software of the camera.

Translate the region of interest on the specimen
from the field of view, and record single or multiple
reference holograms using the control software of
the camera.

NOTE: The exposure time and the number of
holograms in steps 4.1.3 and 4.1.4 are typically

chosen to be the same.

Field evolution of the specimen

1.

Change the magnetic field applied to the specimen

(see step 3.2.1).

Set up the elliptical beam condition, which typically

depends on the objective lens setting.

Realign the specimen, biprism, and microscope (see

step 1.6). Focus the specimen.
Place the region of interest within the field of view.

Set the desired exposure time, and record single or
multiple electron holograms of the specimen using

the control software of the camera.

Translate the region of interest on the specimen
from the field of view, and record single or multiple
reference holograms using the control software of
the camera.

NOTE: The exposure time and the number of
holograms in steps 4.2.5 and 4.2.6 are typically

chosen to be the same.

Repeat the above steps for each desired value of
applied field and/or applied voltage or specimen
temperature, as well as before and after turning the

specimen over.

1. Check whether changes in external stimuli
result in instabilities of the microscope, beam,
biprism, and/or specimen, and if an additional

waiting time is then required to achieve stability.

2. Take particular care to design experiments that
can be used to achieve a separation of the
magnetic contribution to the phase from the
electrostatic contribution.

NOTE: There are several ways to achieve this

separation13. Here, the specimen temperature
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has been used to switch the specimen to a
paramagnetic state and subsequently evaluate
differences between phase images recorded at

different specimen temperatures.
3. Process the recorded electron holograms digitally.

1. Reconstruct the electron holograms to calculate
amplitude and phase images using commercial or
home-written software.

NOTE:

Normally, a Fourier-transform-based

reconstruction approach is used (see the
representative results section for details of hologram

reconstruction).

2. Align the images in magnification, position and
angle, and, if required, remove geometric distortions
from them. Combine information from multiple
phase images to separate the magnetic from the
electrostatic contribution to the phase (see Figure 3

in the representative results section for details).

Representative Results

FThe results shown below are taken from a Lorentz
microscopy and off-axis electron holography study of

magnetic skyrmions in a single crystalline FeGe specimen.

TEM  specimen preparation. Electron-transparent
specimens of single crystalline B20-type FeGe were prepared
for TEM examination using a dual-beam scanning electron
microscope equipped with a Ga FIB, a micromanipulator, and
gas injection systems. FIB milling was performed using 30
and 5 kV ion beams with currents between 6.5 nA and 47
pA. A lift-out method*® was used to fabricate a lamella, which
was attached to a Cu grid (Figure 1C). To reduce thickness
variations from curtaining, amorphous C was deposited on

the crystal before FIB milling. Remaining ion-beam-induced

damage was reduced by using low-energy (<1 keV) Ar ion
beam sputtering49. The final specimen had approximate
values of width, height, and thickness of 15, 10, and 0.1 ym,

respectively.

Magnetic imaging-Lorentz microscopy. The magnetic
state of the FeGe specimen, which is expected to follow
the magnetic field vs temperature phase diagram, shown in
Figure 4A, was first studied using Lorentz microscopy by
recording Fresnel defocus images, both at room temperature
and at reduced temperature (below the Curie temperature of

FeGe).

B20-type FeGe is paramagnetic at room temperature. Below
a transition temperature of 278 K (i.e., the Curie temperature),
different magnetic configurations can form, depending on
the applied magnetic field®®. In the present study, images
were recorded both at room temperature and at reduced
temperature using a double-tilt, liquid-nitrogen-cooled TEM
specimen holder. The specimen temperature was monitored
and controlled using a temperature controller and the control
software of the camera. Below the transition temperature,
FeGe typically contains a helical magnetic structure in zero
applied magnetic field. This magnetic texture produces maze-
like lines of black and white contrast in Lorentz (Fresnel
defocus) images of thin TEM specimens, as shown in Figure

4B.

Characteristic magnetic parameters of FeGe, such as
its exchange constant, Dzyaloshinskii-Moriya interaction
constant, and saturation magnetization M, determine the
equilibrium period of the helical phase (~70 nm), as well as
the critical field for magnetic saturation (320 mT). A lattice of
Bloch-type skyrmions can be formed from the helical state
by applying an out-of-plane magnetic field to the specimen

using slight excitation of the objection lens. In the microscope
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used in the present study, an excitation of 6% provides a field
of ~100 mT. The typical defocus values that are required to
image a helical structure or a lattice of skyrmions are in the
range of 300 um-1 mm, depending on the TEM specimen

thickness.

Figure 2 shows Fresnel defocus images of Bloch-type
skyrmions recorded at a specimen temperature of 100 K
in the presence of an out-of-plane magnetic field of 100
mT, which was applied using the conventional microscope
objective lens. Cooling of the specimen in the presence of
an applied magnetic field results in the formation of a regular
close-packed lattice of Bloch-type skyrmion551. Depending
on the sign of the defocus, the contrast of each skyrmion
appears as an intensity maximum or minimum, as shown in

Figure 2A and Figure 2B, respectively.

Magnetic imaging-Off-axis electron holography. Off-axis
electron holograms of the FeGe lamella prepared using FIB
miling were recorded both at room temperature and below the

critical temperature using the procedure described above.

Figure 3A shows an off-axis electron hologram recorded from
B20-type FeGe at a specimen temperature of 200 K following
cooling in the presence of a 100 mT applied magnetic field.
A voltage of 120 V was applied to the biprism, resulting in
a holographic interference fringe spacing of 2.69 nm and

holographic interference fringe contrast of ~25%.

Reconstruction of the amplitude and phase involved digitally
selecting one of the side bands in the Fourier transform

of the hologram (Figure 3B), masking everything outside

a circular mask with a soft edge centered on the side

band to zero, centering the masked side band in Fourier
space, and calculating its inverse Fourier transform to
provide a real-space complex wave image that contains

both amplitude and phase information. The phase @ =

— 2 1 i2
arctan (i/r) and amplitudeA =Vreti of the real-

space complex wavefunction were evaluated from its real
part r and imaginary part i. The phase (Figure 3C) was
initially evaluated modulo 21 and therefore contained
phase discontinuities, which could be unwrapped using a
suitable algorithm to provide an unwrapped phase image
(Figure 3D). Further details of the reconstruction procedure
and corresponding open-source software can be found

elsewhere®2:53.54

A similar approach was used to record a reference hologram
from vacuum alone. The reconstructed phase of the reference
hologram was subtracted from that of the specimen hologram
to remove phase artifacts associated with the imaging
and recording system of the microscope. The specimen
was then heated to room temperature, and both specimen
holograms (Figure 3E) and vacuum reference holograms
were recorded using the same procedure as that at reduced
temperature. As FeGe is paramagnetic at room temperature,
the electron optical phase shift originates purely from the
electrostatic (mean inner potential) contribution to the phase.
The difference between aligned phase images recorded at
room temperature and reduced temperature (after correction
using vacuum reference holograms) was used to provide
the magnetic phase shift alone (Figure 3F). Subtraction of

the phase images required sub-pixel alignment. The final
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magnetic phase image provides information about the in-
plane component of the magnetic induction within and around
the specimen integrated in the electron beam direction (see

Equation 2).

A visual representation of the projected in-plane magnetic
induction can be obtained by adding contours to the magnetic
phase image (e.g., by evaluating the cosine of its chosen
multiple). Its derivatives can also be used to generate colors,
whose hue and intensity can be used to represent the
direction and magnitude of the projected in-plane magnetic
induction, respectively. Figure 5A shows a representative
magnetic phase image of Bloch-type skyrmions in FeGe
obtained from the off-axis electron holography results shown
in Figure 3. A corresponding magnetic induction map is

shown in Figure 5B.

A magnetic phase image can be analyzed further to determine

the projected in-plane magnetization in the specimen

{95 g40

using either a model-independen or a model-base
algorithm. Figure 5C shows a map of in-plane magnetization
determined from the magnetic phase image shown in Figure
5A using a model-based iterative reconstruction algorithm*?,
together with an independent measurement of the TEM
specimen thickness performed using electron energy-loss
spectroscopy. The magnetization is shown in units of kA/
m and reveals the hexagonal shapes of the skyrmions,
which result from their close-packed arrangement. The
skyrmion cores, where the spins are oriented parallel to the
electron beam direction, have sizes of ~8 nm. The measured
magnetization peaks at a value of ~135 kA/m, which is
in good agreement with an averaged value that considers
the presence of surface twists and non-magnetic damaged
specimen surface Iayers56. A similar approach can be used
to study the evolution of the spin texture systematically as a

function of applied magnetic field and temperature.
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Figure 1: Basic off-axis electron holography setup and example specimen geometry. (A) Schematic ray path for
off-axis electron holography. (B) Photograph of the transmission electron microscope used in this study. This microscope

is equipped with a field emission gun, an image aberration corrector, a Lorentz lens, and two electron biprisms and was
operated at 300 kV. (C) Secondary electron scanning electron microscopic image of a TEM specimen of B20-type FeGe,
prepared using FIB miling, attached to a Cu TEM support grid (see Figure 2B for a TEM image of the specimen). Scale bar
= 500 ym. Abbreviations: OA = open aperture; Ltz = Lorentz; SA = selected area; €™ = electron; TEM = transmission electron

microscope. Please click here to view a larger version of this figure.

Figure 2: Fresnel defocus images of Bloch-type skyrmions in B20-type FeGe. (A) Underfocus and (B) overfocus
images of Bloch-type skyrmions in an FeGe lamella prepared using FIB miling and recorded at a specimen temperature of
100 K in the presence of an out-of-plane magnetic field of 100 mT. The defocus values are £500 um. The wide bands of
wavy dark contrast are crystalline bend contours arising from diffraction contrast. The insets show magnified regions of the

images. Scale bars = 2 ym. Please click here to view a larger version of this figure.
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Figure 3: Reconstruction of an off-axis electron hologram. (A) Experimental off-axis electron hologram of a B20-type
FeGe lamella recorded at a specimen temperature of 200 K in the presence of an applied out-of-plane magnetic field of

100 mT. The inset shows a magnified region of the hologram; scale bar = 200 nm. (B) Fourier transform of the hologram
containing a center band, two side bands, and streaks originating from Fresnel fringes at the edges of the biprism. An
enlargement of one of the side bands reveals spots associated with the ordered arrangement of skyrmions; scale bar =

0.4 nm™. (C) Wrapped phase image obtained by inverse Fourier transformation of one of the side bands; scale bar =

200 nm. (D) Unwrapped phase image; scale bar = 200 nm. (E) Unwrapped phase image of the same region recorded at
room temperature in zero out-of-plane applied magnetic field; scale bar = 200 nm (F) Part of a final magnetic phase image
obtained by subtracting the phase image recorded at room temperature from that recorded at 200 K, after aligning them with

sub-pixel precision; scale bar = 200 nm. Please click here to view a larger version of this figure.
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Figure 4: Magnetic field vs temperature phase diagram of FeGe. (A) Phase diagram of B20-type FeGe showing
magnetic states vs temperature. (B) Fresnel defocus image of a representative helical magnetic state in an FeGe lamella
prepared using FIB miling and recorded at a specimen temperature of 260 K in zero applied magnetic field. Scale bar = 2
pum. Abbreviations: PM = paramagnetic phase; T¢ = Curie temperature; FIBs = focused ion beams. Please click here to view

a larger version of this figure.
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Figure 5: Quantitative analysis of magnetic phase shift. (A) Magnetic phase shift ®;; of Bloch-type skyrmions in B20-
type FeGe recorded at a specimen temperature of 200 K in the presence of an applied out-of-plane magnetic field of 100 mT.
(B) Magnetic induction map created by displaying the cosine of a multiple of the magnetic phase image and adding colors
generated from its derivatives. The phase contour spacing is 2rm/20~0.314 radians. (C) Projected in-plane magnetization
obtained from the magnetic phase image shown in (A) using a model-based iterative reconstruction algorithm. Scale bars =

50 nm. Please click here to view a larger version of this figure.

Discussion These advantages make the technique distinct from X-ray

Off-axis electron holography provides fully quantitative and neutron-based techniques for the high spatial resolution

. . characterization of magnetic nanostructures. However, care
measurements of the magnetic properties of nanoscale

materials with nm spatial resolution, either in projection or in Is required in the design and execution of experiments, as

three dimensions when combined with electron tomography. well as during data analysis. Some of the factors to be
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considered are mentioned here. First, magnetic materials
are, in general, sensitive to ion-beam-sputtering-induced
artifacts, which can result in the formation of defective,
amorphous, and/or non-magnetic layers on the surface of
a TEM specimen. They may also need to be stored in
an inert gas atmosphere or vacuum to prevent oxidation.
Furthermore, TEM specimens prepared using FIB miling are
small and delicate. Therefore, mechanical tools, such as
tweezers, are generally not recommended. Instead, vacuum
tweezers can be used to insert specimens into TEM specimen

holders.

Second, conventional cooling TEM specimen holders, such
as the one used in the present study, can introduce specimen
drift due to changes in the temperature of the specimen
cradle, screws, and heat-transporting wires. Specimen drift
typically slows down to an acceptable rate over a timeframe
of 10-40 min. Third, during a cooling experiment, electron-
beam-induced charging can be present, especially when
studying a specimen that contains insulating materials.
Charging can introduce slowly varying contributions to
the electrostatic contribution to a recorded phase image,
which can vary with specimen temperature, as well as
with electron beam illumination and specimen position.
Sometimes, coating the specimen with a thin layer of C can

help to reduce electron-beam-induced charging.

Fourth, magnetic imaging experiments performed in the TEM
require an electron-transparent specimen. The preparation
of such specimens is briefly described above in the
representative results section. When planning, conducting,
and interpreting an experiment, the shape of the specimen
must be considered, as results obtained from "thin films"
may be different from those obtained from bulk samples.

For example, magnetic domains are often smaller and

demagnetizing fields are stronger in TEM specimens than in
bulk materials. Nevertheless, magnetic properties, such as
saturation magnetization and domain wall width measured
from thin TEM specimens, typically match values obtained

from bulk materials.

Fifth, the application of a perpendicular magnetic field to
a specimen using the conventional microscope objective
lens changes the image magnification and rotation, which
should be corrected before digital image alignment. Slight
misalignment between phase images can result in the
misinterpretation of misalignment artifacts as magnetic

contrast.

Looking toward the future, electron holographic tomography
provides a route to the 3D reconstruction of magnetic fields
and magnetization distributions in materials based on either
backprojection-based34 or model-based*? tomographic
reconstruction algorithms. Such experiments require the
acquisition and processing of large numbers of images
including subtraction of the mean inner potential contribution
to the phase at each specimen tilt angle. Tomographic
experiments are susceptible to changes to the sample during
extended experiments, changes in dynamical diffraction
as a function of specimen tilt angle, artifacts resulting
from the acquisition of incomplete datasets, as well
as the effects of misalignment and image distortion.
The automation of workflows for data acquisition and
analysis promises to overcome some of these problems.
Other future experimental developments may include the
design of sophisticated magnetizing coils and approaches
for performing time-resolved off-axis electron holography
experiments of magnetic switching during the application of

multiple external stimuli to specimens.
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