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ABSTRACT

The ‘transport-of-intensity’ equation (TIE) is a general phase reconstruction methodology that can be
applied to Lorentz transmission electron microscopy (TEM) through the use of Fresnel-contrast (defo-
cused) images. We present an experimental study to test the application of the TIE for quantitative
magnetic mapping in Lorentz TEM without aberration correction by examining sub-micrometer sized
NiggFeso (Permalloy) elements. For a JEOL JEM 2100F adapted for Lorentz microscopy, we find that
quantitative magnetic phase reconstructions are possible for defoci distances ranging between ap-
proximately 200 pm and 800 pm. The lower limit originates from competing sources of image intensity
variations in Fresnel-contrast images, namely structural defects and diffraction contrast. The upper de-
focus limit is due to a numerical error in the estimation of the intensity derivative based on three images.
For magnetic domains, we show quantitative reconstructions of the product of the magnetic induction
vector and thickness in element sizes down to approximately 100 nm in lateral size and 5 nm thick
resulting in a minimal detection of 5T nm. Three types of magnetic structures are tested in terms of
phase reconstruction: vortex cores, domain walls, and element edges. We quantify vortex core structures
at a diameter of 12 nm while the structures of domain walls and element edges are characterized qua-
litatively. Finally, we show by image simulations that the conclusions of this experimental study are

relevant to other Lorentz TEM in which spherical aberration and defocus are dominant aberrations.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Imaging the magnetic structure of materials at the nanometer
scale is motivated by the scientific study of magnetic phenomena
and the technological drive to develop new devices, in particular
for information storage devices [1,2]. The magnetic structure can
be imaged qualitatively and mapped quantitatively using trans-
mission electron microscopy (TEM) in a variety of contrast modes,
so-called ‘Lorentz TEM’ [3,4,52], for example, Fresnel-contrast
defocused images. Magnetic imaging in the TEM is possible be-
cause in the presence of a magnetic (and electric) potential, the
wave function of the electron undergoes a phase shift [5].

Consequently, quantitative mapping of the magnetic induction
vector at nanometer scale spatial resolution can be extracted.
However, measuring the phase of an electron wave exiting the
sample is challenging because the phase component of the elec-
tron wave which reaches the imaging detector is lost due to the
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quantum mechanical nature of the measurement. Additionally, the
phase component is influenced by aberrations of the microscope
and the signal collected at the detector further influenced by the
modulation transfer function (MTF) of the charge-coupled device
[6].

Here we examine experimentally quantitative magnetic ima-
ging using the ‘transport of intensity’ equation (TIE) in conven-
tional Lorentz TEM as a phase reconstruction methodology. By
conventional Lorentz TEM, we refer to a microscope with a sig-
nificant spherical aberration.

The principle of this methodology, developed by Teague for
wave propagation in general [7], is based in the case of Lorentz
TEM on Fresnel-contrast images. A focal series enables to correlate
the intensity, phase and intensity derivative with respect to the
direction of the wave propagation [8]. A detailed description on
how this methodology was applied in this study is presented later.

The TIE approach for magnetic imaging in the Lorentz TEM can
be a complementary methodology to off-axis electron holography.
In terms of phase reconstruction, the TIE is more sensitive at
higher spatial frequencies, while off-axis electron holography is
better at lower spatial frequencies [9] leading to a suggestion to
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combine both methodologies [10].

For practical application, the TIE methodology has several ad-
vantages compared to off-axis electron holography. First, it can be
applied in most conventional TEMs, including those with reduced
coherency of the electron source, e.g. LaBg [8,11]. The method is
less demanding in terms of sample requirements. The sample is
not required to be prepared so that the region of interest is placed
near the vacuum, which may modify the micromagnetic structure.
The field of view is larger than typically found in off-axis electron
holography. Finally, the TIE approach is more convenient for in situ
experiments.

The objective of this research is to test experimentally the
quantitative capability of the TIE phase reconstruction approach
specifically for magnetic imaging in conventional Lorentz TEM, as
manifested in the measurement of the phase gradient, which re-
lates to the product of the magnetic induction, B, and thickness of
the sample, t. The aims of this examination are to determine the
limit of detection, and the accuracy of the measured Bt product, as
well as the spatial detection limit of magnetic structures.

Most reports on quantitative electron phase reconstructions
using the TIE methodology are for electrostatic potentials in non-
magnetic materials, e.g. Refs. [12-17]. The phase sensitivity of the
TIE for the electrostatic potential phase step was estimated theo-
retically at z/20 rad [18] and possible phase accuracy of up to 7/
300rad [9]

There are fewer reports on quantitative application of the TIE
methodology to magnetic materials, typically applied to micro-
meter scale structures e.g. Refs. [11,19-22,53]. When applied to the
study of magnetic materials, Masseboeuf et al. [23] studied a
chemically ordered FePd thin film, reporting a Bt detection of
several tens of T nm using an FEI Titan equipped with a dedicated
Lorentz lens. A spatial resolution of 10 nm was estimated based on
the detection of domain walls. Phatak et al. [24] applied the TIE to
a three-dimensional reconstruction of the magnetic vector po-
tential in a square 1 pm Permalloy element using a JEOL 2100F
equipped with a Lorentz objective lens. The vector potential was
probed at a spatial resolution of approximately 13 nm.

We tested experimentally the quantitative capability of the TIE
by examining cases for phase reconstruction of lithographically
patterned NiggFeso (Permalloy) elements in terms of varying lateral
size and thicknesses. For quantitative analysis, the reconstructions
were evaluated in terms of phase gradients along magnetic do-
mains, which represent the Bt product. Additionally, the phase
reconstruction from magnetic structures in the form of vortex
cores, 90° domain walls, and elements edges were evaluated.

Experimentally, the limit of the magnetic detection for phase
gradients in magnetic domains was found to be around 10 rad/pm,
which in terms of the Bt product is 5 T nm in Permalloy elements
sized laterally down to approximately 100 nm. The accuracy of the
magnetic phase gradient reconstruction was under 1 rad/pm. In
order to achieve quantitative phase reconstructions, both lower
and upper limits for defoci distances were observed of 200 pm and
800 pm, respectively. The smallest magnetic structures that could
be quantitatively detected were vortex cores 12 nm in diameter.
The magnetic structures of domain walls and element edges were
characterized qualitatively by phase reconstructions.

2. Methodology

2.1. Magnetic phase reconstruction using the transport of intensity
equation

Magnetic samples imaged at the nanometer scale are described
as phase objects according to the Aharonov and Bohm equation
[6], which quantifies the influence of electrostatic and magnetic

potentials. By assuming a constant contribution from the electro-
static potential to the phase shift, ¢, of a sample with uniform
thickness, t, and a constant magnetic induction, B, throughout the
thickness of the sample, the phase change along one direction in a
magnetic domain can be represented by:
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where x is the direction in the plane of the sample perpendicular
to the optic axis; By, is the magnetic induction of the sample per-
pendicular to both x and the optic axis; xo coordinate represents
the location of a domain wall.

Therefore, the in-plane component of the magnetic induction
vector, B, is derived by applying a gradient to the reconstructed
phase:
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where 1, is a vector unit along the z direction, namely the optic
axis.

As noted, the TIE approach is a general phase reconstruction
methodology, which was first applied to visible light microscopy
[26], followed by neutrons [27], X-ray microscopy [28], and finally,
the topic of this research, for fast electrons.

The TIE shows that the phase can be determined by intensity
variation measurements:

: kdl(n, 2)
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The TIE correlates between image intensity, I, phase shift, ¢, of
the electron wave-function and the derivative of the image in-
tensity along the direction of the wave propagation, z (optic axis),
where r, represents the radial coordinate perpendicular to the
optic axis and k represents the wavenumber of the fast electrons.
Information transfer is attenuated by the square of the spatial
frequency, meaning that transmission of low spatial frequencies is
suppressed [29,30].

Solving differential Eq. (3) and optimizing the phase re-
construction result can be achieved by several routes. Pagannin
and Nugent suggest a Fourier-transfom based approach [31],
which was used in this study through the ‘QPt’ algorithm [32], as
represented by Eq. (4):
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where V7?2 is the inverse Laplacian operator, which in the Fourier
space is [33]:
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The symbols FT and FT~! represent forward and inverse Fourier
transforms, respectively, and ¢, is the spatial frequency vector
normal to the propagation direction.

For solving the TIE equation, the intensity derivative with re-
spect to the optic axis, z is estimated [15]. In practice, we acquire
two defocused (Fresnel-contrast) images, I(r, — Az) and
I(r,, + Az), and a Gaussian image, I(r, 0). Due to small magnetic
deflection angles, in this work down to several prad, large defoci
distances are required, typically 100-1000 pm, for achieving
Fresnel-contrast images with sufficient contrast. Consequently,
alignment between defocused images is critical because of the
practical large image rotation and change in magnification ob-
served at the microscope. Barty et al. [34] and McVitie et al. [30]
show that a misalignment of a single pixel is sufficient to
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deteriorate quantitative phase reconstruction. This can be under-
stood since information in Fresnel-contrast images originates from
transition regions, such as magnetic information from domain
walls, and electrostatic information from edges of the element. In
order to achieve reproducible image alignment at sub-pixel ac-
curacy for a large number of experiments, three Fresnel-contrast
images were aligned with the ‘Align 3_TP’ plugin for Image] [35].

2.2. Micromagnetic simulations

Micromagnetic simulations of the equilibrium magnetic struc-
ture were used to evaluate the quantitative capability of the TIE
approach for phase reconstruction. Simulations were performed
by the ‘Object Oriented Micromagnetic Framework’ (OOMMEF)
package [36] and the ‘LLG’ software [37]. The cell size used was
under 5 nm, which is less than the ferromagnetic exchange-in-
teraction length for Permalloy [38]. Magnetic parameters for Per-
malloy are exchange stiffness, A=13-10~'? ]/m, negligible aniso-
tropy constant, K,=100]J/m3 and saturation magnetization,
M,=860-10> A/m [39]. Micromagnetic simulations also de-
termined a minimal distance between elements in order to pre-
vent dipolar interactions as we compared experimental results to
individual magnetic elements. The equilibrium micromagnetic
structure was converted to magnetic phase variations of the
electron wave based on Ref. [40]

2.3. Fabrication and characterization of magnetic elements

Magnetic elements were fabricated on 100 x 100 pm? windows
of SisN, membranes, 15 nm thick, supported on 500 pm thick
single crystal silicon wafers. Patterning was done by electron beam
lithography on samples coated with a positive resist of polymethyl
methacrylate. Permalloy films were then deposited using e-gun
physical vapor deposition.

The deposition thicknesses of Permalloy layers were calibrated
by cross sectional TEM analysis and atomic force microscopy
(AFM), which also determined that the layers are smooth, with a
standard deviation of 0.1 nm. The important definition of film
thickness for this study is according to the effective magnetic
thickness. Vibrating sample magnetometry measurements were
based on saturation magnetization of the layer. Table 1 compares
various thickness measurements showing that magnetic thick-
nesses are less than those determined in the TEM and AFM by up
to 2 nm. This difference is attributed to a lower saturation moment
in thin films or so-called ‘dead layers’, which refers to changes in
the magnetic properties at the grain boundaries, interfaces and
surfaces of the polycrystalline film [41]. Following these mea-
surements, we calibrated sample thickness deposition according
to the magnetic thickness.

Energy dispersive spectroscopy indicated that Fe content varied
between 20% and 27 at% as compared to the 20 at% of the source
material. The variations in composition are mostly associated with
the quantitative accuracy of this spectroscopy methodology. High-
angle annular dark-field scanning transmission electron micro-
scopy Z-contrast analysis indicates that the composition across the
layer is uniform. TEM analysis (phase-contrast, selected area

Table 1
Examples of layer thickness measurements for calibration of deposition thickness
(nm, errors are standard deviations).

VSM TEM (cross section) AFM
55+0.2 6+1 63+03
1.7+ 04 13.8+ 1.0 134+ 1.0
18.7 + 0.6 20.5+1.0 20+ 1
24.0+0.8 25+1 250+12

electron diffraction) determined that the crystal structure is FCC
with a lattice parameter of 0.35 + 0.01 nm. The microstructure is
polycrystalline, without preferred crystallographic orientation,
with a grain size in the range of 5-7 nm.

Magnetic anisotropy was measured on Permalloy films de-
posited on an oxidized silicon wafer. Samples sized 0.5 x 0.5 cm?
were used to measure the dependence of magnetic moment and
coercive fields as a function of the direction of in-plane applied
magnetic field. The area inside the hysteresis loop at each angle
was measured and divided by the sample volume. These mea-
surements were fitted to uniaxial anisotropy energy resulting in a
constant of K; =624 + 75 J/m>, which is negligible in determining
the micromagnetic structure. Simulations undertaken with the
above anisotropy value and using K;=0 J/m> result in identical
equilibrium micromagnetic structures.

24. Lorentz TEM

All measurements, including structural analysis, were per-
formed using a JEOL JEM 2100F transmission electron microscopy,
equipped with a Schottky field emission gun and a biprism. This
microscope was adapted and calibrated for Lorentz TEM as de-
scribed in Ref. [25]. The optical configuration enabled a maximum
nominal magnification of x40K. The objective lens was de-
magnetized and then an opposing current was used to reduce the
residual field to under 1 Gauss as verified by a Hall probe holder.
The spherical aberration coefficient is Cs=4.61 + 0.17 m, and the
chromatic aberration was calculated to be 87 mm. Therefore, the
point resolution is approximately 2 nm. The minimal defocus step
is 3.02 + 0.01 pm; for finer control of the defocus distance in order
to achieve Gaussian conditions, a defocus step of 0.3 pm is possi-
ble by mechanically translating the stage along the optic axis. The
convergence semi-angle was estimated at 0.1 mrad.

For comparison of TIE phase reconstructions, off-axis electron
holography measurements were undertaken using a biprism fila-
ment (0.6 pm in diameter). The expected phase sensitivity and
spatial resolution for off-axis electron holography are approxi-
mately z/25rad and 10 nm, respectively.! The phase was re-
constructed from the holograms using scripts of Arizona State
University (e.g., Ref. [44]) within the Gatan Digital Micrograph
software.

2.5. Image simulations

For simulating Fresnel-contrast images in the transmission
electron microscope, we used the algorithm developed by McVitie
et al. [45]. To this algorithm we added the following components:
optical parameters of the adapted JEOL JEM 2100F Lorentz TEM,
modulation transfer function and shot noise of the Gatan Ultrascan
charge-coupled device (CCD) detector, electrostatic potential of
the sample (mean inner potential of Permalloy is 27.8 V [11]) and
its specific geometry, especially at the edges, determined by the
lithographic process. Due to limitation in sample fabrication and
lithography processes, the element's edge is a step that was ap-
proximated as a Gaussian function spread across 10 to 20 nm from
a fit to bright-field TEM images. This smeared edge structure is
important to enable the Fourier-transform based algorithm to
work. In case of an abrupt edge, namely the element’s edge spans
a single pixel, the Fourier transform based method applied here to
solve the TIE fails due to high frequency information. We note that
the edge profile of the element was not taken into account in the
micromagnetic simulations calculated by the OOMMF algorithm.

The amplitude of the electron wave-function was estimated

1 Based on Refs. [6,42] and fringe spacing from Refs. [43,25].
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Fig. 1. Fresnel- contrast images of circular, 1 um in diameter, Permalloy element, 30 nm thick before (a) and after (b) MTF addition and their line profile (c) along the direction
denoted schematically by the blue dashed line, (d) Modulation transfer function of the Gatan Ultrascan1000 CCD. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

experimentally from bright field images at Gaussian conditions.
For the spatial frequencies examined in this work the CTF for the
amplitude is approximately constant and close to a value of 1.
Therefore, we approximate the Gaussian intensity as the square of
the amplitude. Changes in magnification and rotation of the image
due to the large defoci distances were not included in these
simulations.

The MTF was measured according to the knife-edge method
using the beam stopper of the microscope [46]. Fig. 1(d) shows the
measured MTF of the Ultrascan CCD at a nominal magnification of

x40 K, and x 2 binning conditions (1 k pixels x 1 k pixels image).
The output images were calculated as a product of the simulated
images with the relative attenuation of the MTF at corresponding
frequencies. Fig. 1 demonstrates the contribution of the MTF to the
Fresnel- contrast images, in this case of a Permalloy circular ele-
ment, 1 um in diameter and 30 nm thick. Fresnel contrast in-
tensities associated with the magnetic vortex (center) and the
element’s edge decrease after adding the contribution of the MTF.

200 nm

Fig. 2. (a) Bright-field TEM image of a 30 nm thick, 0.5 pm square Permalloy element patterned on a Si3sN, membrane. (b, c) experimental Fresnel-contrast images, under-
focus and over-focus distances of Af=399 um, respectively compared to equivalent simulated results (d, e). Note: (a-c) data from Ref. [25].



48 A. Kohn et al. / Ultramicroscopy 160 (2016) 44-56

3. Evaluating the TIE methodology for magnetic phase
reconstruction

We undertook comparisons of the TIE phase reconstruction
methodology between experimental measurements and simula-
tions to address the following points:

1. Accuracy of measuring the product of magnetic induction, B,
and sample thickness, t.

2. Minimal Bt product value that is detected.

3. Laterial spatial resolution: Minimal magnetic structure that is
detected.

We demonstrate our approach to address the above points with
an example, shown in Fig. 2, which is representative of dozens of
elements examined in this research. The comparison is between
experimental Fresnel-contrast images to simulated images based
on micromagnetic simulations, in this case of a square Permalloy
element, with a side length of 0.5 um, and 30 nm thick. Fig. 2(a) is
a bright-field image (Gaussian defocus) of this element, obtained
in the Lorentz mode, which highlights the polycrystalline struc-
ture. Fig. 2(b) and (c) are experimental Fresnel-contrast images, at
under- and over-focus distances of 399 pm. Qualitatively, three
sources of magnetic contrast are observed: bright and dark bands
and the spot at the center of the element originate from domain
walls and a vortex core structure, respectively, due to a magnetic
flux-closure structure. The third source are Fresnel fringes ob-
served at the edges of the elements, which originate both from
changes in magnetic induction and the electrostatic mean inner
potential. Fig. 2(d) and (e) are comparable Fresnel-contrast images
simulated using the same optical conditions.

The reconstructed phase, in the form of equi-phase contour
maps, from these simulated and experimental defocused image
are shown in Fig. 3(a) and (b), respectively. In this presentation,
the direction of the induction vector, B, is along the equi-phase
line, and the magnitude of the vector is determined by the
proximity of the contour lines (or gradient) perpendicular to the
vector direction. Fig. 3(c) is the reconstructed phase of the same
Permalloy square element measured by off-axis electron holo-
graphy. Note that this off-axis electron holography result demon-
strates two relative drawbacks when compared to Fresnel-contrast
imaging and the TIE methodology: a smaller field of view, and lack
of a reference hologram from the vacuum for this sample config-
uration, which degrades the quality of the reconstruction (see
following).

A comparison of the phase values along the direction denoted
schematically by the dashed red line in Fig. 3(b) is shown in Fig. 4
for the TIE reconstruction of Fresnel-contrast images at different
defoci distances as well as compared to off-axis electron holo-
graphy measurements. Qualitatively, the reconstructed phase

shows the electrostatic step at the edge of lithographically pat-
terned elements due to the change in the mean inner potential,
and the linear phase variations due to the magnetic domains.
Within the transition region between the two magnetic domains,
information about the core vortex may be expected.

For quantitative comparison, reconstructions were evaluated in
terms of phase gradients within the magnetic domains in order to
calculate the Bt product, in this case at an expected value of ap-
proximately 30 T nm. Phase gradients with respect to spatial po-
sition are shown in Fig. 4(b).

From this type of comparisons, we find that quantitative re-
constructions are possible in a defoci window ranging approxi-
mately from 200 pm to 800 pm. For our experiments, these defoci
distances adhere to the small defocus limit criterion, as presented
by Beleggia et al. [18] and McVitie et al. [45], though Ishizuka et al.
note that as the TIE is a form of the Schrodinger equation, a small
defocus is not a prerequisite [29]. The reasons for incorrect mag-
netic phase reconstructions at defoci values under 200 pm and
above 800 pm are discussed later.

Table 2 shows typical errors in determining the Bt product at
different defoci distances. These values were estimated from all
quantitative reconstructions, which were obtained at the same
defocus distance. For our off-axis holography measurements, the
Bt accuracy is 0.8 T nm. The reason for achieving better accuracy
using the TIE methodology for defoci distances under 300 pm may
be due to the lack of a reference hologram and instabilities asso-
ciated with the laboratory environment [25].

Fig. 5 shows examples of magnetic phase reconstructions for a
range of elements in terms of size and geometry. From these types
of comparisons, we conclude that correct magnetic phase re-
constructions for Permalloy elements are possible down to ap-
proximately 100 nm in lateral size and 5 nm thick, which re-
presents a minimum Bt detection of approximately 5 T nm, due to
a phase gradient of 10 rad/pm, at an accuracy of 1 T nm.

The failure of quantitative TIE phase reconstructions at large
defoci distances, approximately 800 pm, is attributed to an error
in the estimate of the image intensity derivative along the optic-
axis, an explanation proposed by Allman and Ishizuka [29]. Here,
the intensity derivative is estimated using two defocused images
and an image at Gaussian defocus. Since only two defocused
images are used, and representing the image derivative as a Taylor
series, an error is introduced according to Eq. (6):

I(+Az2) - I( - Az) =0—I+O((Az)2)

2(A2) 0z (6)
where I represents the image intensity, Az is the defocus distance
with respect to the Gaussian defocus, and z represents the spatial
coordinates along the optic axis.

The use of two defocused images means that as the defocus
distance is increased, the error in the approximation of the

Fig. 3. Phase reconstructions (equi-phase presentation spaced at 1 rad) for a Permalloy square element, 30 nm thick, using the TIE approach applied to (a) Fresnel-contrast
image simulations, (b) experimental Fresnel-contrast images (399 pm defocus). Results compared to phase reconstruction by (c) off-axis electron holography. Note: (b, c)
data from Ref. [25]. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 4. (a) Values of the phase variation along the dashed red line denoted schematically in Fig. 3(b) for reconstructions using Fresnel-contrast images at defoci distances of
96 um, 201 pm, 399 pm, 801 pm and 900 pm, and a comparison to phase reconstruction using off-axis electron holography. (b) First derivative of the reconstructed phase
with respect to spatial position, which enables to determine the Bt product within the magnetic domain in comparison to the calculated value based on magnetometry and
micromagnetic simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2 diameter, 10 nm thick, at a defocus distance of 900 um. A sig-
Accuracy of measured Bt product at different defoci distances. nificant increase or decrease in image intensity is observed at the
vortex core. The background signal showing rapid intensity var-

Defocus distance (pum) Error in determining Bt (T nm) s - . . .

iations is due to the sources of noise, which are discussed later.
;gg gg The phase reconstruction using the TIE methodology failed in this
400 08 case, as reported earlier. However, Fig. 6(e-g) shows agreement
600 1 between simulated and experimental Fresnel-contrast images in
800 16 terms of the intensity differences at the core.

Similar comparisons of the vortex core was undertaken for a
square 0.5 pm element, 20 nm thick, for a wide range of defoci
distances showing good agreement between simulated and ex-

perimental Fresnel-contrast images, as shown in Fig. 7.
Allman and Ishizuka [29] further estimate an error criterion for

the allowed defocus with respect to the required spatial fre-
quencies:

intensity derivative is also increased according to the Taylor series.
To demonstrate this explanation, we compare between experi-
mental and simulated Fresnel contrast images at large defoci dis-
tances for a magnetic vortex core. Fig. 6 are experimental and si-
mulated Fresnel-contrast images comparing image intensities
across the vortex core in a circular Permalloy element, 1 pm in

a b d

\‘ . C ©
50 nm

200 nm 200 nm -

Fig. 5. Calculated (a-d) and experimental (e-h) eqi-phase contour maps (spaced at 1 rad) for triangular element, 1 um diagonal, 10 nm thick (a, e), circular element, 250 nm
in diameter, 20 nm thick (b, f), square element, 130 nm edge length, 10 nm thick (c, g) and circular element, 1 pm in diameter, 5 nm thick (d, h). The phase reconstruction of
the triangle (e), square (g) and circular (h) elements were obtained from Fresnel-contrast images at a defocus distance of 600 um while the phase reconstruction of the

circular element (f) was obtained from Fresnel-contrast images at a defocus distance of 198 um.
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where g...x is the highest spatial frequency included in the image.

Therefore, for a defocus distance, Az, of 800 pm, significant
phase information varying at distances smaller than approxi-
mately 70 nm will not be reconstructed. This value is in agreement
with our experimental observations because, as demonstrated la-
ter, this is the approximate scale for magnetic and electrostatic

phase variations in the samples examined here.

We note that Martin et al. [47] determined an upper defocus
limit for TIE phase reconstructions also due to spatial incoherence.
Using their criterion for g,,,,x determined when the Gaussian wave
function drops to 95% of its maximum yields:

72 (AZ)g oy < 0.05 ®)

Where « is the convergence semi-angle of the source leading to



A. Kohn et al. / Ultramicroscopy 160 (2016) 44-56 51

T T T T T T T T

7 4 — Simulation
—— Experiment

3

Difference between intensities (x10” counts)

T T T T T T T T T
100 200 300 400 500 600 700 800 900

Defocus distance (um)
Fig. 7. Comparison of image intensity differences at the vortex core of a square
Permalloy element, 0.5 um, 20 nm thick between simulated and experimental
Fresnel-contrast images, for a range of defoci distances. (For interpretation of the

references to color in this figure, the reader is referred to the web version of this
article.)

spatial incoherence. In this case, for a defocus distance, Az, of
800 pm, and a convergence semi-angle of 0.1 mrad, significant
phase information varying at distances smaller than approxi-
mately 5 pm will not be reconstructed. Therefore, this criterion
appears, when compared to our experimental data, to be too strict,
for quantitative reconstruction of the magnetic phase.

The upper limit for defoci distances for quantitative phase re-
constructions implies that we should reduce the defocus distance
as much as possible, which is expected to improve spatial re-
solution for phase reconstruction [45,50,51] and also simplify

a

image alignment. However, as the defocus distance is reduced, the
intensity of magnetic signals such as domain walls, are reduced
until they are comparable to other sources of intensity variations.
For the samples tested here, these competing sources are: dif-
fraction contrast of the polycrystalline Permalloy element, thick-
ness variations in the sample, defects in the amorphous SiN
membrane, photoresist leftover contamination on the elements,
and CCD shot-noise. The influence of these sources of noise in the
Fresnel-contrast images can be observed in Fig. 5(e-h), which is
the reconstructed phase using the TIE methodology. Compare
these results to the reconstructed phase from simulated Fresnel-
contrast images Fig. 5(a-d). In these results, a constant and uni-
form phase is observed in the regions around the element,
whereas the experimental results shows phase variations. The
contribution of noise originating from CCD shot-noise as well as
artifacts in the reconstruction algorithm was estimated by images
recorded in a vacuum region. Applying the TIE algorithm for
images recorded at defocus distances of 99um results in phase
variations up to 0.4 rad.

The polycrystalline structure of Permalloy introduces diffrac-
tion contrast, which in the context of magnetic phase re-
construction, is an additional source of noise as seen in Fig. 8(a).
Dark regions in this image are grains that fulfill Bragg conditions.
The effect of this contrast exists even when the defocus distance is
increased and can occasionally cause the magnetic signal to be
undetectable. As an example, Fig. 8(d) shows that at low defoci
distances, the magnetic vortex core signal cannot be distinguished
from this noise, as well as defects in the SiN substrate.

Beleggia et al. [18] proposes a Michelson visibility ((Ingx — Imnin)
|(Inax+Imin)) of 3% as a lower limit for defocus. Our observations, at

infocus
under 90pm
under 180pum

100 200 300 400 500 600 700
Position (nm)

Fig. 8. (a) Bright-field (Gaussian defocus) image for a square 1 pm element, 30 nm thick and Fresnel contrast images at defocus distances (under) of 90 um (b) and 180 um
(c) Intensity line profiles for the above images along directions denoted schematically by the green lines (d). (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. 9. Fresnel-contrast images of a square Permalloy 1 um element, 40 nm thick, at a defocus distance of 231 pm (a), 999 um (b) (experimental) and a simulated Fresnel-
contrast image (c) at defocus distance of 999 um. Intensity profiles of all images (d) along the direction denoted schematically by green dashed line. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

200 pm defocus, for example see Fig. 8d, are of a visibility of
7-10%. This increase in the visibility limit is attributed to the
specific competing contrast sources described previously.

This last figure (and also the example shown in Fig. 9, see fol-
lowing) demonstrates that we do not observe a strong correlation
between the noise contributions and the defocus distance. How-
ever, at a defocus distance of around 200 um, the noise contribu-
tion is comparable to the magnetic signal, meaning that we cannot
achieve quantitative phase reconstructions at smaller defoci
distances.

3.1. Sources of magnetic signal for testing the magnetic sensitivity of
the TIE methodology

The magnetic signal in patterned elements originates from
several sources. For example, in the case of patterned square ele-
ments showing flux closure, the magnetic phase variation origi-
nates from three sources: vortex core, 90° domain walls, and edges
(Fresnel fringes).

In order to evaluate whether TIE phase reconstruction enables
to characterize quantitatively the magnetic structures, the three
sources were evaluated in terms of Fresnel-contrast images and
the TIE phase reconstruction.

Domain walls: At low defoci distances, under 300 pm, it is
difficult to distinguish between signal and background noise as
demonstrated in Fig. 9(a) for a square Permalloy 1 um element,
40 nm thick at a defocus distance of 231 um. At larger defoci dis-
tances, the domain wall signal is distinguished, Fig. 9(b). However,

when compared to the equivalent simulated Fresnel images, the
measured intensity variations are smaller than in the simulated
image. Additionally, at large defoci distances, e.g. the over-focus
conditions seen in Fig. 9(b), Fresnel fringes from the edge of the
element can overlap with intensity variations due to the domain
wall and therefore degrade this signal.

We tested whether the reconstruction of the domain wall is
quantitative by measuring the width of the domain wall. For ex-
ample, a comparison between TIE reconstructed phase from si-
mulated and experimental Fresnel-contrast images is presented
for a square Permalloy 0.5 pm element, 20 nm thick in terms of the
width of the domain wall. For quantitative comparisons, we ap-
plied a functional definition that the width of the domain wall
spans from maximum to minimum of the third derivative of the
reconstructed phase with respect to spatial position. Applying this
method to the calculated phase, which is derived from micro-
magnetic simulations for the element described above, the width
of the 90° domain wall is 28 nm.

The comparison of the width of the 90° domain wall was un-
dertaken for a wide range of defoci distances demonstrating a lack
of quantitative agreement between simulated and experimental
values as shown in Table 3.

The TIE shows a quantitative failure in determining the width
and therefore the magnitude of the magnetic signal at these do-
main walls. However, the TIE does display qualitatively the pre-
sence of the domain wall region in the correct location in the re-
constructed phase. This statement is demonstrated by comparing
square, triangular and circular elements (e.g. Figs. 3, 5, and 6). The
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Table 3
Comparison between simulated and experimental measurements of domain wall
widths measured from the reconstructed electron phase using the TIE methodology

Table 4
Simulated and experimental measurements of the element edge and magnetic core
for the element shown in Fig. 10 at various defoci distances using the TIE

at different defoci distances. methodology.
Defocus distance  Simulated domain wall ~ Experimental domain wall Defocus dis- Edge width (nm) Core diameter (nm)
(pm) width (nm) width (nm) tance (pm)
Simulated Experimental Simulated Experimental
50 30 Incorrect reconstructions
100 32 50 16 Incorrect 14 Incorrect
201 43 117 +£23 100 24 reconstruction 16 reconstruction
300 47 124 +17 201 34 372+78 23 275+2.6
399 50 125 +31 300 42 43.0+5.6 29 331+43
600 56 131+27 399 49 49.7+ 46 36 35.8+5.7
600 55 57.5+5.7 42 441+ 144
800 61 Incorrect 49 Incorrect
reconstruction reconstruction

square and triangular elements show, qualitatively, domain walls
in the correct position compared to micromagnetic simulations,
while the circular elements do not show domain wall, as expected
for this micromagnetic vortex structure.

Edges of elements: the Lorentz force applied to fast electrons
affects the location of Fresnel fringes resulting in a difference be-
tween magnetic and non-magnetic samples having the same
thickness and mean inner potential, as shown in Fig. 10. A com-
parison was made between simulated and experimental results in
terms of location of the periodic fringes and their intensity at
various defoci distances. We observe agreement in the spatial lo-
cation of the Fresnel fringes for all defoci distances as demon-
strated in Fig. 10(d). Regarding intensity difference of these fringes,
experimental images show lower intensity differences than in the
case of simulated images. However, these comparisons are

Intensity

10000 —— Exp. over 400um (magnetic).

significantly better than in the case of domain walls. Qualitatively,
it can be seen that at different locations of the element edge,
variations in the intensities exist, which we attribute to leftover
contamination from the photoresist on the elements.

Vortex core: a comparison between the reconstructed phase
obtained from experiments and simulations was done for a variety
of elements, examining the diameter of the core and comparing to
an electrostatic signal step at the edge of the element. The dia-
meter of the vortex core was functionally defined as spanning
from maximum to minimum of the third derivative of the phase
with respect to spatial position. The width of the element edge
was defined using a similar approach, in this case the second

b

—— Simulated overfocus 400um (magnetic).
~——— Simulated over 400um(non magntic). |

8000 -

1] ' 160 ' 260 ' 300
position(nm)

Fig. 10. (a) experimental Fresnel contrast image at a defocus (over) distance of 400 pm for a square Permalloy 0.5 um element, 20 nm thick and its equivalent simulated
results with (b) and without (c) the magnetic contribution. Image (d) is a line profile along the direction denoted schematically by the red rectangle in a, b and c. (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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Comparison of optical properties of microscopes used for Lorentz TEM.

Adapted JEOL 2100F Tecnai F20  Titan (Cs-ad-
JEOL 2100F  Lorentz Lorentz [6] justed) Lorentz
[25] (48] [49]

E (keV) 200 200 200 300

Cs (mm) 4600 108.7 8000 10

C. (mm) 87 16 41 93

Point resolution 1.96 0.77 225 0.35

(nm) (Scherzer
defocus)

derivative.

In experimental phase reconstructions, the diameter of the core
was calculated for all angular directions through the core. For the
width of the elements' edge, around 20 measurements were un-
dertaken from each element so that we present the average value
and the error is estimated as the standard deviation. Table 4
compares between simulated and experimental results for the
magnetic core and the electrostatic step obtained for the element
shown in Fig. 10. In this element, successful reconstructions were
obtained at defoci distances of 201, 300, 399 and 600 pm.

Table 4 indicates agreement between simulations and experi-
mental results. The micromagnetic simulation of this element
shows that magnetic moments align into the plane of the element

approximately 6 nm from the center of the magnetic core so that
the expected diameter of this region is 12 nm. The value measured
from the calculated magnetic phase, according to our technical
definition of a core diameter, is indeed approximately 10 nm. The
measured increase in the diameter of the vortex core and width of
the element edge as the defocus distance increases is attributed to
the decrease in spatial resolution of the reconstructed phase. We
note that this conclusion is dependent on the samples we tested. If
we had tested the TIE methodology on materials with large
magnetocrystalline anisotropy, the diameter of the magnetic vor-
tex core is smaller. Therefore, it is possible that better spatial de-
tection using the TIE methodology can be achieved.

3.2. Applicability to Lorentz TEM

Finally, we consider whether the above experimental study is
strongly microscope dependent. Therefore, we compare several
conventional Lorentz TEMs by image simulations in order to examine
whether our conclusions are relevant to other instruments. We note
that our comparisons are to microscopes with non-negligible sphe-
rical aberration, as our image simulations are based on a contrast
transfer function described by defocus and spherical aberration.
Additionally, to these simulations, we do not add the MTF so as to
focus on the role of optical configuration. Table 5 presents optical
parameters of several microscopes operated in the Lorentz mode: an
adapted JEOL JEM 2100F [25], a dedicated Lorentz JEOL JEM 2100F
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Fig. 11. (a, ¢) Calculated phase values from the micromagnetic structure of a Permalloy 0.5 pm square, 40 nm thick element (a-200 kV c-300 kV accelerating voltages) and
simulated phase reconstructions using the TIE at a defocus distance of 200 um for microscopes detailed in Table 1 for (inset a: calculated phase; The violet rectangle shows
schematically the line profile for the phase values). (b, d) Phase-contours presentation (spaced at intervals of z rad) for the presented results in a and c. (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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[48], FEI Tecnai F20 [6], and an FEI Titan in which the aberration
correction lenses were used to setup the Lorentz mode and reduce
the spherical aberration down to 10 mm [49].

According to our image simulations, for example, Fig. 11, we
do not observe a significant difference in the phase re-
construction capabilities of the TIE between Lorentz TEMs with
varying values of the spherical aberration down to 10 mm.
Fig. 11(b) and (d) shows the calculated magnetic phase from the
micromagnetic structure of a Permalloy 0.5 pm square sample,
40 nm thick. The phase values in the line scan are shown across
two magnetic domains and the vortex core. This calculation is
compared to the reconstructed phase using the TIE methodol-
ogy with the optical parameters of the various Lorentz TEMs.
Fig. 11(c) and (d) compares between the calculated phase and
the TIE phase reconstruction for a Titan Cs-corrected Lorentz
TEM. The phase results are presented in the form of equi-phase
contour maps, spaced at 1t rad between lines.

Similar comparisons were done for additional Permalloy square
samples down to a size of 100 x 100 x 10 nm>. Here too, no sig-
nificant influence of the spherical aberration was observed. This
result may be understood by the relative weak influence of the
spherical aberration on the contrast transfer function at the re-
levant spatial frequencies examined here.

For microscopes where significant reduction of the spherical
aberration (down to several pm) and a magnetic field free region
for the sample are possible, several benefits are expected, for ex-
ample reducing delocalization effects on field emission micro-
scopes. Therefore, smaller defocus distances can be used and a
higher signal-to-noise ratio, thus achieving spatial resolutions
around 1 nm [50,51,53,54].

4. Summary

We report the following experimental observations to the
questions raised regarding quantitative evaluation of the TIE spe-
cifically for magnetic phase reconstruction in Lorentz TEM where
spherical aberration and defocus are the dominant aberrations:

The limit of magnetic detection for the phase gradient was
found to be approximately 10 rad/um, which in terms of the Bt
product is 5 Tnm in Permalloy elements sized laterally down to
around 100 nm. The accuracy of magnetic phase gradient re-
construction was under 1 rad/pm.

The smallest magnetic structures that could be quantitatively
detected were vortex cores approximately 12 nm in diameter. It
may be possible that smaller vortex cores can be detected, which
requires testing on samples fabricated from materials with large
magnetocrystalline anisotropy.

Magnetic phase variations at 90° domain walls and edges of
elements are qualitatively reconstructed, with the latter closer to
simulated values.

Quantitative reconstructions for the magnetic elements ex-
amined here were achieved at a defocus range between 200 pm
and 800 pm. The lower limit is attributed to a visibility limit of
magnetic contrast with competing sources. The upper limit is due
to a numerical error in the estimation of the intensity derivative
based on two Fresnel-contrast images around the Gaussian
image.
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