PHYSICAL REVIEW X 14, 031028 (2024)

Featured in Physics

Jeffrey Neethirajan ,1’* Benedikt J. Daurer ,2 Marisel Qi Pietro Martinez ,1’3 Ales Hrabec ,4’5 Luke Turnbull ,1’3
Rikako Yamamoto ,1’3 Marina Raboni Ferreira ,6’7 Ales Stefancvzié,8 Daniel Alexander Mayoh,8 Geetha Balakrishnan ,8
Zhaowen Pei ,9 Pengfei Xue,9 Liao Chang,9 Emilie Ringe®,

®

Soft X-Ray Phase Nanomicroscopy of Micrometer-Thick Magnets

10,11

Majid Kazemian®,” Burkhard Kaulich,” and Claire Donnelly®'?"

'Max Planck Institute Jor Chemical Physics of Solids, 01187 Dresden, Germany
Diamond Light Source, Harwell Science and Innovation Campus, Didcot 0X11 ODE, United Kingdom
*International Institute for Sustainability with Knotted Chiral Meta Matter ( WPI-SKCM?),
Hiroshima University, Hiroshima 739-8526, Japan
4Laboratory for Mesoscopic Systems, Department of Materials, ETH Zurich, 8093 Zurich, Switzerland
5Laborat()ry Jor Multiscale Materials Experiments, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland
%Brazilian Synchrotron Light Laboratory, Brazilian Center for Research in Energy and Materials,
13085-970 Campinas, Brazil
"Gleb Wataghin Institute of Physics, University of Campinas, 13083-859 Campinas, Brazil
8Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
9Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences,
Peking University, Beijing 100871, People’s Republic of China
1ODepartment of Materials Science and Metallurgy, University of Cambridge,
Cambridge CB2 3EQ, United Kingdom
“Department of Earth Sciences, University of Cambridge, Cambridge CB2 3EQ, United Kingdom
2Helmholiz-Zentrum Berlin fiir Materialien und Energie, 12489 Berlin, Germany

(Received 5 September 2023; revised 5 February 2024; accepted 31 May 2024; published 15 August 2024)

Imaging of nanoscale magnetic textures within extended material systems is of critical importance to
both fundamental research and technological applications. While high-resolution magnetic imaging of
thin nanoscale samples is well established with electron and soft x-ray microscopy, the extension to
micrometer-thick systems currently requires hard x rays, which limits high-resolution imaging to rare-
earth magnets. Here, we overcome this limitation by establishing soft x-ray magnetic imaging of
micrometer-thick systems using the pre-edge phase x-ray magnetic circular dichroism signal, thus making
possible the study of a wide range of magnetic materials. By performing dichroic spectroptychography,
we demonstrate high spatial resolution imaging of magnetic samples up to 1.7 pm thick, an order of
magnitude higher than conventionally possible with soft x-ray absorption-based techniques. We
demonstrate the applicability of the technique by harnessing the pre-edge phase to image thick chiral
helimagnets, and naturally occurring magnetite particles, gaining insight into their three-dimensional
magnetic configuration. This new regime of magnetic imaging makes possible the study of extended non-
rare-earth systems that have until now been inaccessible, including magnetic textures for future spintronic
applications, non-rare-earth permanent magnets for energy harvesting, and the magnetic configuration of
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I. INTRODUCTION

Magnetic materials have a high impact on our society,
with a range of functionalities making possible a number of
applications. On one hand, the study of naturally occurring
magnetite gives insight into magnetoreception [1] and the
role of Earth’s magnetic field over geological time [2]. On
the other hand, strong magnetic fields from highly aniso-
tropic permanent magnets play a key role in the production
of clean energy [3-5], highly inductive magnets play an
important role in write heads in hard disk drives [6], and
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topological textures in spintronics devices promise the next
generation of computing technologies [7,8].

Key to the behavior of these magnetic systems is
their underlying magnetization configuration, which forms
local areas of uniform magnetization—called magnetic
domains—as well as nanoscale topological magnetization
defects such as domain walls. Direct imaging of the
magnetization configuration provides a unique insight into
the underlying mechanisms responsible for their behavior.
For example, imaging the reversal processes of permanent
magnets elucidates their switching mechanisms [9],
allowing for the development of more efficient devices,
while imaging of the propagation of topological magneti-
zation textures has led to devices based on the ultra-
fast motion of magnetic defects through interconnected
networks [7,10] and nonlinear dynamics, enabling new
types of computing architectures [11].

With such a diversity of magnetic systems, we require a
broad range of capabilities to image the underlying mag-
netic configurations. First, we require the ability to study
systems of varying dimensions, from single atoms to thick
magnetic systems. Second, we require flexibility to study a
wide variety of materials, from naturally forming magnetite
to exotic designed topological and chiral magnets. Lastly,
we require sufficient spatial resolution to resolve magnetic
textures on the order of the magnetic exchange length:
down to tens of nanometers and below, which corresponds
to the typical sizes of key topological textures such as
domain walls, skyrmions, and even hopfions.

However, while for thin samples (<300 nm) and surfa-
ces, material flexibility and spatial resolution are well
established with high spatial resolution soft x-ray [12,13]
and electron microscopies [14,15], the imaging of thicker
extended systems is more challenging. High spatial reso-
lution imaging of extended samples of thicknesses on the
order of hundreds of nanometers to micrometers has been
achieved with resonant hard x-ray dichroic imaging [16]
which, when combined with tomographic imaging, has
revealed singularities known as Bloch points, skyrmions,
and magnetic vortex rings [ 17-20] within micrometer-thick
samples, with spatial resolutions down to 50 nm [19].
However, in the hard x-ray regime, x-ray dichroic signals
are highly material dependent: While relatively strong
signals exist for certain materials such as rare-earth-con-
taining compounds, hard x-ray dichroic signals of transition
metal magnets are approximately 20x weaker [16]. These
significantly weaker dichroic signals result in poorer spatial
resolution and imaging quality, thus generally limiting 3D
investigations in these materials to thin films. When we
schematically represent these existing capabilities for
imaging samples of different thicknesses and compositions,
as highlighted in red in Fig. 1, we identify a thickness gap
corresponding to a range of material systems that remain
inaccessible.

Here, we establish a route to the high spatial resolution
magnetic imaging of extended magnetic systems that is
applicable to a wide range of magnetic materials with soft
x rays. By exploiting the phase XMCD signal, which is

Nanoparticles Thin Films, Natural micromagnets Extended magnetic systems
Magnetotactic bacteria  Patterned systems Giant magnetofossils Topological textures,
Bloch points
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Comparison of existing (red) magnetic nanomicroscopy capabilities for magnetic samples of different thicknesses with the

capabilities of pre-edge phase x-ray magnetic circular dichroism (XMCD) contrast (blue). Absorption-based soft x-ray microscopy are
limited to investigating the magnetic configuration of thin films and surfaces (<300 nm), whereas hard x-ray dichroic signals are highly
material dependent and generally suitable for imaging systems 21 pm. This opens a “thickness gap” in the range of samples that can be
accessed, with the magnetic imaging of systems generally limited to “thin films” (<300 nm) or thicker, rare-earth containing samples
(%1 pm). The soft x-ray pre-edge phase XMCD (blue), that can be measured with coherent diffractive imaging (CDI) techniques fills
this thickness gap, offering a route to measure magnetic samples of a variety of compositions up to micrometers in thickness.
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prominent in the preabsorption edge, we extend soft x-ray
magnetic imaging at transition metal edges to samples an
order of magnitude thicker than currently viable, opening
up a new regime for the imaging of magnetic compounds.
We gain access to the phase contrast using x-ray ptychog-
raphy, a CDI technique [21]. By performing dichroic
spectroptychography, we map out the complex XMCD
signal, revealing a notable phase XMCD signal in the
preabsorption edge where the absorption contrast vanishes.
This pre-edge phase signal makes it possible to measure
thicker samples, and in this way we image the magnetic
configuration of samples up to 1.7 pm in thickness: an
order of magnitude higher than what is typically measured
with soft x rays. This extension of our capabilities effec-
tively bridges the thickness gap, as illustrated by the blue
shaded region in Fig. 1. We demonstrate the applicability
of the pre-edge phase XMCD by imaging two further
classes of magnetic systems: First, we image the magnetic
configuration of a 900-nm-thick patterned chiral
helimagnet [22], opening the door to investigations of
the magnetization structure within thick chiral helimagnets.
Second, we demonstrate the imaging of thick naturally
occurring magnetite particles with morphologies consistent
with both biogenic (giant magnetofossils) and detrital
origin, providing a route to experimentally investigating
their magnetic configuration and gaining insights into their
geological origin.

II. COMPLEX XMCD SPECTRUM WITH
PTYCHOGRAPHY

The limitation of soft x-ray magnetic imaging to thin
samples exists due to magnetic scattering being a resonant
effect. Indeed, when a photon energy is tuned close to an
absorption edge between a core level and a magnetically
polarized valence band, the electronic transition between
the two bands is dependent on the helicity of the incoming
photon and the projection of the magnetization vector
along the direction of propagation of x rays [23-25].
Experimentally, this leads to differences in absorption of
the x rays which, when combined with nanomicroscopy, can
provide projections of the magnetization in a sample. When
compared to electron microscopy, which is limited to thin
samples on the order of hundred nanometers in thickness,
soft x rays provide a higher penetration depth while being
element specific and directly probing the magnetization.
However, for magnetic imaging, the localization of meas-
urable XMCD signals to resonant energies, where the high
absorption can lead to zero transmission for extended thick
systems, has meant that both soft x rays and electron imaging
have generally been limited to thin films on the order of
hundreds of nanometers.

However, the magnetic contrast does not present itself
only in the absorption: The scattering factor, and, therefore,
the refractive index of a material, is complex, meaning that
magnetic dichroism is also present in the phase of the

transmitted wave (see Appendix A). With the development
of lensless CDI techniques such as holography and ptychog-
raphy, the full complex transmission function of an object
becomes experimentally accessible with the help of phase
retrieval algorithms [26]. These lensless imaging techniques
have revolutionized x-ray imaging, with phase imaging of
weakly absorbing objects [27,28] opening up the possibility
to image biological samples [29] and the prospect of
diffraction-limited spatial resolutions [30,31]. So far, mag-
netic imaging has mainly benefited from the high spatial
resolutions that are available with lensless CDI techniques,
bringing spatial resolutions down to 10 nm [30] and below [31].
However, although it has been seen that phase dichroism exists
across the energy spectrum [16,29,32], offering possibilities
for low radiation dose imaging [29,32], so far, magnetic phase
imaging has not yet been fully exploited.

The x-ray phase dichroism is exploited here to extend the
applicability of soft x-ray magnetic imaging to thicker
systems. We first map the complex XMCD signal by
imaging the magnetic configuration of a 100-nm-thick
CoPt multilayer with perpendicular anisotropy. The multi-
layer film is grown by magnetron sputtering on an x-ray
transparent silicon nitride membrane (see Appendix B).
Subsequently, a hole of diameter approximately 3 pmin size
is milled using a focused Ga ion beam to provide an empty
region of the sample for image normalization and alignment.
Dichroic spectroptychography is performed at the i08-1
beam line of the Diamond Light Source to map the complex
XMCD signal from the magnetic domains in the sample.
Specifically, circularly polarized x rays are microfocused
onto the sample as it is scanned for several overlapping
probe positions in the plane perpendicular to the direction of
propagation of the x rays. For each position, a coherent
diffraction pattern is collected in the far field by a two-
dimensional detector. The complex transmission function
of the object is then retrieved iteratively with the help of
reconstruction algorithms [33,34]. A simple schematic of
the experimental setup is shown in Fig. 2(a), and further
experimental details are explained in Appendix C.

The reconstructed phase images taken using right cir-
cular polarized (RCP) and left circular polarized (LCP)
x rays are shown in Fig. 2(b) and reveal a labyrinthlike
domain structure in the CoPt film, with the magnetization
in the domains oriented perpendicular to the sample plane
and (anti)parallel to the direction of the propagation of the
x rays. When the polarization is changed from RCP to LCP,
the XMCD contrast reverses, allowing for the isolation of
the magnetic signal as shown in Fig. 2(b). We define the
amplitude XMCD (Axmcp) and phase XMCD (¢xvep)
signal as follows:

In(A —In(A
Axnicn = n(Agcp) . n(Arcp) % 100,

¢XMCD — ¢RCP ; ¢LCP i (1)
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FIG. 2. (a) Schematic of the ptychography setup. The sample is
scanned in the plane perpendicular to the direction of propagation
of the x rays, for overlapping probe illumination positions, as
indicated in the inset. Diffraction patterns are measured in the far
field. (b) Ptychographic phase projections measured with RCP and
LCP x rays, with the difference giving the XMCD signal, indicating
the projection of the magnetization (anti)parallel to the x-ray beam.
The semicircle is a hole milled using a focused Ga ion beam which
provides an empty region of the sample for image normalization
and alignment. The scale bar represents 1 pm.

where Arcp, Arcp, Prep, and ¢y cp are the amplitude and
phase projections taken with RCP and LCP x rays,
respectively. In order to map the complex XMCD signal
across the L3 and L, edges, dichroic spectroptychography
scans are performed for a range of energies between 770
and 807 eV in the vicinity of the Co L3 and L,
absorption edges with RCP and LCP x rays. The dichroic
Axmep and ¢xvep images for a select few energies are
given in Fig. 3(a). To extract the complex XMCD signal,
the domains are segmented and their contrast averaged
(details explained in Appendix D) to obtain the quanti-
tative spectra plotted in Fig. 3(b). The solid black curve,
shown in Fig. 3(b), represents the transmission spectrum
through the sample, providing a direct comparison
between the strength of the respective XMCD signals
and transmission through the sample. We first consider
the Axpmcep, With the images highlighted by the red dotted
box in the top row in Fig. 3(a), and the extracted Axpmcp
spectrum given by the red curve in Fig. 3(b). Two
resonance peaks of opposite sign can be observed across
the L3 and L, edges, where domain contrast reversal can
also be seen in the Axycp images. The signal and the
domain contrast is strongest at the energy associated with
highest absorption (780 eV), and already drops to zero,
1.8 eV below the L; resonance peak, with the magnetic
domains no longer resolvable in the images.

We next consider the ¢xyicp signal, represented by the
blue curve in Fig. 3(b). Corresponding domain contrast
can be observed in almost all of the ¢xycp projections at
different energies, highlighted by a blue dotted box in
Fig. 3(a). The ¢xmcp signal is particularly strong in the
vicinity of the L; and L, edges, with the maximum
occurring 0.5 eV below the L3 absorption edge and with
images showing strong contrast around 779.4 and
794.4 eV. In the preabsorption edge, the ¢xycp domain
contrast is opposite to Axmcp. While we observe a
¢xmcp contrast reversal across the two absorption
edges. Most notably, the difference between the
¢xmep and Axmep 1s that, while the Axyep is restricted
to on-resonance energies, the ¢xycp signal is nonzero
across almost all energies measured, specifically in the
preabsorption edge where the magnetic domains can
even be resolved 10 eV below the absorption edge,
where the transmission through the sample is signifi-
cantly higher. To visualize this difference in the energy-
dependent measurable contrast, we have shaded the
regions of the spectrum in Fig. 3(b), where red regions
indicate the energies for which the Axycp is measurable
(as well as the ¢xmcp), while blue regions indicate the
energy regime for which only the ¢xycp is detectable.
The ¢xmep 1s available for a much wider range of
available energies than the Axycp, offering a more
flexible contrast mechanism.

III. MODELLING THE IMAGING OF
MICROMETER-THICK MAGNETIC SYSTEMS

The importance of the flexibility of the contrast
mechanism becomes clear when we consider thicker
systems. While on-resonance imaging with Axycp con-
trast works well for thin samples, as we increase the
thickness above a threshold at which there is not
sufficient transmission on-resonance for measurements,
we will be forced to image off-resonance at energies
associated with lower absorption. We explore this by
calculating the transmission for thicker samples using the
experimentally measured transmission spectrum of the
CoPt multilayer and further calculating the complex
XMCD signal (see Appendix E1). We first consider
the calculated transmission for thicker samples, shown in
Fig. 4(a), with each row in the image representing
transmission as a function of energy for a sample of a
certain thickness. The darker regions indicate a lower
transmission through the sample, and we observe a
reduction in energies with significant transmission as
the thickness increases. Examples of transmission spectra
corresponding to selected thicknesses [indicated as col-
ored lines on Fig. 4(a)] are given in Fig. 4(b), where one
can observe a drop to zero transmission on-resonance for
higher thicknesses.
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FIG. 3.

Dichroic spectroptychography across the Co L3 and L, absorption edges of a 100-nm-thick CoPt multilayer system. (a) The

amplitude (Axymcep) and phase (¢xyep) XMCD images across a selected range of energies. The scale bar represents 500 nm. (b) Axycp
(red) and ¢xpcp (blue) XMCD spectra across the Co L, 3 edges extracted from domains seen in the XMCD images plotted in (a). The
black curve represents the transmission through the thickness of the sample. The ¢xycp spectra exhibit a nonzero signal throughout the
entire range of energy except on-resonance. The Ayycp signal is notably strong only on-resonance, when transmission is minimum, and
vanishes at energies 1.8 eV below the L3 absorption edge. The blue shaded region represents areas where only ¢xyicp is measurable, and
red shaded regions represent areas where Axycp 1S also measurable.

We next consider the complex XMCD signal for thicker
samples, by plotting the energy at which both strongest
Axmep and ¢xvep signals can be extracted for increasing
thickness in Fig. 4(c). We observe that above a threshold
thickness, indicated by the dashed line in Fig. 4(c), the
optimal energy at which the XMCD can be measured drops
steadily. This decrease in the measurement energy, to
energies associated with higher transmission, has further
implications when we consider the dependence of the
Axmep and ¢xmep signal on the energy-dependent trans-
mission. Indeed, by plotting the complex pre-edge XMCD
signal, measured for 100 nm CoPt shown in Fig. 3(b), as a

function of transmission in Fig. 4(d), we observe a
significant difference: The Axyicp 1S maximum for energies
corresponding to lower transmission and decays exponen-
tially as the transmission is increased. In contrast, the
¢xmep signal is maximum for energies corresponding to
higher transmission and decays linearly as the transmission
is increased, thus exhibiting a weaker dependence on the
transmission of the sample. For purely absorption-based
imaging, the requirement to measure at lower off-resonance
energies, thus, quickly leads to the suppression of the
XMCD signal; however, access to the pre-edge ¢xmcp
opens the possibility to measure thicker samples.
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(a) Calculated transmission of thicker CoPt films as a function of energy across the Co L3 and L, absorption edges. The darker

regions indicate regions of low or zero transmission. As the thickness is increased, we are forced to measure at preabsorption edge
energies where transmission is significantly higher than on-resonance, indicated by the red and blue dotted lines for Axycp and ¢xvcp.,
respectively. (b) Transmission spectra for a few select calculated thicknesses taken across the line corresponding to the lines shown in
(a). (c) Optimal energies at which strongest Axpcp and ¢xvep can be extracted as sample thickness is increased. (d) Evolution of the
complex pre-edge XMCD signal as a function of transmission which varies as a function of the energy of the incident photon as shown
in the inset. As one moves to energies corresponding to higher transmission, Axycp exhibits an exponential decay, while the ¢xyicp

exhibits a linear decay.

To explore the evolution of the Axpycep and ¢xmep for
increasing thickness, we investigate the dimensionless
signal to noise ratio (SNR) for the calculated Axycp and
¢xmep as a function of effective thickness (scaled for
comparison with experimental data, see Appendix E),
plotted in Fig. 5(b) (dashed lines). For thinner samples,
where the Ayxyep SNR is significantly higher than the
¢xmep SNR, the Ayxymep SNR peaks at a thickness

corresponding to the suppression of on-resonance trans-
mission and decreases exponentially afterward. However,
the ¢xmep SNR increases at a slower rate, peaking at a
higher effective thickness but retaining a high SNR to yet
higher thicknesses. We identify a thin regime, where the
Axmep SNR provides a significantly better image quality,
and a thick regime, where ¢xpep SNR provides higher-
quality images.
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(a),(c) pxmep and Axmep imaging of magnetic films of increasing thickness. The XMCD projections with highest SNR of the
100-nm-thick CoPt are measured at 780 and 779.4 eV for Axmcp and ¢xmvcp, respectively. The XMCD projections with highest SNR for
the 400 nm, 1 pm, and 1.7 pm FeGd films are measured at 709, 708.5, and 708 eV, respectively, for both Axyep and ¢dxmep-
(b) Calculated highest SNR of Axyicp and ¢xyvep for a range of thicknesses indicated by the red and blue dashed line, respectively. Note
that the calculated thickness dependence of the CoPt XMCD SNR is scaled in thickness to allow for a comparison between the
experimentally measured CoPt/FeGd data shown as red and blue dots (see Appendix E 3). We identify a “thin” regime, where the

Axmep SNR provides a significantly better image quality, and a “thick” regime, where due to the pre-edge ¢xpcp We obtain high-quality

projections for thick samples with high SNR. The highest Axycp and ¢xycp SNR across the Co L, 5 edges for 100-nm-thick CoPt
(scaled to an effective thickness of 217 nm FeGd, see Appendix E 3) and 400 nm, 1 pm, and 1.7 pm FeGd. The extracted optimal SNR
values from each of these XMCD projections is plotted, with red circular dots indicating the Axyicp SNR and blue squares indicating the
¢xmcp SNR for the different thicknesses. The images shown in (a) and (c) are the projections from which the Axycp and ¢xmep signal

are extracted. The scale bar in the images represents 500 nm.

IV. IMAGING MAGNETIC STRIPE DOMAINS
IN MICROMETER-THICK FILMS

We experimentally confirm this ability to image the
magnetic state of thicker samples with high SNR ¢xmcp
imaging by performing dichroic spectroptychography
scans on FeGd films grown by magnetron cosputtering
of thicknesses 400 nm, 1 pm, and 1.7 pm across the L3 and

L, edges of Fe (see Appendixes B and F). We first plot the

highest SNR images for ¢xpep and Axmep in Figs. 5(a)
and 5(c), respectively, where it can be seen that the quality

of the images is highly thickness dependent and that this
thickness dependence is different for the two contrast
mechanisms. In particular, for the Axycp, the quality of
the image appears to decrease steadily with thickness, with
a loss of quantitative XMCD signal for thicknesses of 1 pm
and above, with contrast present only in the vicinity of the
domain walls. For the ¢xpicp, the maximum quality instead
appears to occur at 1 um, and the quantitative measurement
of the magnetic domain structure (indicated by the equal
and opposite magnetic contrast in positive and negative
domains) is retained for all sample thicknesses. Because of
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the strong perpendicular anisotropy, it is assumed that the
magnetization in the domains is aligned parallel or anti-
parallel to the x-ray beam and that changes in contrast are
due to the thickness dependence of the XMCD signal (see
Appendixes A and E). Furthermore, the ¢xycp images
have a higher spatial resolution than the Ayycp images for
samples in the thick regime, see Appendix G. For tomo-
graphic imaging, the maximum thickness of the sample that
can be measured is limited by the increase in effective
thickness as the sample is tilted. In this context, the
combination of pre-edge phase imaging with tomography
provides an opportunity to extend the capabilities of 3D
imaging to thicker systems, albeit with a slightly reduced
maximum thickness than can be achieved for 2D imaging.

To quantitatively compare both Axycp and ¢xymcp for
the various thicknesses in these images, we calculate the
SNR of the measured Axycep and ¢xmep projections,
combining our 100 nm CoPt and thicker FeGd films by
defining an effective thickness (see Appendix E 3). The
SNR of the images is plotted as a function of effective
thickness in Fig. 5(b), with red and blue dots representing
the measured Axpmcep and ¢dxmep SNR, respectively. As
observed in the images, we see a clear difference in the
thickness dependence, with the ¢xycp providing higher
SNR imaging of magnetic domains for thicknesses up to
1.7 pm, the thickest film that is measured.

By comparing with our calculated SNR plotted in
Fig. 5(b) (dashed lines), it can be seen that the ¢xmcp
imaging can extend to samples up to 2 pm, an order of
magnitude thicker than what is currently achievable with soft
x-ray absorption imaging. While this exact thickness depend-
ence is highly material dependent, this new approach
addresses a key limitation of current imaging capabilities,
making possible the high spatial resolution mapping of
thicker transition metal-based systems that until now have
been inaccessible. We note that the experimental and
calculated values originate from FeGd and CoPt samples,
respectively. Because of the different absorption coefficients
of the materials, there are, therefore, differences in the
quantitative values of the calculated and experimental data.
However, the general trend of the Axyep and @xmcp
matches well.

V. IMAGING THE MAGNETIC CONFIGURATION
OF THICK HELIMAGNETS

We demonstrate the applicability of our technique beyond
our model stripe domains to a wider range of systems by
applying the pre-edge ¢xycp contrast imaging to thick
helimagnets. Helimagnets are magnetic materials that, due
to the broken inversion symmetry of the crystal lattice, are
intrinsically chiral, giving rise to an antisymmetric
Dzyaloshinskii-Moriya interaction (DMI). The resulting
interplay between the ferromagnetic exchange interaction,
DML, and external fields results in the formation of complex
topological textures such as skyrmions [35,36], chiral
bobbers [37], and hopfions [38—41].

Here, we demonstrate the imaging of a patterned single-
crystal lamella of CogZnyMn; that is 900 nm thick (see
Appendix B). To determine the effectiveness of the pre-
edge ¢xmcp, we perform dichroic ptychography at the Co
L5 edge. As there is no transmission on-resonance, we tune
the energy 3 eV below the Co L3 edge at 777 eV, in order to
maximize the measured XMCD contrast and recover
transmission through the sample. A phase electronic
projection (¢gi..) is given in Fig. 6(a), showing a narrow
bridgelike region of width approximately 400 nm and a
larger cylindrical region about 1.4 pm in diameter. A
comparison between the measured Axyep and ¢xmcp
projections is given in Figs. 6(b) and 6(c), respectively,
where one can observe white and black stripes correspond-
ing to the helical winding of the magnetization, as expected
for a zero field magnetic configuration [42]. Although
magnetic contrast is seen for both Axyicp and ¢xycp, the
quality of the XMCD signal in the ¢xyicp 1S significantly
higher, revealing details that cannot be seen in the Axyicp
images. Specifically, in the narrow bridgelike region, the
helical stripes are relatively clear and ordered, while within
the larger cylindrical region, the contrast of the helices is
nonuniform, suggesting a difference in the 3D magnetiza-
tion configuration between the two regions.

We gain insight into the 3D magnetization configuration
of the thick helimagnet by measuring a second set of
dichroic ptychographic projections with the sample tilted
by —44° about the Y axis of the sample plane, increasing the
effective sample thickness to 1.25 pm along the direction of
x-ray propagation. The ¢g.. projection of the sample at this
tilted geometry is shown in Fig. 6(d), while the Axycp and
¢xmcep projections are shown in Figs. 6(e) and 6(f),
respectively. In this tilted configuration, the ¢xyvcp again
provides higher SNR images (SNR = 4.74) than the
Axmcep (SNR = 0.27). This difference in the SNR can
be seen clearly when we plot line profiles taken across the
center of the projection of the tilted sample, shown in
Figs. 6(g) and 6(h) for Axmcep and ¢dxvcep, respectively. The
Axmcep profile is dominated by noise, whereas the ¢xycp
exhibits a clear oscillating signal with an average period of
125 nm that corresponds to the expected wavelength of the
helical stripes [42].

Considering the ¢xycp projections at 0° and —44°
provides insight into the 3D magnetization configuration
of the helical stripes and the role of confinement in the
different regions of the sample. We first consider the
bridgelike region: While at 0° the projection shows strong
stripe contrast, at —44° the XMCD contrast becomes
significantly weaker uniformly across the region, consistent
with a uniform ordering of the helices through the thickness
of the sample. In contrast, in the unconfined cylindrical
region of the sample, the helical contrast becomes weak or
vanishes at different points in the normal and tilted
projections, indicating nonuniform ordering of the helices
through the thickness of the sample. For example, in the
edge [indicated by the orange arrow in Figs. 6(e) and 6(f)],
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FIG. 6. Pre-edge phase imaging of CogZnyMn; helimagnet at 777 eV at the Co Lj pre-edge. (a)—(c) Electronic (¢gjec), Axmcp, and
¢xmep projections of the 900-nm-thick helimagnetic sample taken with X rays at normal incidence (0°). (d)—(f) Electronic (¢giec), AxmcDps
and ¢xyep projections of the sample tilted by —44° about the Y axis of the sample plane. The magnetic contrast reveals helical stripes.
Comparison between the Axycp and ¢xyep image taken in the pre-edge at normal incidence and at a tilted angle of —44° reveals that
¢xmcp images have a much higher SNR and provide a clearer magnetic contrast. (g),(h) Line profiles taken across the center of the sample
as denoted by the red and blue lines in (e) and (f), respectively. The Axyicp profile is very noisy with low SNR, whereas the ¢xyicp profile
exhibits a clear oscillating signal with a periodicity of 125 nm corresponding to the wavelength of the helical stripes. (i) Simulation of the
confined region of the sample shows the formation of elongated vertical helices. The projection along the thickness of the elongated helices
at 0° exhibits strong stripe contrast, whereas the projection at —44° shows a weaker contrast as the stripes overlap and cancel. (j) Simulation
of an unconfined region with similar dimensions as the cylindrical region in the patterned sample in (a)—(f) exhibits a more complex 3D
ordering of the magnetization configuration. The scale bar in the images represents 500 nm.
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strong XMCD contrast is observed at 0° where a reor-
ientation of the helical stripes is seen. When the same
region is considered at —44°, one can identify that the
reorientation is associated with the presence of dislocations
between two helical domains. This is consistent with a
complex three-dimensional helical ordering. The difference
in magnetic configuration between the bridgelike and
cylindrical regions indicates that the helical state is strongly
influenced by confinement. Indeed, when we perform
micromagnetic simulations of a bridge and cylinder of
similar dimensions as our patterned sample (see
Appendix H), shown in Figs. 6(i) and 6(j), we can
reproduce this difference: In the bridge, the helices form
elongated stripes perpendicular to the long axis, while in
the cylinder, the state is more disordered, with no prefer-
ential orientation of the stripes. Considering XMCD
projections of the micromagnetic simulations, for the
narrower bridge, the XMCD contrast is strong at 0° and
becomes much weaker at —44° due to the elongated helical
stripes overlapping and canceling out, consistent with the
¢xmep projections in Figs. 6(c) and 6(f). The difference
between these two regions highlights the role of confine-
ment in the 3D helical ordering: For a thick patterned
sample of approximately 400 nm in width, the lateral
confinement strongly influences the magnetic configura-
tion. In the patterned cylinder of diameter 1.4 pm, for
which the thickness of 900 nm (7.5x the winding length of
the helimagnet) is the smallest length scale, the role of
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confinement is strongly reduced, allowing for the formation
of more complex magnetic configurations. These results
indicate that the threshold for the transition between a
strongly confined, ordered state and an unconfined dis-
ordered state lies between the length scales of 400 and
900 nm (equivalently, between 3.3x and 7.5x the winding
length of the helimagnet), a regime that is now made
accessible with pre-edge XMCD imaging. The ability to
image such thick helimagnet systems with the pre-edge
¢xmep opens the door to the study of unconfined chiral
configurations. This insight into the role of geometry and
varying degrees of confinement in the ordering of heli-
magnets is particularly significant due to the recent dis-
covery of hopfions, which, alongside textures such as
skyrmion braids, show complex ordering through the
thickness of such systems. In combination with 3D
magnetic vector imaging [13,17,19,43—46], we envisage
that the pre-edge ¢xmcp Will be vital in mapping these 3D
chiral textures in real space.

VI. IMAGING THE MAGNETIC CONFIGURATION
OF THICK MAGNETITE PARTICLES

We further demonstrate the utility of pre-edge ¢xmcp
imaging on a selection of naturally occurring magnetite
particles that were collected from marine sediments
linked to historical warming periods [47]. The particles
exhibit distinct morphologies of unknown origin and are

FIG. 7. Pre-edge phase imaging of naturally occurring magnetite particles. (a) STEM image of three magnetite particles of different
size and morphologies. (b) Electronic phase projection (¢g..) obtained with pre-edge x-ray ptychography taken with x rays at normal
incidence (0°). (c) Transmission spectra of the different particles of different thicknesses, where one can see that the thin particle [red
line, red box in (b)] transmits at all energies, whereas the transmission goes to zero on-resonance for the thicker particles [green, blue
lines and boxes in (b)]. (d) Axmcp and (e) ¢xmcp projections of the magnetite particles on-resonance, where XMCD signal is
measurable in the thin region and only noise is measured in the nontransmitting thick regions. (f) Axmep and (g) ¢xmcep projections of
the magnetite particles in the pre-edge, where XMCD signal is measurable in all regions, with significantly higher signal to noise in the

¢xmcp projection. The scale bar in images represents 500 nm.
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unknown origin and indicate a possible link between
ancient events and the biomineralization of large mag-
netite crystals. A collection of such particles can be seen
in the scanning transmission electron microscope (STEM)
in Fig. 7(a) (see Appendix B). In particular, there is a
thin structure around 400 nm thick, as well as a thicker
bulletlike particle around 570 nm thick consistent with
morphologies of certain giant magnetofossils [48]. In
addition, the central particle exhibits a cuboctahedral
structure around 600 nm thick that is likely of detrital
rather than biogenic origin [48]. Previous attempts to
image the magnetic state of unrelated particles with
similar size and shape to this one have been made using
high-acceleration-voltage electron  holography  [49].
However, this method still required samples to be
sectioned into thinner pieces, resulting in a change to
their natural magnetic state. Here, we demonstrate that,
with pre-edge ¢xycep soft x-ray imaging, we are able to
image the entire particle nondestructively, thereby pre-
serving (in principle) its natural magnetic state.

A ¢g. projection acquired with ptychography is
presented in Fig. 7(b), where one can resolve the three
distinct particles. We perform spectroptychography and
extract the transmission spectrum of each particle across
the Fe L3 and L, absorption edges, as presented in Fig. 7
(c). We observe no saturation of transmission for the thin
particle at all energies (red). However, the thicker bullet-
like particle (green) and cuboctahedral-like particle (blue)
do not transmit on-resonance. This is reflected in the on-
resonance Axycep and ¢xvcp images presented in Figs. 7
(d) and 7(e), where XMCD contrast can be seen for the
thin region but only noise is observed in the thick
regions, highlighted by the yellow arrows in Figs. 7(d)
and 7(e). In contrast, when we measure in the pre-edge,
3.5 eV below resonance, XMCD contrast in all three
particles can be measured. Again, as for the stripe
domains and the helimagnets, the ¢xyicp provides sig-
nificantly higher SNR of 7.5 than the Axycp SNR of 2.7,
providing insight into the vortexlike magnetic configu-
ration of the particles.

The ability to image the magnetic state of micron-sized
magnetite particles opens the door to nondestructive
investigation of naturally occurring magnetic mineral
grains that lie between the single-domain (<100 nm)
and multidomain (>>1000 nm) size thresholds. These
intermediate-sized particles are now widely recognized
as the dominant carriers of stable paleomagnetic signals
in many geological materials [50,51] but are relatively
poorly understood due to the complex nature of the vortex
to multivortex states they contain. Our imaging method has
the potential to reveal fundamental new insights into the
magnetic state and behavior of such particles, with appli-
cations to a whole host of scientific questions, from the
origin and purpose of giant magnetofossils to the history of
magnetic fields in the solar nebula [49].

VII. CONCLUSION

In conclusion, we have demonstrated the soft x-ray
magnetic imaging of thick magnetic systems with the
pre-edge ¢xmvcp signal. By determining the complex
XMCD spectrum of a CoPt thin film across the L3 and
L, absorption edges of Co, we were able to not only identify
the presence of a significant ¢xycp signal in the pre-edge
regime, but, by extrapolating these data, also to establish a
new imaging regime where the ¢xyvcp signal enables
quantitative imaging of thick samples with high SNR and
spatial resolution that would not be possible with traditional
absorption-based techniques. Remarkably, our analysis
predicts an order of magnitude increase in the accessible
thickness regime due to the phase imaging, which we
confirmed by imaging magnetic domains in FeGd samples
of up to 1.7 pm in thickness. Beyond model systems, we
apply this technique to two classes of materials. First, we
image the magnetization of a patterned chiral helimagnet
with an effective thickness of 1.25 pm, opening the door to
3D investigations of topological textures in micrometer-
thick chiral magnets. Second, we demonstrate the imaging
of naturally occurring thick magnetite particles, establishing
a route to image the magnetic configuration of asteroid
particles and giant magnetofossil particles.

One of the key advantages of pre-edge ¢xyvcp imaging is
thatitis not limited to ptychography but can be exploited with
any coherent imaging technique such as holography [29,46],
allowing for complex sample environments including the
application of fields or currents and cryogenic environments,
as well as time-resolved studies. Moreover, by combining it
with 3D imaging geometries [17,19,43,45,52], the pre-edge
¢xmcp offers aroute to uncovering three-dimensional buried
magnetization configurations in thicker samples of varying
composition [46].

We expect pre-edge ¢xvicp imaging to have a significant
impact on the field of magnetism, making possible the
imaging of topological defects in higher-dimensional chiral
magnets, where this newfound flexibility in the material and
sample geometry will drive forward the discovery of exotic
textures. Moreover, having demonstrated that it enables the
nondestructive investigation of naturally occurring magnetic
systems, it can be used to obtain insight into the formation
and role of magnetofossils [53] and meteorites [54]. Finally,
an immediate societal impact will be found with the study of
materials critical to efficient and clean energy production,
opening the door to the mapping of the internal configura-
tion of non-rare-earth magnets [55].

Data and codes associated with this work are available
at [56].
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APPENDIX A: COMPLEX X-RAY MAGNETIC
CIRCULAR DICHROISM

The complex reconstructed images obtained by ptychog-
raphy can be expressed as A(E)e'?F), where both ampli-
tude (A) and phase (¢) are both highly energy dependent
and embed information about the complex scattering factor
given by

f(E. 1) = fe(E)(¢] - &)] - if 1(E) (] x &) - m(r)],

Electronic

Circular dichroism

where E is the energy, r is the position vector, €, and ¢; are
the initial and final Jones polarization vectors, respectively,
f.(E) is the electronic scattering factor, f;(E) is the
magnetic scattering factor, and m(r) is the orientation of
magnetization. For the case of circularly polarized light, the
complex scattering factor reduces to

f(E.r) = f.E) £if (E)m(r) -k,
M~ Y——

Electronic Circular dichroism

where kK a unit vector representing the direction of
propagation of x rays. Further details on the relationship
between A and ¢ to the scattering factor is explained in

Ref. [16]. Given that A(E) & ™/ 1(EImE where Im[f, (E)]
is the imaginary part of the magnetic scattering factor, the
logarithmic difference between RCP and LCP gives the
pure magnetic scattering factor, and we define our Axyicp
signal as

In(A —In(A
Axncp = n(Agrcp) . n(Arcp) % 100

o« Im[f, (E)jm - k,

while the direct difference between the RCP and LCP phase
images gives the ¢xycp signal:

$xmep = Prep — Prep o« Re[f(E)jm - k,

where Re[f | (E)] is the real part of the magnetic scattering
factor.

APPENDIX B: SAMPLE FABRICATION

1. CoPt and FeGd multilayers

The 100 nm CoPt film is grown with the following com-
position Ta\Pt(4nm)\Co(1nm)\Pt(1nm)x50\Ru(3nm)
by magnetron sputtering on an x-ray transparent 5 mm X
5 mm silicon nitride (Si3N;) membrane. The magnetic Fe:
Gd (70:30 at.%) films of various thicknesses are deposited
via magnetron cosputtering on 5 mm x 5 mm Si3; N, windows
at a base pressure of 1 x 1078 Torr and Ar sputtering atmos-
phere pressure of 3 mTorr using a commercial sputtering
system. Holes in the films are milled with a focused Ga ion
beam to provide a region for alignment and normalization.

2. CogZnyMnyj single crystal

The CogZngMn; crystals are grown via the Bridgman
method. Stoichiometric amounts of Co powder (Alfa-
Aesar, 99.99%), Zn powder (SigmaAldrich, 99.995%),
and Mn pieces (Alfa-Aesar, 99.99%) are ground together.
The mixture is then transferred to an alumina crucible with
a pointed end and vacuum sealed inside quartz tube. The
sealed tube is then heated to 1060°C and allowed to
homogenize for 12 h. It is then slowly cooled at a rate
of 1°C/h to 700°C and annealed for several days at the
same temperature before being water quenched. Single
crystals of CogZngMnj; are isolated from the as-grown
boule and oriented using x-ray Laue backreflection [42].
Using a focused Ga ion beam, a lamella of CogZngMnj; is
extracted with a lift-out method using an in situ micro-
manipulator. The lamella is milled into cylindrical shaped
samples of thickness 900 nm thick, which is then trans-
ferred and positioned into an x-ray transparent 3 mm X
3 mm silicon nitride (Si3Niy) membrane using the in situ
micromanipulator needle and fixed in place by depositing
platinum on one corner of the sample.

3. Magnetite sample collection and preparation

The natural magnetite sample is extracted from southwest
Pacific marine sediments drilled by the International Ocean
Discovery Program (IODP), located at IODP site U1511B,
section 32R1W, interval 80-81. The sediment is dissolved in
water and processed to isolate magnetic fractions following
the protocol of Ref. [57]. Magnetic extracts are deposited on a
TEM copper grid for STEM imaging to locate the target
magnetite particle. STEM imaging is conducted at the Wolfson
Electron Microscopy Suite, University of Cambridge, using a
FEI Krios TEM operating at 300 kV and 80 K.
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APPENDIX C: PTYCHOGRAPHY SETUP
AND RECONSTRUCTION

For each ptychography scan, diffraction patterns are
recorded on a 2048 x 2048 pixel scientific complementary
metal oxide semiconductor (sSCMOS) area detector (AXIS-
SXRF-2020EUYV, Axis Photonique Inc.) with an exposure of
40 ms while laterally scanning the sample with a piezo
scanner in a spiral pattern across the x-ray beam, to minimize
grid pathology artifacts. The SCMOS camera with a pixel size
of 6.5 pmis placed approximately 72 mm downstream of the
sample. The sample is placed about 70 pm downstream of
the focus formed by a Fresnel zone plate with a diameter of
333 pm, width of the outermost zone of 70 nm, and a mean
focal length of 14.154 mm (for photon energy range 770—
807 eV) and 12.835 mm (for 700-730 eV), producing a
defocused beam with a full width at half maximum of
approximately 1 pm. Together with a scanning step size
of 200 nm, this gives a linear distance overlap ratio [58] of
about 80%. The coherent flux incident on the sample has
been estimated to about 10'° photons per second. For a
ptychography scan consisting of 1924 points for a circular
field of view of 8 pm radius, the total exposure time is
79.96 s. As aresult, the accumulated photon incident on the
sample per image, taking into account the size of the beam, is
approximately 3.8 x 10 photons per pm?. At the beginning
of each scan, a single dark image is collected which is
subtracted from all raw diffraction images of that scan. In
addition, all raw images are losslessly reduced toa512 x 512
image by first cropping the central 1024 x 1024 pixels and
then binning the image by a factor of 2 along each dimension.
The ptychographic reconstructions are performed using the
PTYPY software [34], loading the clean dark-subtracted
512 x 512 diffraction images together with their correspond-
ing scan positions as recorded by an interferometric system
and subsequently running 1000 iterations of the graphical
processing unit accelerated implementation of the difference
map algorithm [59]. The CoPt spectroptychography images
are reconstructed with a fixed pixel size of 17.414 nm, and
FeGd spectroptychography images are reconstructed with a
fixed pixel size of 11.162 nm, to account for the energy-
dependent pixel size of the dichroic spectroptychography
scans. This is done in PTYPY by cropping or padding the
forward and backward propagators accordingly. This value
corresponds to the pixel size of the ptychographic
reconstruction associated with the lowest photon energy.
The scans of the CogZngMn; and the natural magnetite
particles are acquired with the same setup but with a SCMOS
camera of pixel size 11 pm. The ptychography scans of the
CogZngMnj; chiral magnet is reconstructed by running 1000
iterations of the relaxed average alternating reflection
algorithm [60] as implemented in PTYPY [34]. The pixel
size of the reconstructions is 10.173 nm. The ptychography
scans of the natural magnetite particles are reconstructed by
running 1000 iterations of the difference map algorithm. The
pixel size of the reconstructions is 11.16 nm.

APPENDIX D: IMAGE ANALYSIS

The analysis is carried out using PYTHON3.9.16 in a
Jupyter Lab environment [61-64]. The images undergo a
preprocessing routine to quantitatively extract the magnetic
contrast. All images are aligned with respect to a feature in
the image, for example, for the case of the films, a hole on
the sample [shown in Fig. 2(b)], and all phase projections
are corrected for a linear phase ramp [65]. Additionally, to
filter low-frequency noise from the phase images, a
Gaussian filter with high sigma is applied to blur the phase
image, which is then subsequently subtracted from the
respective unfiltered phase image. In order to normalize
with respect to the incident beam, all amplitude images are
divided by the average value inside the hole, whereas an
offset phase found within the hole is subtracted from all
phase images. Once images are normalized, they are
aligned with respect to each other with a subpixel image
registration algorithm [66] as implemented in Ref. [63]. For
Axmcep images, the logarithm of the amplitude images is
taken and then the difference between RCP (Agcp) and LCP
(Arcp) is taken to subtract the electronic scattering factor.
Similarly for the ¢xycp images, the difference between
RCP and LCP is taken to subtract the electronic contribu-
tion to the scattering factor. The equations are as follows:

In(A —In(A
Axnicp = n(Agcp) . n(Arcp) % 100,

_ $rep — Prep
XMCD = 5

Quantitative data are extracted from the projections as
follows. The transmission as a function of energy is obtained
by taking the square of the absolute value of the complex
images taken at each energy, averaging over both positive and
negative domains [plotted as a black line in Fig. 3(b)]. We
observe two resonance peaks corresponding to the L and L,
absorption edges of cobalt. In order to quantitatively extract
the complex XMCD spectra from the images, we average the
XMCD signal within each domain and obtain the spectra
shown in Fig. 3(b) for both Axycp (red curve) and ¢xpmcp
(blue curve). This is done by generating a boolean mask
for the domains by running a Chan Vese segmentation
algorithm [67] as implemented in Ref. [63], on a high-
SNR Axmcp image taken on-resonance at 780 eV. This gives
two masks, one for each domain. These masks are then
applied to the whole stack of aligned images to extract the
magnetic signal from the same regions. The area taken from
each image at each energy is then averaged to produce the
quantitative spectra shown in Fig. 3(b).

APPENDIX E: SIMULATION
OF THICKER SAMPLES

To determine the SNR of the Axycp and ¢xyep images
as a function of thickness, we separately determine the

031028-13



JEFFREY NEETHIRAJAN et al.

PHYS. REV. X 14, 031028 (2024)

thickness evolution of the signal, noise, and then the
calculation of the SNR.

1. Signal

In order to simulate the transmission intensity for thicker
samples, we calculate the absorption coefficient of the
material with the measured transmission spectra [black
curve in Fig. 3(b)], from [ = e7#* where [ is the
transmitted intensity through the sample [I = A(E)? with
A(E) being the normalized measured amplitude], u,p, is the
absorption coefficient, and z is the thickness of the material.
Now, using this same equation, we can calculate the
transmitted intensity as a function of energy for different
thicknesses of a particular material, as shown in Fig. 4(a).

To simulate the Axycp spectra for different thicknesses,
we first calculate the transmission intensity from the
dichroic spectroptychography projections taken with both
RCP (Ixcp) and LCP (I1cp) x rays. We then separately
obtain the absorption coefficients yurcp(cp) & Im[f(E, )],
assuming the magnetization vector is oriented (anti)parallel
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FIG. 8. Protocol used for extracting noise in measurement data.
The scale bar in the real space image (top left) represents 500 nm.

to the direction of propagation of X rays, similar to the
measurements. Now using Ircp(cp) = e #RFLP, we cal-
culate the transmission for various thickness for RCP
(Ircp) and LCP (I} cp) x rays. To isolate the Axycp signal,
we use the following equation:

A _ In(Igcp) — In(Zycp)
XMCD = 4

x 100, (E1)

where the factor of 4 accounts for the transformation
from intensity to amplitude. Additionally, to impose the
constraint of transmission dropping to zero after a certain
thickness, we set the value to zero below a certain threshold
transmission of 0.05% of the total transmission.
Similarly given that ¢ = &z, with & « Re[f(E, r)],
assuming the magnetization vector is oriented (anti)parallel
to the direction of propagation of x rays, similar to the
measurements, we calculate 6 from the measured dichroic
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FIG. 9. (a) Axmep and ¢xvep noise as a function of energy for

100 nm CoPt. The noise increases as we approach resonance as
transmission decreases. (b) Axycp noise as a function of trans-
mission. The fit has a 1 /x dependence, which is used to calculate
the noise for lower transmission corresponding to transmission
through thicker samples. A similar fit is done for the

¢XMCD noise.
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phase spectra taken with RCP (¢prcp) and LCP (¢ cp)
x rays. Using the same equation, we then simulate the ¢rcp
and ¢pcp spectra for thicker samples and the ¢xmcp
obtained for each thickness using the following equation:

_ ¢rep — Prep
$xmcp = - 5

2. Noise

The noise is calculated differently for the thin and thick
regime. We first consider the thin regime, where the noise
of the images for the 100 nm CoPt and 400 nm FeGd is
calculated by taking the standard deviation of the high-
frequency noise present in the system. This was done by
performing a fast Fourier transform (FFT) of an XMCD
image and masking the frequency regime corresponding to
the domains. We then perform an inverse FFT and take the
standard deviation of the filtered image. An example is
shown in Fig. 8. The value of the noise as a function of
energy is given in Fig. 9(a): As the transmission decreases,
the noise increases. It can be seen that, although the Axycp
(dimensionless) and ¢xycp (rad) are two different quan-
tities, the noise as a function of energy is very similar. This
is because both quantities are retrieved from the same
diffraction patterns that are measured by the detector, and,
thus, the noise of the ptychography projections can be
directly related to the intensity on the detector.

For the thick regime with the 1- and 1.7-pm-thick FeGd,
the noise also includes modulated noise within the
domains, due to contrast present only in the vicinity of
the domain walls. Hence, in order to calculate the noise for
the images of 1- and 1.7-pm-thick FeGd, the average of the
standard deviation of the XMCD signal seen within
each domain gives the Axyep and ¢xmvep noise in the
images.

-- Axmcp calculated
- ¢><MCD calculated

SNR

0 200 400 600 800 1000
Thickness(nm)

FIG. 10. Simulated SNR of Axymcep and ¢xmep- The ¢xmep
SNR is higher for increasing thickness than the Axycp. This plot
is scaled in thickness for FeGd, for a direct comparison with
experimental data, shown in Fig. 5(b).

3. Calculation of SNR

Having obtained the noise from the images, we calculate
the dimensionless SNR for each sample separately using
the respective signal obtained from measurements. The
maximum SNR value for each of the samples is then taken
and plotted as a function of thickness for all measured
samples, shown in Fig. 5(b) as red and blue dots for the
Axmep and ¢xvicep, respectively.

To determine the noise for the simulated data, we
first obtain a relation between the measured noise and
transmission, by plotting the noise as a function of trans-
mission in Fig. 9(b), where we see a 1 /x dependence in the
noise. Using this relation, we calculate the noise we expect
to see for thicker samples and calculate the SNR for the
simulated data for CoPt, which is plotted as dashed lines
in Fig. 10.

In order to compare the simulated CoPt SNR curves with
measured FeGd, we arbitrarily scale the thickness of both
simulated SNR curves to match the experimental data as
shown in Fig. 5(b). This calculation of the dimensionless
SNR allows us to compare the quality of the images
originating from the two contrast mechanisms.

The thickness of 100-nm-thick CoPt is matched to an
effective thickness of 217-nm-thick FeGd by comparing
and scaling the measured transmission spectra between
100-nm-thick CoPt and 400-nm-thick FeGd. The main
difference between the two arises from the different
scattering factor, i.e., absorption coefficient x. Although
resonance occurs at different energies, by comparing both
measured transmission spectra, we can estimate a scaling
factor of 1.45 to effectively match the transmission of the

100 nm Co/Pt
#— 400nm FeGd
404 —e— 1000nm FeGd
—=— 1700nm FeGd
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FIG. 11. Transmission signal through the thickness of the 100-

nm-thick CoPt multilayer (yellow), 400 nm (green), 1 pm
(black), and 1.7 pm (blue) FeGd samples. The energies are
normalized with respect to the L5 absorption edge of the materials
at 780 eV for Co and 710 eV for Fe. Nonzero transmission is
measurable only at preabsorption edges for the thick FeGd
samples. On-resonance, the transmission is zero.
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FIG. 12. Pre-edge phase ptychography on 1-pm-thick FeGd samples close to the Fe L3 edge. Complex XMCD spectrum across the Fe
L5 edge extracted from magnetic domains in XMCD projections of a 1-pm-thick FeGd film with Axyep and ¢xuvep shown as red and
blue dots, respectively. The black line indicates the transmission through the sample. The images above the plot show Axyicp and ¢xyvcp
images for a few selections of energies. The scale bar represents 500 nm.

two samples to yield an effective thickness with respect to
each other.

APPENDIX F: SPECTROPTYCHOGRAPHY
ON FeGd SAMPLES

We performed spectroptychography scans on FeGd
samples of thicknesses 400 nm, 1 pm, and 1.7 pm across
the L5 and L, edges of Fe. The transmission of the samples,
plotted in Fig. 11, decreases dramatically on-resonance,
with no transmission at the Fe L; absorption edge
(normalized to zero energy) for all FeGd samples.
However, even for the 1.7 pm-thick film, there remains
detectable transmission in the pre-edge. By exploiting the
¢xmcp 1n the preabsorption edge, we are successfully
able to image FeGd samples up to 1.7 pm with high
contrast and nanoscale spatial resolution. The complex
XMCD spectra, along with a selection of Axycp and

¢xmep projections, are given for the 1-pm-thick film
in Fig. 12.

APPENDIX G: SPATIAL RESOLUTION

The full-period spatial resolution of the images with the
strongest XMCD contrast are calculated by Fourier ring
correlation (FRC) with a half bit threshold [68] as imple-
mented in Ref. [69]. An example is shown in Fig. 13, and
the values observed for the different thickness are sum-
marized in Table L.

In comparison, the ¢xpcp, in general, exhibits a slightly
higher spatial resolution calculated with the FRC in com-
parison with the Axycp. Although ultrahigh nanoscale
spatial resolutions are possible to measure with pty-
chography, they are not achieved here, as it was not the
goal of the experiment. Rather than devoting the
statistics to high spatial resolution, the limited beam
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FIG. 13. Fourier ring correlation with half bit threshold for 100-
nm-thick CoPt on (a) Axycp image taken at 780.0 eV and
(b) ¢pxmcp image taken at 779.4 eV.

time awarded was devoted instead to measuring the
various samples with high energy resolution. In order to
obtain higher spatial resolutions, the experiment could
be further optimized, acquiring a larger portion of the
detector, and acquiring higher statistics to further reduce
the noise in the images. The spatial resolution obtained
with FRC is relatively similar for the ¢XMCD and AXMCD
with the ¢xycep offering a slightly higher resolution.
The main difference between the Ayycp and the ¢xyvcp
can be seen in the SNR of the images, with the ¢xmcp
typically offering higher quality for thicker systems.

TABLE I. Summary of the spatial resolution by FRC with a
half bit threshold. The phase has a higher spatial resolution than
the amplitude for thicker samples.

FRC (nm)
Thickness (nm) Amplitude Phase
100 CoPt 40 41
400 FeGd 55 48
1000 FeGd 52 47
1700 FeGd 57 56

APPENDIX H: MICROMAGNETIC
SIMULATIONS

Simulations of the CogZngMnj; states are performed using
the micromagnetic finite difference code OOMME, within the
UBERMAG simulation package [70]. The system is described
by the archetypal energy functional, where m is the
normalized magnetization field, A is the exchange constant,
D is the bulk DMI constant, Ms is the saturation magneti-
zation, B is the applied field, and Bd is the demagnetizing
field. The exchange and DMI constants utilized are A =
5729 x 10712 J/m and D = 0.55 x 107 J/m?, respec-
tively, following the approach of Birch et al. [42]. A
saturation magnetization of Ms = 4.6055 x 10° A/m is
used. The applied magnetic field is set to zero. The (confined
region) is simulated using a rectangular region with dimen-
sions 2 x 2 x 0.9 pm, which is discretized using cubic cells
of 10 nm edge length. The cylinder is simulated using a
cylindrical region with height 0.9 pm and diameter 2 pm,
which is discretized using cubic cells of 10 nm edge length.
Systems are initialized with a random initial magnetization
configuration and relaxed using a gradient descent method.
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