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X-ray magnetic circular dichroism is an efficient contrast mechanism allowing for a direct sensitivity to
magnetization. Combined with an imaging technique such as photoemission electron microscopy, it has been
successfully applied to high-resolution investigations of ferromagnetic thin films but also of three-dimensional
systems thanks to the transmission-type contrast in their shadow. Our focus in this work is the wave-optics
scattering pattern that can be observed near such a shadow’s rim. Taking advantage of non-uniform magnetic
states present in near-micron-size Co;_,Gd, beads, we first show how X-ray resonant magnetic scattering
affects the Fresnel diffraction at the Co L3 edge. In order to confirm this observation, we then turn to the Co
M> 3 edges. There, we measure magnetic scattering patterns with a significantly increased spatial extent (due
to the larger wavelength), despite the signal’s weakness. The patterns’ origin is supported by a comparison
between our experimental data and a simple analytical model, then numerical simulations.

1. Introduction

Among the properties of matter which may be probed with
X-rays, magnetism holds a somewhat peculiar place. In many,
if not most situations, the interactions between such radia-
tion and magnetic moments are several orders of magnitude
weaker than the interactions originating from the material’s
electronic density [1]. Yet, a variety of approaches have been
developed over the years to explore magnetic orders using X-
rays, from spectroscopy [2, 3] to diffraction [4-7] through
imaging [8—11]. The latter field exploits the chemical selec-
tivity and strongly enhanced scattering cross-sections [12, 13]
available at photon energies close to certain absorption edges
of magnetic elements, where X-ray Resonant Magnetic Scat-
tering (XRMS) occurs. Of particular interest are the Lo 3 ab-
sorption edges of 3d transition metals such as Fe, Co, and
Ni, as well as the M, 5 edges of rare-earth elements, such
as Gd, Dy or Ho. These have been of crucial importance in
the development of modern X-ray magnetic microscopy tech-
niques [14, 15], which use XRMS as a contrast mechanism.

The most frequently used manifestation of XRMS is X-ray
Magnetic Circular Dichroism (XMCD) [12], which is well-
suited to several X-ray microscopy techniques e.g. (Scan-
ning) Transmission X-ray Microscopy [(S)TXM] or PhotoE-
mission Electron Microscopy (PEEM) [15]. However, the
phase contrast counterpart of XMCD, namely X-ray Magnetic
Circular Birefringence (XMCB), may also be used in exper-
iments sensitive to sample refraction. This is relevant no-
tably for Fourier Transform Holography (FTH) [16, 17] and
ptychography [15, 18]. As was demonstrated both in mag-
netic FTH [19, 20] and in ptychography [21, 22], XMCB may
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not only yield substantial magnetic contrast, but also allow to
work at photon energies significantly below the relevant peak
of X-ray absorption. This in turn enables transmission imag-
ing of relatively thick samples [20, 22].

While the typical spatial resolutions available with mag-
netic X-ray microscopy are not better than in electron-
based techniques like electron holography and Lorentz mi-
croscopy [23] or even (depending on the case) in Magnetic
Force Microscopy (MFM) [24], their primary advantage lies
with the direct sensitivity to magnetization, as opposed to in-
duction along the electron path or to magnetostatic charges.
Furthermore, as the X-ray attenuation lengths vary (for ab-
sorption edges relevant for XRMS) from ca. a dozen nanome-
tres to several hundreds of nanometres in the soft X-ray
regime, there is ample freedom to adjust the probed depth of
material experimentally.

In the specific case of X-ray PEEM, this large variability
provides a unique versatility when three-dimensional sam-
ples are studied. Indeed, XMCD-PEEM can usually yield a
(mostly surface-related) image of the sample viewed from the
top, but the transmission-type magnetic information in the ob-
ject’s elongated shadow may or may not be retrieved depend-
ing on signal-over-noise ratio. If the sample’s absorption is
too strong, there is no shadow contrast [25], whereas larger
X-ray transmission allows for valuable, volume-related mag-
netic signal [8, 26-28]. However, strictly speaking, shadow
XMCD-PEEM images are not simply an elongated transmis-
sion view of a 3D object. As was noted by Jamet et al. [29],
sub-micron objects do create Fresnel diffraction patterns in
the close vicinity of their shadow’s rim. There appeared to
be magnetic scattering in the corresponding XMCD-PEEM
images at the Fe L3 edge, however the confinement of the in-
terference pattern is an obstacle to investigating small-angle
XRMS from 3D objects with PEEM.

Considering the above, it is rather natural to look for a pos-
sibility to (i) decrease the Fresnel number [30] to suppress this
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confinement (ii) while preserving magnetic sensitivity (iii) as
well as coherence. One route, when considering 3d transi-
tion metals, consists in moving from their Lo 3 edges down
to My 3 edge. Indeed, the wavelength increases by an order
of magnitude, XRMS is still sizeable [31], and the coherence
of synchrotron radiation is only expected to increase signifi-
cantly [1].

We point out that the relevance of XRMS at the Co M 3
edges for imaging has already been demonstrated by the work
of Kfir et al. [32], who employed extreme-ultraviolet FTH
to recover the domain pattern in a Co/Pd multilayer. It was
shown [32] that the application of Coherent Diffraction Imag-
ing (CDI [33]) algorithms to the collected diffraction data
(with the FTH images as starting point) enabled substantial
increase both in signal-over noise ratio and spatial resolution.
With respect to this approach and similar reports [34, 35]
utilizing high-order harmonic generation [36], synchrotron-
based PEEM at the same photon energy is expected to de-
liver a three orders of magnitude better energy resolution and
a much larger photon flux. Last but not least, phase retrieval
from small-angle scattering patterns acquired in a reflection
geometry has been demonstrated by Mentes et al. [37]. There,
the authors needed PEEM images of their artificial spin ice
systems as input for the CDI algorithms. However, for a given
sample-to-detector distance, the oversampling criterion [33]
is harder to fulfil at the Fe L3 edge than at its M edge. There-
fore, it seems that CDI in the above-mentioned, PEEM-based
reflection geometry may become relevant for magnetic imag-
ing at such energies. Two strong arguments to pursue this
are (i) the fact that this modus operandi allows imaging un-
der field since this is a photon-in, photon-out technique [37]
as opposed to regular XMCD-PEEM, and (ii) the absence of
need for alignment of many sample images before comput-
ing a difference image (to reveal magnetic contrast) with good
stastistics.

With the above in mind, we explore in this work X-ray Res-
onant Magnetic Scattering (XRMS) from 3D objects at the
Co My 3 edges, using a PEEM for imaging. To the best of
our knowledge, this the first experimental application of ex-
treme UV light to magnetic Fresnel diffraction in the specific
configuration imposed by X-ray PEEM. The manuscript is or-
ganized as follows. To begin with, we describe the Co;_,Gd,
bead samples which are used in this work, as well as the lab-
and synchrotron-based imaging methods that have been used.
We then move on to the results that have been obtained, start-
ing with a pre-characterization, then presenting the magnetic
PEEM imaging. In this respect, we establish a solid overview
of our samples’ magnetic states with XMCD-PEEM at the Co
L3 edge, and as a second step perform imaging at the Co M 3
edges. There, we present our interpretation of the obtained
scattering patterns.

II. Methods
A. Samples

Our sample fabrication began with Si substrates onto which
a Ta\Pt bilayer was deposited for the sake of surface electrical
conductivity. Based on prior calibrations of deposition rates
in the used magnetron sputtering, the nominal stacking should
be Ta(6 nm)\Pt(9 nm). Then, a pattern consisting of alignment
marks was etched into the bilayer until the underlying Si be-
came exposed, thanks to optical lithography and subsequent
ion beam etching. During this second step, mass spectrom-
etry allowed to interrupt the etching when all of the Ta had
been removed inside the resist’s patterned grooves.

Substrate pieces of adequate size were then introduced into
a Pulsed Laser Deposition (PLD) system. There, large-fluence
laser shots on a target with composition CoggGdsg led to the
formation of Co;_,Gd, beads on the substrate. Although we
expect their stoichiometry to not differ too much from the tar-
get’s, we do not have quantitative composition measurements
on these samples [38]. After several dozens of laser impacts
on this first target, a Nb coating of a few nanometres was de-
posited with PLD so as to obtain a passivation layer and par-
tially protect the beads from oxidation.

The PLD approach leads to a wide variety in terms of
shapes and sizes. A small glimpse into the latter is provided in
Fig. 1, whose Scanning Electron Microscopy (SEM) images
display objects with lateral dimensions ranging from 200 nm
to 3um. Since these images do not convey a full sense of
shapes, we add that the beads may be close to spherical, flat-
tened and globular, or (much) more distorted. Furthermore, a
small proportion of them is somewhat polyhedral in shape, as
is exemplified by the bead on the top left of Fig. 1. Though in-
teresting in its own right, this stark contrast with the smoother
and more round majority of objects goes beyond the scope of
this manuscript. We point out that this collection is represen-
tative of objects on which Energy-Dispersive X-ray analysis
was performed and confirmed the presence of Co;_,Gd, ;
however the specific beads shown in Fig. 1 have not been
checked in this fashion themselves. There is a possibility that
some of these are actually pure Nb, as we have determined
that such beads may also be present. Yet, we insist that ob-
servations of dozens of Co;_,Gd, beads lead us to consider
these SEM image as typical.

B. Magnetic Force Microscopy imaging

Due to the aforementioned diversity in Co;_,Gd, bead
shapes and sizes, it would not be very informative to try to
perform magnetometry measurements e.g. with a Vibrating
Sample Magnetometer. Since magneto-optical measurements
would be hindered by the curved bead surfaces as well as the
typical size being at most a couple of times the light’s wave-
length, we turned to Magnetic Force Microscopy (MFM). Our
goal was gain some insight into the magnetic configurations
that can be present in our samples.



FIG. 1. Scanning electron micrographs of beads from PLD. All these
images are on the same scale

All of our MFM acquisitions followed the common two-
pass scheme. The Atomic Force Microscopy (AFM) and

MFM images presented in Section III were obtained with
a custom-coated probe. A 25nm-thin CogoCry layer was
sputter-deposited on an AC240TS AFM tip from Asylum Re-
search before the addition of a few nanometres of SiO5 for
protection against oxidation. The direction of the tip’s mag-
netization was controlled by setting it in close proximity to a
permanent magnet (with unambiguously identified poles) be-
fore imaging. The tip’s oscillation amplitude was 25 nm, the
second-pass tip lift was set to 11 nm, and the recorded MFM
signal was the tip’s oscillation phase with respect to the phase
of its AC excitation. Therefore, a negative phase corresponds
in our convention to attractive forces [39]. We point out that
the MFM data presented in this manuscript was acquired after
removing the electrostatic contribution to the oscillation phase
thanks to a suitably chosen applied bias voltage between tip
and sample [40].

In addition to this dataset, MFM images of
Co;_,Gd, beads acquired with a different instrument
are presented in the Supplemental Material.

C. Synchrotron-based imaging and spectroscopy

All the synchrotron experiments relevant to this work were
performed at the undulator beamline Nanospectroscopy of
Elettra (Sincrotrone Trieste). Our first step consisted in iden-
tifying Co;_,Gd, beads with certainty; to that end, we per-
formed X-ray Absorption Spectroscopy around the Co L3
edge. Based on the obtained absorption spectra recorded on
the top of the beads, we performed XMCD-PEEM imaging at
energies up to the absorption peak, and as far down as 3.4eV
below that peak. The reason for this is the sharply-varying X-
ray penetration depth in this photon energy range. To set the
scales, let us recall that for pure Co, taking magnetism into
account, the X-ray attenuation length varies from 0.51 um at
the foot of the L3 edge to as low as 12nm to 21 nm at the
absorption peak [41] i.e. over less than 6eV.

As a result, we go from sensitivity to only the sample vol-
ume (in shadow XMCD-PEEM) well below the absorption
peak to pure surface sensitivity at the top of the L3 edge’s
white line. We note that the most suitable shift in photon
energy (with respect to the peak of absorption) for shadow
XMCD-PEEM imaging depends on both the bead’s geometry
and its composition. In any case, this optimization of mag-
netic contrast as a function of energy allows to probe rela-
tively large depths of material, as has been reported by several
groups [20, 22]. For each acquisition, tens of individual snap-
shots with exposure times on the order of a second were first
recorded, the first half with a given sign of photon helicity,
the second one with opposite photon helicity. The polarization
state available on the Nanospectroscopy beamline is elliptical,
with a degree of circular polarization of about 0.77 around the
Co L3 edge. In order to compensate for sample drift during
exposure, each set of images was aligned using sharp features
such as bead edges as references. Averaging the aligned se-
ries resulted in two micrographs I and I_ corresponding to
opposite helicities; the latter two were then aligned before the
asymmetry ratio A = (I, —I_)/(I; +1_) was computed for



each pixel. In the following, we will refer to 4 as “magnetic
image”. The methodology for the final alignment consisted in
minimizing the typical antisymmetric contrast in A that arises
from under-/overcompensation of drift in both the horizontal
and vertical directions.

Due to the strong absorption of Nb in the vicinity of the
Co M 3 edges (at about 60eV), we were initially not able
to detect the latter with XAS. Therefore, we first performed
three 30 min-long rounds of etching via Ar plasma, at operat-
ing pressures ~3 mbar and accelerating voltage 1.5kV, and a
final 30 min round at an accelerating voltage of 1.2kV. There-
after, the observation of the Co M5 3 edges indicated that mag-
netic imaging at these energies had become possible.

The Co M-edge magnetic images were acquired and pro-
cessed similarly to the Ls edge data. However, the total ex-
posure times were twice larger for the sake of signal-over-
noise ratio. Concerning image processing, we point out that
the final alignment of M-edge data was determined not only
by considering the above-mentioned criterion regarding drift-
related asymmetric contrast but also the behaviour of 4 on
the substrate, away from beads, their shadow or interference
patterns. For a set P of pixels corresponding to a (reasonably
small) patch on the substrate, if the sample drift is nearly com-
pensated, then we may expect the following behaviour for the
summed values of A% over P:

S A y) = Atex - (Xa—Xo) +ey - (Ya—Yo)?
(xi,y:)EP

(D

where cx and cy are positive constants that are related to the
substrate’s roughness, and (Xq — Xp) and (Yy — Yj) are re-
spectively the difference (in the horizontal/vertical direction)
between the shift applied to align the I and I_ images and
the optimal shift to fully compensate the sample drift. Finally,
Ay is a background level that is not necessarily null. Indeed,
any slight imbalance in photon helicity and any change in il-
lumination profile may lead to a small background. However,
whatever this (non-physical) contrast value, minimizing the
left-hand side in Eq. (1) for a given acquisition should sup-
press any artificial contrast.

We stress that this refinement becomes necessary for M-
edge data for several reasons. First of all, the small attenu-
ation length at these photon energies prohibited any shadow
XMCD-PEEM: in these magnetic images, we sought XRMS
contrast in the interference pattern behind a bead’s shadow,
corresponding to much lower signal-over-noise ratio than for
L3 edge (shadow) XMCD-PEEM. In addition, we encoun-
tered instrumental difficulties during acquisition that were due
to the strongly enhanced beamline flux (and the resulting
larger current in the imaging column) in the extreme ultra-
violet range [42]. With respect to this report by Locatelli et
al., we expect the incident flux to be comparable in our exper-
iments, and indeed we found a degraded image quality at the
Co My 3 edges that could not be improved upon through the
objective lens. Moreover, we experienced a lower-than-usual
positional stability of the microscope’s angle-limiting aper-
ture (also known as contrast aperture), which we ascribe to

the greatly-enhanced electron currents in these conditions. It
must be noted that this aperture is of crucial importance in our
magnetic imaging experiments on 3D objects since we rely
on sample edges as well as substrate roughness (cf. previous
paragraph) to refine the image alignment, and the aspect of
such topographic features in PEEM images strongly depends
on this aperture [29, 43].

III. Results and discussion
A. Magnetic Force Microscopy

Several Co; —,Gd,, beads that have been imaged with MFM
yield similar maps, featuring a background all over the object
(which to a good approximation, appears proportional to the
local bead height) and a clear central bump. To illustrate this,
we present in Fig. 2.(a) an AFM image of a bead on which
MEFM has been performed twice, with opposite tip magneti-
zations. The corresponding magnetic images in Fig. 2.(b-c)
clearly show that the background’s sign is independent on the
tip’s magnetization, whereas the central bump’s is not. There-
fore, the former can be ascribed to a susceptibility contribu-
tion, which is always attractive and is indeed negative [39],
while the latter unambiguously indicates stray fields from the
bead’s magnetization. At this stage, bearing the similarity to
published MFM images made on vortices [44, 45] as well as
the bead’s platelet shape in mind, it seems quite likely that
this sample hosts a magnetic configuration comprising a vor-
tex pointing perpendicular to the substrate.

We note that the lack of quantitative knowledge regard-
ing this specific bead’s composition and magnetic properties
prevents us from backing this interpretation with direct argu-
ments. However, we point out that the vortex state has been
shown to persist in a wide variety of geometries and even in
the presence of bulk and/or surface anisotropies [46—-49] at
the cost of more or less pronounced distortions. Thus, even if
the Co;_,Gd,, alloy is not a magnetically soft material, it does
not necessarily prevent the existence of a vortex or vortex-like
configuration. Finally, such a state has the advantage of sig-
nificant flux-closure (which is compatible with the absence
of magnetostatic charges over most of the bead) and it is the
simplest pattern that is compatible with our MFM images. As
a matter of fact, departures from the textbook vortex [23] are
not important to us, since we only need non-uniform magnetic
configurations to look for XRMS in PEEM.

B. Spectroscopy

The first result from our L3 XAS measurements is the ab-
sence of Co oxidation near the beads’ surface in most (if not
all) cases. This is assessed from the peak shape of the pho-
toemission recorded from the top of the objects: we usually
do not observe the easily-recognizable structure that is char-
acteristic of cobalt oxide [50]. This confirms the efficiency
of our Nb capping. As an example, Fig. 3.(a) provides direct
and transmission XAS traces obtained on the Co;_,Gd, bead
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FIG. 2. (a) AFM image on a Co;—,Gd, bead. (b) MFM image cor-
responding to (a) and acquired with an upward-magnetized tip. (c)
MFM image of the same bead acquired with a downward-magnetized
tip.

shown in Fig. 3.(b). As expected, the shadow spectrum satu-
rates because of the bead’s size [(0.9 + 0.1) um]. However, the
direct XAS is a good indicator of the absorption maximum,
and does not show any satellite peaks. When imaged at the
edge’s peak [highlighted with a black cross in Fig. 3.(a)], our
Co;_,Gd, beads display a low-intensity shadow with weak
fringes close to their rim, as visible in Fig. 3.(b).
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FIG. 3. (a) Typical XAS traces obtained respectively from the top of
a Co;_,Gd, bead (blue) and from its shadow (red). Full black dots
e highlight photon energies at which XMCD-PEEM was performed
(cf: Fig. 5), while a cross x indicates the photon energy 778.6eV at
which the image from Fig. 3.(b) was acquired. (b) PEEM image at
Co L3 edge’s absorption peak of the bead (in the center) from which
the XAS data from from Fig. 3.(a) was extracted. The adjacent wide
patch on the top left of the bead corresponds to an alignment mark,
and the smaller round item below the bead and slightly to the right is
another Co;_,Gd, object.

Initially, our XAS measurements around the Co M, 3 edges
(expected around 60 eV [51]) did not feature any peak, but in-
stead a rather constant trend which is illustrated in Fig. 4.(a).
This came as a surprise considering the good signal-over-
noise ratio at the L3 edge. Since the same observation was
made on several Co; _,Gd,, beads, notably some for which Lg
edge XAS had been acquired, the only explanation for the as-
pect of our low-energy XAS is that the Co Mj 3 edges are hid-
den from the X-ray point of view, not the point of view of pho-



toemission. In this respect, we find that a first hint of our Nb
layer’s influence is the ratio of the PEEM intensities recorded
(on the bead) at the absorption peak and at the edge’s foot. In-
deed, it has been shown for PEEM-recorded XAS on 3D ob-
jects that this ratio is usually in excess of 1.3 for 3d ferromag-
netic metals [29, 52], reaching values of 2 to 3 at the Co Lg
even in samples where Co is a minority element [52]. In our
Co;_,Gd, beads, where we expect Co to be predominant, this
intensity ratio is never higher than 1.5, which would be consis-
tent with a capping thickness large enough to suppress photoe-
mission from the underlying Co;_,Gd, alloy [53]. In other
words: the L3 edge data already suggests a non-negligible
masking by the Nb capping layer.

At this stage, we point out that Nb’s attenuation length be-
low 65¢eV is below 40nm [54]. By contrast, it is in excess
of 130 nm around the Co L3 edge. Also, it must be kept in
mind that for the top, close to horizontal surface of the bead,
the path length of X-rays through the capping is the latter’s
thickness enhanced by 1/ sin(¥) ~ 3.6 because of the beam’s
incidence angle ¥ =16°. This means that effective Nb thick-
ness is on the order of 10 nm or more, rather than the few
nominally deposited nanometres. Concerning that thickness,
we noted that the total Nb thickness estimated to be etched
by our Ar plasma sputtering is 15 nm. Even if we assume the
presence of a harder-to-etch, ca. 1.6 nm oxide layer [55] with
a 4:1 ratio of sputtering yields in our conditions, we are led to
consider a total NbO,,/Nb capping thickness of about 10 nm.

Furthermore, in a first approximation, the XAS jump as-
sociated to an absorption edge is expected to scale with
Lon — Mbelow Where fion and pihelow are the X-ray linear at-
tenuation coefficients at the absorption peak and at its foot,
respectively. If we compare the M5 3 and L3 edges of Co, we
find that (fion — fbelow )/ below ~ 1.6 at the My 5 edges [31],
whereas (fion — Hbelow )/ below ~ 23 at the Ls edge [41].

Therefore, we consider that the combination of weaker (in a
relative sense) jump in edge absorption and much stronger X-
ray attenuation by the Nb capping are responsible for initially
masking the Co M 3 edges. A crude estimate of the combina-
tion of both effects suggests a suppression of the edge jump’s
strength by a factor ~ 33, which is very likely to bring the Co
M 3 edges below the noise level.

C. X-ray magnetic imaging

Let us first review a few XMCD-PEEM images acquired at
the Co L3 edge. An overview of what we could observe at
such photon energies is shown in Fig. 5. When imaged far
enough below the absorption peak, and with the microscope
focused on the substrate, the Co; _,Gd, beads typically yield
bipolar shadow XMCD-PEEM patterns, as can be seen in the
left column of Fig. 5. Then, regular XMCD-PEEM imaging
on the top surface of the beads performed with the photon en-
ergy at the maximum of absorption confirms the change of
contrast from one side of the objects to the other, with the
contrast inversions described by Jamet et al. [29]. The sev-
eral occurrences of these bipolar patterns allow to confirm the
preliminary results from MFM: vortex or at least vortex-like
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FIG. 4. (a) XAS traces around the Co M» 3 edges obtained on a
Co1_,Gd, bead before sputtering. It must be noted that several spec-
tra qualitatively similar to this one were obtained on different beads.
(b) XAS trace (blue curve) around the Co M3 3 edges obtained on a
different Co,—,Gd, bead after several rounds of Ar plasma sputter-
ing. The significant (in terms of relative change) upturn in PEEM in-
tensity starting a bit before 60 eV is attributed to the Co M3 3 edges,
which were previously hidden by the Nb capping layer. The black
curve corresponds to the X-ray’s linear attenuation coefficient y as
derived from spectroscopic measurements published by Valencia and
coworkers [31].

states seem to be predominant in our samples.

Close to the absorption peak, the transmission XMCD-
PEEM contrast is lost in the bulk of the shadow because of
the sample thickness instead of saturating [29], possibly be-
cause of harmonics contamination of the primary beam [56].
Thus, the shadow contrast in Fig. 5.(b,f) is not reliable; the
notable exception in Fig. 5.(d) (with the correct contrast in-
version between shadow and bead) is likely due to the slightly
decreased absorption above the L3 edge’s white line peak.

However, we do see modulations in the shadow XMCD-
PEEM contrast in Fig. 5.(a,c,e). Such modulations inside
the shadow cannot result from errors in image alignment, un-
less (i) some variations in transmitted intensity occur near the
shadow rim for the three beads, and (ii) alignment errors are
every time along the same direction (roughly perpendicular to
the X-ray beam). The combination of these two conditions
seems unlikely. On the other hand, the modulation’s asym-
metry suggests a link to the asymmetry in average magnetiza-
tion on both sides of the objects. Moreover, it must be kept in
mind that for the images in Fig. 5.(a,c,e), the X-ray absorption
is small enough to allow significant signal-over-noise ratio for
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FIG. 5. Examplary XMCD-PEEM images acquired close to the Co
L3 edge, each row pertaining to one particular Co; —,Gd, bead; (e-f)
correspond to the one shown in Fig. 3. In the left column, the photon
energies are below (as far as 1.9 eV) the absorption peak, and tuned in
order to favour shadow XMCD-PEEM contrast. In the right column,
the photon energies are at or slightly below the absorption peak so
as to obtain XMCD-PEEM contrast from the top of the beads. For
all images, the colour scales correspond to the plotted asymmetry
ratio A. The arrows indicate the direction of the X-ray beam, and the
scale bars correspond to 1 um. It must be noted that the focal plane
was set to the substrate for shadow XMCD-PEEM and to the top of
the beads for the “on-edge” measurements.

transmission XMCD-PEEM over the whole shadow, contrary
to the cases described by Jamet ef al. [29]. As a result, we
can claim that these modulations are not artefacts related to
saturation in absorption. Our conclusion is that these images
are evidence for small-angle XRMS modulations on top of
the usual “geometrical-optics” shadow XMCD-PEEM; in the
following, we will refer to this effect as XRMS-PEEM.

Since the visibility of the fringes is rather low and their
pattern is strongly confined near the shadow’s rim, we then
tune the photon energy to the Co My 3 edges. As was ex-
plained in Sec. IIC and Sec. III B, Co-sensitive image only
became possible after significant sample sputtering, and with
additional hindrances pertaining to the increased electron cur-
rent in the PEEM’s imaging column. This has an additional
consequence on magnetic imaging, namely: the poorer spa-
tial resolution impairs our accuracy in image alignment be-
cause all sharp features on the PEEM images (sample edges,

substrate roughness etc.) are blurred. In practice, we find a
poorer reproducibility than for L-edge XMCD-PEEM; how-
ever, certain repeated images are in good agreement with one
another.
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FIG. 6. Regular PEEM images without magnetic contrast (left col-
umn) and their corresponding magnetic images with the same colour
range for A (right column). All these images pertain to the same bead
as in Fig. 3.(b) Fig. 5.(e-f), and have been acquired at the Co M3z 3
edge, the three first rows at 60eV and the last row (g-h) at 65eV.
These are independent measurements separated by several other ac-
quisitions. While a different magnification was used in (e-f), all scale
bars are 1 um. The red arrows indicate the direction of X-ray propa-
gation.

To illustrate first the stark differences in PEEM imaging, we
present in Fig. 6.(a,c,e) several images acquired at a photon
energy of 60eV of the same bead as before [the one shown
in Figs. 3.(b) and 5.(e-f)]. It can be noted for instance from
Fig. 6(a) that the immediate vicinity of the bead appears dis-
torted: there is a radial pattern around its perimeter that does



not match the substrate roughness elsewhere. This enhanced
optical aberration due to a 3D object is attributed to the in-
strumental complications described in Sec. II C. Beyond this,
one can clearly see a much clearer and more extended inter-
ference pattern behind the bead, notably in Fig. 6(e), where
the magnification is lower than in Figs. 6(a,c).

At this stage, let us examine the images that display the
corresponding asymmetry ratio A in Figs. 6(b,d,f). While
there are minute differences between them, the antisymme-
try in the fringe pattern (perpendicular to the direction of X-
ray propagation) is the same across the three images, and it
is plausible considering the previous magnetic images of that
Co;_,Gd, bead at the L3 edge.

In order to support our hypothesis that this contrast is of
magnetic origin, we present an additional pair of images of
the same bead in Figs. 6(g,h), this time at a photon energy of
65eV i.e. at a significant offset with respect to the previous
images, as can be surmised from Fig. 4.(b). One would expect
quite a strong reduction in XRMS strength upon moving the
photon energy by an amount close to the edge jump’s width,
and the fringe contrast in Fig. 6(h) is clearly weaker than those
in Figs. 6(b,d.f).

Using the magnetic contributions Ad and AfS to the X-ray
refractive index of Co around its My 3 edges determined by
Valencia et al. [31], we compute the norm |n,,| and complex
argument arg(n,, ) of n,, = —Ad + i - AS and plot them in
Fig. 7. As can be seen on this graph, the strength of XRMS
(behaving as |n,,|) is close to maximum at 60 eV, whereas it
is about six times lower at 65eV. Taking this into account,
we can now understand the contrasts in Figs. 6.(b,d,f,h) as
follows. The quasi-bipolar pattern in Figs. 6.(b,d,f) at 60eV
originates at least predominantly from M-edge XRMS, with
part of the differences between those images caused by slight
errors in image alignment, while the significantly weaker pat-
tern in Figs. 6.(h) is a combination of low XRMS and imper-
fect drift correction. We thus conclude that the few-percents
contrast which has opposite signs on opposite sides of the
Co1_,Gd,, bead in Figs. 6.(b,d,f) is XRMS-PEEM.
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FIG. 7. Norm (|n|, blue dashed curve) and complex argument
[arg(nm, )] of the magnetic contribution to Co’s refractive index near
the M2 3 edges, computed from the results reported by Valencia et
al. [31].

D. Analytical and numerical modelling

In the following, we will explore a very simplistic model for
the interference pattern observed in PEEM beyond the shadow
of the Co;_,Gd, beads, at the Co My 3 edges. Our objective
is merely to obtain physical insight into the relation between
the XRMS-PEEM fringe patterns and the Fresnel diffraction
from the sample. To that end, our coarse approach consists in
approximating the complex wave propagation and scattering
from a 3D object of unknown shape with a two-source inter-
ference problem. A schematic view of the situation of interest
is presented in Fig. 8, with a spherical Co;_,Gd, bead (in
blue) on a substrate and an X-ray beam impinging on it with
the experimental incidence angle W.
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FIG. 8. Schematics for the two-source analytical model. The
Co1_,Gd, bead is represented in blue, and the relevant typical
length s traversed by X-rays through it is shown between the yel-
low dashed lines. The black dashed line indicates the trajectory of
X-rays at the geometrical-optics rim of the beads’ shadow.

Let us now describe our model’s features in more detail.
First of all, we omit any three-dimensional aspect of the prob-
lem. Then, considering how opaque the scatterer is (with at-
tenuation lengths of at most ~12 nm), we neglect X-ray trans-
mission for most of the bead and only keep contributions from
parts with a low path length s traversed through the alloy.
These contributions are gathered and considered as the first
of our two sources.

The second source is of course the part of the beam that
(in a geometrical-optics sense) does not impinge on the bead.
For illustration purposes, a ray from the first source is shown
in Fig. 8 (in red) intersecting a ray from the second one at
a point on the substrate with abscissa x, behind the rim of
the geometrical-optics shadow of the bead (in blue). As we
are not aiming at a quantitative expression for the X-ray in-
tensity as a function of abscissa x on the substrate, we will
instead leave as unknown the path difference L(x) between
the first source and that part of the beam which passes above
it from here onwards referred to as the second source. In do-
ing so, we absorb the integration over that second part of the
incident wave into a beam amplitude /I and the path differ-
ence [57] L(x). With respect to /Iy, we will use the mod-
ulus of a propagation prefactor ¢. for the first source’s am-
plitude so as to take into account the sample’s non-magnetic
refractive index (we restrict ourselves to small-angle scatter-
ingn.=1-0+1i-p.



From this point on, we must determine the expression for
the Fresnel diffraction that is caused only when charge scat-
tering is considered. As a second step, we shall “turn on”
XRMS by considering the magnetic contributions to our sam-
ple’s refractive index, and recalculate the expression for the
X-ray intensity on the substrate. Our goal is to assess whether
XRMS modulates rather the oscillations’ amplitude, resulting
in a magnetic asymmetry .4, or phase-shifts the patterns asso-
ciated to each polarization depending on magnetization.

Let us denote as before n,, = —Ad + 1 - AB, my =
571 fos m-endu the average projection of magnetization along
the beam with propagation direction ey,, and z,,, = N, - My,
For the sake of simplicity, we will consider that magnetiza-
tion can only yield either +my, or —m;, as projections. We
may now write the amplitudes of our two sources a1 and ag
as:

atr = Io-t.- €Xp [:I:Z CRm ]{iS},

ao = /1o - exp {z . kL(x)}

With Eq. (2) in mind, we can write down the X-ray intensi-
ties on the substrate /. as:

2

Li(z) = |ag + ax|?
= I+ [142 Re(t - eFianbiem @) g

+ |tc|2ej:21m(zm)»ks]

If we use the values of Ad and AS from Valencia er al. [31],
we have A§ = 8.9-107% and A3 = —1.4- 102 for a photon
energy hv =60eV; by contrast, § = —2.0- 1072 and 8 =
1.6 - 10~ L. Since the attenuation length is lower than 12 nm,
we may consider values of s of, at most, 24 nm. In that case,
|te] ~ 0.31. With a wavelength A =20.6 nm, we find n,, -
ks ~ —0.065—-0.10. Since |my,| < 1 and |n,,|-ks = 0.12,
we may approximate exp [£i - z,ks] ~ 1 £14 - zpks.

After a bit of algebra, we retrieve the expressions for the
magnetic and non-magnetic fringe patterns. For the sake of
normalization but also of computing an asymmetry ratio as
we do in experiments, we use [I (z) — I_(x)]/(21) for the
former, and [I (x)+1_(z)]/(21y) for the latter. To first order
in |t.|, these quantities read:

%ﬂf—(@ =21y, - ks - Re(te - ) - cos [kL(z)}
+ 2my, - ks - Im(t¢ - nyy,) - sin {k:L(x)},
“4)
and:
Li(x) +1-(x) _ ‘
+T =2Re(t.) - cos [kL(x)} )

+ 2Im(¢.) - sin {kjL(aj)} .

Denoting ¢; = arg(t.) = —ks - and ¢, = arg(n,,), we
may rewrite the above equations as:

I —I_
L@ ZL@) o kil cos [kL(x) — - sOm]
21,

(6)

and:

I (x)+1_(x)

oL, = 2|t.| - cos {kL(x) - cpt] 7

With this, our model indicates that XRMS leads to inten-
sity modulations < |n,,| - my, as expected, and phase-shifted
with respect to the non-magnetic fringe pattern by —p,,,. At
60eV, —p,, ~-240° suggesting that we might expect close
to a phase quadrature experimentally. A very accurate match
would however require a very careful calibration of the X-
ray beam’s energy beforehand since ¢, varies by 7/2 over
ca. 3eV according to Fig. 7. As an illustration, we present
in the Supplemental Material a comparison between the val-
ues of Ad and A3 obtained by Valencia et al. [31], and those
reported by Willems ez al. [58].

It must be noted that the estimated magnetic phase shift
does not depend on the precise values of s or my, (only the
overall amplitude does), which is comforting. To conclude the
discussion of our coarse analytical model, we propose the fol-
lowing interpretation: due to the larger contribution of XMCD
with respect to XMCB (|JAS| ~ 1.6- AJ), the largest magnetic
contrast are obtained close to when the non-magnetic fringe
patterns reaches its average value (for kL(z)—¢@; = 7/2  [7]
) because then the interference term is most sensitive to varia-
tion in amplitudes from the first source.

In order to look deeper into XRMS-PEEM, we now tackle
the problem with a numerical model. Considering a rectangu-
lar simulation box containing a perfectly spherical magnetic
bead on a substrate and with vacuum elsewhere, we com-
pute the propagation of X-rays in an angular spectrum ap-
proach [59], with the incidence angle ¥ as in experiments.
The diameter choice is a compromise between object size (as
the angular spectrum approach would become computation-
ally too heavy for micron-sized beads) and extent of the scat-
tering pattern behind the bead shadow. Then, we obtain the
expected PEEM image based on the absorption coefficient on
the surface of the bead or on the substrate. In practice, we
compute the X-ray propagation along the complete long axis
of our simulation box, while the substrate is tilted by an angle
W, as illustrated in Fig. 9. We then obtain an image similar
to experimental PEEM data based on the wave amplitudes on
the topmost surfaces, weighted by the local absorption coeffi-
cient. As far as magnetism is concerned, the bead is made to
host a simple configuration, with an analytical vortex ansatz
whose core points perpendicular to the substrate.

In terms of X-ray physics, the relevant refractive indices for
the substrate (Si) and for the magnetic material (considered
to be CogpGdsg) are computed based on the tabulated values
by Henke et al. [54] as well as resonant magnetic scattering
factors from the Dyna software package [60], and finally the
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FIG. 9. (a) View from the side of the simulated sample, in terms
of averaged linear attenuation coefficient. (b) computed PEEM-like
image considering charge scattering only; a logarithmic scale is used
for the sake of fringe visibility in the shadow. (b) XRMS pattern
computed as normalized difference between PEEM-like images for
opposite polarisations.

magneto-optical constants of Co determined by Valencia and
coworkers. We first present results for the Co L3 edge, with a
bead diameter of 100 nm, at a photon energy which maximizes
XRMS (in the |n,,| sense).

First of all, as can be seen on Fig. 9.(b), we do retrieve
fringes mostly outside of the shadow; the ones inside are made
visible by the chosen logarithmic scale. We point out that the
finite size of our box along the height (Y direction) is one of
the main reasons for the artefacts present on the right-hand
side of the simulated PEEM-like images. Then, the computed
asymmetry ratio A in Fig. 9.(c) shows XRMS contrast both
inside and outside the bead’s shadow, as expected. The ex-
pected shadow XMCD-PEEM contrast is modulated, and be-
yond the shadow’s rim, we see an asymmetric fringe pattern
reminiscent of our experimental images. The latter can be in-
vestigated further with suitable line profiles along the beam
direction; we therefore proceed in Fig. 10.(a), where two such
profiles are drawn on the simulated XRMS image as red lines.
They have been placed symmetrically around the middle of
the simulation box. Both have been extracted on the XRMS
image and on the non-magnetic image, and the four corre-
sponding traces are plotted in Fig. 10.(b). As must be the case,
the magnetic traces are opposite. Moreover, we can observe
a significant phase shift between the latter and the profiles on
the non-magnetic image. However, it is not found constant
across the simulated oscillations; typical estimates are 60° to
80°.

At this stage, we perform similar simulations at a photon
energy of 60eV in a 1 ym-diameter bead. The vortex ansatz
it hosts has been rescaled accordingly without further mod-
ifications. The results are shown in Fig. 11 similarly to the
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FIG. 10. (a) Zoom-in on Fig. 9.(c); the red lines indicate the profiles
taken across this image. (b) Green dashed and purple full curves:
profiles extracted from the lines drawn in (a). Full black and dashed
blue curves: corresponding profiles extracted from the non-magnetic
image.

previous ones. An important conclusion from the simulated
XRMS-PEEM image is the change of sign of contrast for the
fringes outside the shadow compared to the L3 edge simu-
lations. This stems directly from the opposite signs of AS
[31, 60], and is in agreement with the change observed on the
bead from Fig. 5.(e-f) when moving to the Co M> 3 edges.

(@) 2500
~ 2000 0.10
€ 1500
< 1000 0.05
> 500
o 2000 4000 6000 8000 0.00
Z (nm)
(b) 2500 0.6
—~ 2000
€ 1500 "
< 1000
X 500 '
o 2000 4000 6000 8000 '
Z (nm)

0 ——
0 2000 4000 6000 8000

Z (nm)

FIG. 11. (a) View from the side of the simulated sample at 60eV,
in terms of averaged linear attenuation coefficient. (b) computed
PEEM-like image considering charge scattering only; here the in-
tensity scale is linear. (b) XRMS pattern computed as normalized
difference between PEEM-like images for opposite polarisations.



IV. Conclusion

In the course of this work, we have performed magnetic
imaging using X-ray PEEM and observed small-angle X-ray
Resonant Magnetic Scattering at the Co My 3 edges. These
experiments have been carried out on three-dimensional ob-
jects, namely Co;_,Gd, beads, which we have taken care
to characterize beforehand, including with more conventional
L3-edge (shadow) XMCD-PEEM. Combined with the pristine
metallic character of Co revealed by XAS, this first imaging
scheme has confirmed the suitability of this sample for an in-
vestigation of M-edge XRMS. Indeed, the vortex-like config-
urations that have been evidenced both from direct XMCD-
PEEM views and from the telltale shadow contrast ensure that
the incoming X-rays probe opposite projections of magneti-
zation. Our expectation was therefore to find an asymmetry
in the pronounced Fresnel diffraction at the Co My 3 edges.
After careful image analysis, a plausible contrast has been ex-
tracted; its magnetic origin is supported not only by its de-
crease above the absorption edge but also by our modelling.
Coarse as the latter may be, it does hint at the same asym-
metry as in our experiments. Unfortunately, our numerical
simulations indicate that an accurate measurement and inter-
pretation of the XRMS pattern’s phase shift with respect to
the non-magnetic fringe pattern requires more than the sim-
ple analytical model we presented. On the other hand, our
Ls-edge shadow XMCD-PEEM results suggest that small-
angle XRMS can be sizeable and affect non-negligible parts
of the shadow area [29], thus compromising efforts towards
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e.g. shadow XMCD-PEEM-based vector magnetic tomogra-
phy using laminography [15].

However, it must be kept in mind that the photon-in,
electron-out scheme is not the only one available in an X-
ray PEEM. Indeed, the reflection geometry and CDI phase
retrieval approaches have recently been successfully demon-
strated on artificial spin ice systems [37]. It stands to reason
that the difficulty in reaching sufficient oversampling may be
drastically suppressed by utilizing XRMS at M edges com-
pared with L edges of 3d magnetic transition metals. In
this respect, our investigation shows that magnetic contrast at
this energies can already be accessed in the Fresnel diffrac-
tion of 3D samples, despite instrumental challenges which
are specific to the electron imaging. Therefore, a longer-term
prospect of this study is M-edge CDI in a reflection geometry.
In addition to the possibilities of imaging under field [37], a
very efficient use of photons can be foreseen thanks to the in-
creased X-ray coherence as well as the absence of resolution
degradation at large flux [42]. Finally, the strong absorption is
expected to be beneficial in the study of (ultra-)thin films, for
which X-ray PEEM provides a valuable sensitivity to in-plane
magnetization.
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