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DEMETER is a soft X-ray beamline at the SOLARIS National Synchrotron Radiation Centre, designed
for high-resolution studies of magnetic materials using tunable, variable-polarization radiation in the
100-2000 eV range generated by an elliptically polarizing undulator. The beamline consists of two com-
plementary end-stations, i.e., (i) a spectroscopic photoemission and low-energy electron microscope,
and (ii) a scanning transmission X-ray microscope. The capabilities of the beamline are demonstrated
through studies of X-ray magnetic circular and linear dichroism in NiO layers grown on Fe3Oy4, revealing
element-specific magnetic contrast and interfacial coupling. Furthermore, investigations of strontium
hexaferrite nanostructures using a scanning transmission X-ray microscope enable spatially resolved
analysis of magnetic domains and chemical composition. These examples illustrate DEMETER’s ca-
pability for probing magnetic order and nanostructure with high spatial and spectral resolution. The
beamline, operated in collaboration with the Jerzy Haber Institute of Catalysis and Surface Chemistry
of the Polish Academy of Sciences and the AGH University of Science and Technology, provides a ver-
satile platform for advanced research in nanoscience and magnetism.
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1. Introduction

Magnetic materials and nanoscale surface phe-
nomena play a central role in a wide array of
contemporary technologies, from spintronics [1-3]
to catalysis [4, 5] and quantum materials [6, 7].
The ability to probe magnetic order, domain struc-
tures, and chemical heterogeneity with high spatial
and energetic resolution is essential for understand-
ing and engineering these complex systems. The
DEMETER beamline at the SOLARIS synchrotron
has been purpose-built to meet these demands, of-
fering state-of-the-art experimental capabilities for
surface-sensitive imaging and spectroscopy using
soft, X-rays.

At the heart of the DEMETER beamline is an
elliptically polarizing undulator (EPU), which de-
livers high-brightness, variable-polarization radia-
tion across a wide energy range (100-2000 eV).
This allows for resonant excitation at absorption
edges relevant for chemical and magnetic contrast,
such as those of 3d transition metals and rare-earth
elements. The beamline comprises two end-stations,
which are tailored to different yet complementary
measurement strategies. The first system, a spec-
troscopic photoemission and low-energy electron
microscope (SPELEEM), integrates a photoemis-
sion electron microscope (PEEM) with a low-energy
electron microscope (LEEM) [8, 9], enabling real-
time imaging of nanostructured surfaces over a
wide temperature range (from —160°C to 1200°C).

S174


http://doi.org/10.12693/APhysPolA.149.S174
mailto:anna.mandziak@uj.edu.pl

DEMETER — Soft X-Ray Micro-Spectroscopy Beamline at. . .

0 5 10 15

b L L 1 . ! L L L o 1 L Lo Iommmbmmwwonk

20 25 30
IewomkomkkOwk b1

© (12)  (1345) (1416) (151) (166)

EPUsource T Z { { /

m
(221) (24.1) (275) (30.1) (311)

focusing mirror

" e indri STXM
< S —8 (cylindrical) |
collimating mirror v ﬂ = endstation
(toroidal) ; l.' i
. focusing mirror g
plane grating (cylindrical) 0l

monochromator

Fig. 1. General layout of the DEMETER beamline.

The second system, a scanning transmission X-ray
microscope (STXM), enables high-resolution chem-
ical mapping in transmission mode with advanced
detection schemes [10].

The DEMETER beamline operates as a part of
a collaboration between the Jerzy Haber Institute
of Catalysis and Surface Chemistry of the Polish
Academy of Sciences and the AGH University of
Science and Technology. This partnership not only
ensures the continuous development and expert op-
eration of the beamline but also offers users access
to complementary analytical tools, such as mag-
netotransport and magneto—optical measurements
under extreme conditions. Together, the infrastruc-
ture and scientific support provided by DEMETER
establish it as a unique and powerful tool for ex-
ploring magnetic phenomena and materials at the
nanoscale with unparalleled precision.

2. DEMETER beamline

The DEMETER beamline is partly a “second-
hand” installation, as several of its optical compo-
nents originate from the former 11011 beamline at
MAX II — specifically, the undulator, monochro-
mator, and toroidal and cylindrical mirrors. After
being transferred to SOLARIS, these elements
were refurbished, optical elements were repolished,
and integrated into the DEMETER beamline [11].
At present, DEMETER is the only beamline at
SOLARIS equipped with two independent branches
serving two experimental end-stations [12].
A schematic overview of the beamline is shown
in Fig. 1.

The synchrotron radiation for the DEMETER
beamline is generated by an elliptically polarizing
undulator (EPU) installed in the storage ring. This

exit slit ) . i

refocusing mirror j:“\
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refocusing mirror  endstation
(ellipticatl)

device delivers soft X-rays across a broad energy
range (100-2000 eV) with variable polarization —
linear (vertical and horizontal), circular, or ellipti-
cal — achieved by adjusting the phase of its magnet
sub-girders. Such flexibility is especially valuable
for X-ray magnetic dichroism and other element-
specific techniques, allowing sensitive probing of
magnetic and electronic properties in both bulk and
nanoscale materials.

The EPU has a total length of 2.14 m and a
period length of 46.6 mm. Its high photon flux en-
ables measurements on dilute magnetic samples and
nanostructures. The third harmonic of the undula-
tor radiation covers the full range of L edges of the
3d transition-metal series, providing direct access to
technologically important materials.

After leaving the undulator, the first optical
element in the experimental hall is a toroidal col-
limating mirror that minimizes astigmatism, col-
limates the beam for the monochromator optics,
and focuses the beam horizontally at the position of
the exit slits. Next comes a collimated plane grat-
ing monochromator (cPGM), consisting of a plane
mirror and three exchangeable diffraction gratings
(i.e., 336, 1221, or 1400 1/mm). This setup pre-
serves the polarization state while providing precise
energy selection anywhere within the 100-2000 eV
range. By balancing the monochromator parame-
ters, the beamline achieves a resolving power of
about 8000 with flux at the sample of roughly
10! photons/s.

Downstream, cylindrical focusing mirrors direct
the beam toward one of two experimental sta-
tions, namely a photoemission electron microscope
branch or a scanning transmission X-ray micro-
scope branch. Only one branch receives the pho-
ton beam at a time, and the optical configuration
is adjusted accordingly to maintain high flux and
resolution at the sample position. Additionally, for
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Fig. 2. Measured Nz gas spectrum at the N
K edge, with an exit slit opening of 10 pum and
cff = 2.25 (a). Dependence of the resolving power
on the slit size for each grating (b).

the SPELEEM end-station, a Kirkpatrick—Baez re-
focusing optics is installed to improve the mainly
horizontal beam spot at the sample position.

Both experimental branches are equipped with
vertical and horizontal exit slits, enabling indepen-
dent control of beam size and energy resolution.
The maximum illuminated area on the sample can
reach 100 x 300 ym? or 300 ym in diameter, allowing
for experiments ranging from high-resolution imag-
ing to spatially averaged measurements. To evaluate
the energy-resolving power, X-ray absorption spec-
tra (XAS) of different gases were recorded using a
gas cell permanently installed in the beamline di-
rectly after the exit slit. Figure 2a shows the nitro-
gen K edge spectrum of Ny, corresponding to the N
1s — m transition near 400 eV. The measurement
was carried out with cff = 2.25 and an exit slit width
of 10 ym. The absorption peaks were modeled us-
ing Voigt profiles, obtained from the convolution of
a Lorentzian function (representing the finite life-
time of the N 1s core hole) and a Gaussian function
(representing the instrumental energy bandwidth).
The spectrum was fitted with six Voigt functions,
where the lifetime broadening was fixed at 112 meV,
consistent with the values reported in the litera-
ture [13]. From the fit, a Gaussian full width at half
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Fig. 3. Flux measured at the sample position for

(a—c) different polarization settings and harmonics.

maximum (FWHM) of 50 meV was extracted, yield-
ing a resolving power of 400 eV /50 meV = 8000. The
measured Ny gas spectrum and the dependence of
the resolving power on the slit size for each grating
are shown in Fig. 2b.

The photon flux at the sample position, measured
with an absolute extreme ultraviolet (AXUV) pho-
todiode, reaches values of 10°-10'2 photons/s un-
der typical operating conditions (400 mA storage
ring current, 40 pm exit slit, and optimized cff for
each grating: 336, 1221, and 1400 1/mm); see Fig. 3.
The combination of high flux, tunable polariza-
tion, and broad energy control makes DEMETER
a versatile and powerful instrument for nanoscale
studies of element-specific magnetic and electronic
structures [14].
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(a) Schematic drawing of the SPELEEM setup. (b) Photo of the SPELEEM microscope installed at

the DEMETER beamline. The colors indicate the most important parts of the microscope: green — preparation
chamber (PCH), red — main chamber (MCH) with objective lens and sample, and blue — illumination and

imaging column (COL).

2.1. Photoemission electron microscopy (PEEM)

Photoemission electron microscopy (PEEM) is
a high-resolution imaging and spectroscopic tech-
nique that provides unique insight into the surface
morphology, electronic structure, chemical compo-
sition, and magnetic properties of materials at the
nanometer scale. It has become a key tool for study-
ing magnetic thin films, nanoscale structures, and
spin textures, particularly in the context of func-
tional materials and nanomagnetism [8, 9, 15].

Operating within the framework of cathode lens
microscopy, PEEM uses the sample surface as the
electron emitter under soft X-ray illumination. The
emitted low-energy electrons are accelerated and
guided through an electron optical column before
being projected as an image onto a detector system.
This setup enables the combination of high spatial,
energy, and angular resolution, making it possible
to directly visualize nanoscale processes and corre-
late them with electronic and magnetic properties.

A defining strength of PEEM lies in its abil-
ity to provide element-specific magnetic con-
trast using polarized synchrotron radiation. Tech-
niques such as X-ray magnetic circular dichro-
ism (XMCD) and X-ray magnetic linear dichro-
ism (XMLD) allow researchers to directly image
ferromagnetic and antiferromagnetic domains, re-
spectively, with nanometer precision. Beyond mag-
netism, PEEM also enables microspectroscopy and
micro-diffraction, linking real-space imaging with
detailed information about local electronic struc-
ture and crystallography.

Since 2023, the instrument has been further ex-
panded with an electron gun and beam separator,
enabling low-energy electron microscopy (LEEM).
This complementary mode allows for topographic
and structural imaging of surfaces, thin films, and
interfaces, broadening the scope of investigations

beyond photon-induced processes [16, 17]. The cur-
rent layout of the microscope and its location at the
DEMETER beamline are shown in Fig. 4.

By combining imaging, spectroscopy, and diffrac-
tion in a single platform, PEEM offers a uniquely
powerful approach to exploring the interplay be-
tween structure, chemistry, and magnetism at the
nanoscale. Its versatility makes it indispensable for
research in spintronics, correlated electron systems,
and advanced functional materials.

2.2. Scanning transmission X-ray
microscope (STXM)

The second end-station installed at the separate
branch of the DEMETER beamline is a scanning
transmission X-ray microscope, which produces mi-
croscopic images of samples by raster-scanning
them and detecting the intensity of transmitted
X-rays.

A central element of the microscope is the Fres-
nel zone plate — a diffractive lens that focuses the
monochromatic X-ray beam. An aperture blocks
unwanted diffraction orders, while the sample is
placed in the lens focus and scanned with high pre-
cision using a piezoelectric stage. The transmitted
X-rays are usually detected with a fast photodiode
or with a more sensitive photomultiplier when sig-
nals are weak. The general layout and central part
of the STXM are presented in Fig. 5.

Because soft X-rays are absorbed in air, the
microscope operates in a vacuum. For delicate
samples, a helium atmosphere or thin membrane
enclosures can be used. Samples must be of suitable
thickness to provide measurable absorption contrast
and are often prepared on silicon nitride membranes
or electron microscopy grids, or thinned with micro-
tomy or focused ion beam techniques [10, 18].
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Fig. 5. (a) Schematic drawing of the STXM setup.
(b) Inner part of the STXM microscope installed at
the DEMETER beamline.

The spatial resolution typically ranges from 20 to
100 nanometers, limited by the focusing properties
of the Fresnel lens. One key measurement mode is
the “image stack,” where images are collected across
a range of photon energies. This allows for the ex-
traction of local absorption spectra and detailed
chemical mapping at the nanoscale.

An additional advantage of the microscope is
the ability to use variable polarization of the syn-
chrotron beam, enabling magnetic contrast imaging
through techniques such as X-ray magnetic circular
dichroism. For example, magnetic domains in thin
Nd-Fe—-B layers can be visualized by comparing im-
ages taken with left- and right-circularly polarized
light.

3. Results

3.1. Magnetic imaging using PEEM

To highlight the capabilities of the photoemission
electron microscope (PEEM) at the DEMETER
beamline, a series of experiments was carried out
on magnetic materials. Since PEEM is an emission-
based technique, it imposes specific requirements on
sample properties — a conductive surface is essen-
tial to allow for efficient photoelectron emission and
stable imaging conditions. Insulating samples typ-
ically require the addition of a conductive coating
to prevent charging effects.

The modification of the interfacial magnetic
structure in the oxidic heterosystem Fe304/NiO is
of considerable interest due to the contrasting elec-
tronic and magnetic properties of the two oxides.
Fe304 is a ferrimagnetic half-metal with a high
Curie temperature (858 K), while NiO is a pro-
totypical antiferromagnetic insulator. Their inter-
face provides a model system for exploring exchange
coupling, spin alignment, and proximity-induced ef-
fects, which are relevant for spintronic applications.
Notably, the Fe304(001) surface has been widely
investigated in the past and is known to exhibit
a well-defined surface reconstruction, making it a
reliable template for epitaxial NiO growth.

3.1.1. Prior studies on Fes04(001)/NiO

Several studies have explored the structural
and magnetic properties of NiO films grown on
Fe304(001) [19-21]. Early work demonstrated that
ultrathin NiO adopts the in-plane lattice symme-
try of the magnetite substrate, leading to epitaxial
strain that influences the orientation of the anti-
ferromagnetic spin axis [22]. X-ray dichroism mea-
surements revealed the presence of uncompensated
Ni spins at the interface, which couple to the ferri-
magnetic FesO,4 and contribute to the exchange bias
phenomena [23]. More recent investigations have fo-
cused on the role of finite-size effects in NiO, show-
ing that the thickness-dependent stabilization of
antiferromagnetic domains is strongly influenced by
the magnetite substrate [20]. Together, these studies
establish Fes04(001)/NiO as a prototypical system
for investigating the interplay of strain, symmetry,
and interfacial exchange interactions in oxide
heterostructures.

3.1.2. Sample preparation

Synthetic single crystals of magnetite (Fe3Oy,),
oriented and polished to expose the (001) sur-
face, were used as substrates. To achieve a sto-
ichiometric and well-ordered template, the sub-
strates were prepared closely following established
procedures [24], which involve repeated cycles of
Ar™ ion sputtering (1 keV) and annealing in an
oxygen atmosphere (1075 mbar) at 900-1100 K.
Consistent with earlier study [25], this treatment
yields a characteristic surface reconstruction asso-
ciated with a surface termination that alternates
between octahedral (B) and tetrahedral (A) sites.
The structural and electronic quality of the sur-
face was verified in situ by X-ray absorption spec-
troscopy and X-ray magnetic circular and linear
dichroism. The stoichiometry was assessed by com-
paring the experimental spectra with multiplet cal-
culations of Fe?™ and Fe3' in tetrahedral and
octahedral coordination, using the Fe Lj3 region,
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where the agreement is typically most reliable [26].
In Fig. 6a, the spectra of Fe L3 » taken with opposite
circular polarizations are shown. The characteristic
three-peak structure is quite clear in the XMCD
signal, which confirms the stoichiometric character
of the surface.

Subsequently, NiO was deposited by molecular
beam epitaxy (MBE) at room temperature at an
oxygen background pressure of 107® mbar. The
molecular beam was directed perpendicular to the
surface in order to minimize deposition-induced
anisotropies. To stabilize the antiferromagnetic do-
main state of NiO, the sample was heated to 573 K
after deposition, i.e., above the bulk Néel tempera-
ture of NiO (523 K). The magnetic ordering of NiO
strongly depends on film thickness; ultrathin films,
such as a single monolayer on Ag(100), have been re-
ported to exhibit antiferromagnetism only well be-
low room temperature, whereas thicker layers can
sustain it at ambient conditions [27]. In the present
work, we deposited 10 monolayers of NiO, ensuring
— based on previous studies by Krug et al. [19] —
that a pronounced magnetic contrast is obtained.
To directly probe the antiferromagnetic character
of our films, we performed XAS microspectroscopy
at the Ni Lo edge. The spectra shown in Fig. 6b ex-
hibit the characteristic double-peak structure; im-
portantly, for both polarizations, the intensity ra-
tio between the first and second peak deviates from
unity, providing clear evidence of the presence of a
magnetic signal at the surface [19, 20].

To elucidate the magnetic domain structure, we
acquired XMCD-PEEM images for each compo-
nent using both circular and linear polarization.
The images were recorded at the energy of the first
maximum of the Fe XMCD spectrum, where the
magnetic contrast is the strongest. At the Ni edge,
XMCD was measured at the L3 edge, while XMLD

(a)

./ NixFe1-x04

: Fe;0,
2um
Fig. 7. (a) XMCD-PEEM image of the
Fe304(001) surface acquired at Fe L3 edge.

(b) XMCD-PEEM image at the Ni L3 edge. (c)
XMLD-PEEM image taken with linear vertical
polarization at two energies corresponding to two
peaks at the Ni Ly edge. (d) Schematic drawing of
the studied system.

images were collected at two energies corresponding
to the two peaks of the Ni Ly edge and combined
to obtain the dichroic signal. The Ni XMCD con-
trast closely mirrors that of Fe, indicating strong
coupling between Ni and Fe moments at the in-
terface. This suggests that interfacial mixing or
hybridization mediates exchange interactions across
the NiO/Fe304 boundary. As shown in Fig. 7, the
(001) surface of magnetite exhibits its character-
istic rib-like domain morphology, with elongated
domains running along the crystallographic direc-
tions and forming a stable, labyrinthine network.
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3.2. Magnetism in STXM

Although a scanning transmission X-ray micro-
scope (STXM) at the beamline is not fully dedi-
cated to magnetic studies, it is nonetheless capable
of imaging the magnetic domains. The main con-
straint is the sample thickness, which must be
suitable to ensure sufficient beam transmission. For
transition-metal edges (600-1000 €V), this typically
corresponds to thicknesses of only a few tens of mi-
crometres. One of the main advantages of STXM is
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Fig. 8. (a) Absorption line scan (top) and cor-
responding absorption spectra (bottom) from
the single-domain area marked in panel (b).
(b) XMCD-STXM image of the SFO nanodots
measured at the Fe L3 edge (707.6 eV). This
image was obtained by subtracting two optical-
density (OD) images acquired with opposite photon
polarizations.

that it fills the gap left by PEEM due to geometric
limitations. In PEEM, the nearly grazing-incidence
geometry makes the technique more sensitive to in-
plane magnetic contrast. In STXM, the beam im-
pinges at normal incidence, making it sensitive to
out-of-plane magnetic contrast and therefore par-
ticularly well suited for studying samples with per-
pendicular magnetic anisotropy (e.g., skyrmions).
At present, magnetic samples can only be stud-
ied in remanence, as there is no possibility to ap-
ply a magnetic field in situ. In the future, we plan
to extend the capabilities of STXM by installing a
rotatable sample stage to investigate in-plane mag-
netic domain distributions at different angles, as
well as a magnetic coil for in-situ magnetic-field
applications.

As an example of STXM application, we have in-
vestigated strontium hexaferrite (SrFej2019, SFO)
nanoparticles exhibiting perpendicular magnetic
anisotropy. Samples consisted of nanoparticles with
diameters ranging from ~ 2 to 50 nm. For these
measurements, the particles were dispersed in
ethanol and deposited on commercially available sil-
icon nitride membranes, which provide ideal sup-
port for transmission studies of this type. The
STXM sample holder accommodates up to seven
specimens simultaneously within the microscope
chamber; in this study, three different nanoparti-
cle size fractions were mounted side by side to en-
able direct comparison of their magnetic behavior.
In addition to high-resolution imaging, the STXM
setup also enables acquisition of X-ray absorption
spectra from selected points of interest. For exam-
ple, XAS spectra at the Fe Ls edge were recorded
from single locations on the sample to verify the
photon-energy calibration and to assess the local
chemical state prior to imaging. Figure 8a presents
a partial XAS spectrum for one helicity of the syn-
chrotron light, revealing the characteristic Fe L3
double-peak structure typical of SFO. To obtain
the XMCD-STXM image, two images with opposite
helicities were acquired at the energy correspond-
ing to the first peak of the L3 edge (determined
from reference data). The obtained dichroic im-
age (Fig. 8b) exhibits clear magnetic contrast from
the SFO nanoparticles [28, 29|, demonstrating the
sensitivity of this technique even with the present
limitations.

The spatial resolution in these measurements
was determined by the Fresnel zone plate used in
the experiment, which provided a nominal resolu-
tion of ~ 25 nm (equivalent to roughly 2-3 pixels
spanning this distance). Although the current
STXM configuration imposes certain constraints on
magnetic measurements, these results indicate its
potential for nanoscale magnetic imaging. Planned
upgrades — including improved optics, rotatable
sample stages, and in-situ magnetic-field capabili-
ties — are expected to significantly extend the per-
formance of the microscope and broaden the appeal
to a wider user community.
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4. Conclusions

The DEMETER beamline at the SOLARIS syn-
chrotron provides complementary surface-sensitive
and transmission-mode soft X-ray microscopes for
element-specific imaging and spectroscopy of mag-
netic and electronic structures. Using PEEM,
we demonstrated high-resolution visualization of
magnetic domains and extraction of quantitative
parameters such as domain wall widths in oxide
heterostructures. With STXM, single-point XAS at
the Fe L3 edge verified photon-energy calibration
and chemical state, while XMCD-STXM images
revealed clear out-of-plane magnetic contrast from
SrFe 5,019 nanoparticles at a nominal spatial resolu-
tion of 25 nm. Although STXM currently operates
only in remanence, planned upgrades (a rotatable
stage and in-situ magnetic-field capabilities) will ex-
pand its functionality. Together, these features es-
tablish DEMETER as a versatile and powerful plat-
form for nanoscale studies of magnetic materials
and surface phenomena.
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