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2 Summary

MUMAGI Il dealt with the investigation of ferromagnetic onsets in prototype binary alloy sys-
tems. A ferromagnetic onset can be triggered in a paramagnetic or anti-ferromagnetic system
through changes to the lattice ordering.

In the first funding round (2017 — 2020), ferromagnetic onsets driven by chemical disordering
in B2 FeeoAlso as well as static disorder in B2 FesoRhso were explored through comprehensive
structural, magnetometry as well as spectroscopic observations. In the second funding round
(2020 — 2024), the knowhow was exploited, for instance to generate nanoscale magnetic mod-
ulations over large areas using chemical as well as static disorder, and for in situ tracking of
anomalous Hall resistivity during chemical disordering.

Furthermore, a different path to realizing ferromagnetic onsets was demonstrated, where in-
stead of disordering, the lattice ordering of an initially short-range ordered FegoVao alloy film
generates ferromagnetism. Regardless of the lattice (dis)ordering path, the ferromagnetic on-
sets can be triggered either by ion-irradiation or by single femtosecond laser pulses, thus the
regions possessing the onsets are spatially confined to the respective ion/photon-matter inter-
action volumes.

A broad picture emerges, where several pathways for realizing ferromagnetic onsets are ex-
ploited for applications such as nanoscale magnetic patterning and spin-transport, as well as
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for obtaining fundamental insights into the correlation between the atomic arrangement and
the magnetic behaviour, providing the impulse for discovering further alloy systems for mag-
netic manipulation through atomic displacements.

Zusammenfassung

MUMAGI Il befasste sich mit der Untersuchung ferromagnetischer Ordnungsbildung in proto-
typischen binaren Legierungssystemen. Ferromagnetismus kann in einem paramagnetischen
oder antiferromagnetischen System durch Anderungen der Gitterordnung entstehen.

In der ersten Forderperiode (2017 — 2020) wurde die ferromagnetische Ordnungsbildung, die
durch strukturelle, chemische Unordnung in B2 FegoAls sowie statische Unordnung in B2
FesoRhso verursacht werden, durch umfassende strukturelle, magnetische und spektroskopi-
sche Beobachtungen erforscht. In der zweiten Forderperiode (2020 — 2024) wurde das ge-
wonnene Know-how genutzt, um beispielsweise nanoskalige magnetische Modulationen tber
grol3e Flachen mittels chemischer und statischer Unordnung zu erzeugen und den anomalen
Hall-Widerstand wéahrend chemischer Unordnung in-situ zu verfolgen.

Darlber hinaus wurde ein alternativer Ansatz demonstriert, bei dem die Ordnung des Gitters
eines zunachst kurzreichweitig geordneten FesoVao-Legierungsfilms Ferromagnetismus er-
zeugt. Unabhangig vom Pfad der Gitter(un)ordnung kann Ferromagnetismus entweder durch
lonenbestrahlung oder durch einzelne Femtosekunden-Laserpulse ausgeldst werden. Die fer-
romagnetischen Bereiche sind somit rAumlich auf die jeweiligen lonen-/Photonen-Materie-
Wechselwirkungsvolumina beschrankt.

Es ergibt sich ein umfassendes Bild, in dem verschiedene Wege zur Realisierung ferromag-
netischer Ordnungsstrukturen fir Anwendungen wie magnetische Musterbildung im Nano-
mafstab und Spintransport genutzt werden kénnen. Dariiber hinaus werden grundlegende
Erkenntnisse zum Zusammenhang zwischen atomarer und magnetischer Ordnungsbildung
gewonnen. Diese geben Impulse zur Entwicklung weiterer Legierungssysteme fiir die magne-
tische Manipulation durch atomare Verschiebungen.

3 Progress Report

Ferromagnetic onsets can be realized in non-ferromagnetic alloys through atomic displace-
ments. In the preceding DFG funded project, MUMAGI, ferromagnetic onsets in the paramag-
netic B2 FeegoAlso as well as antiferromagnetic B2 FesoRhso alloys were explored through ob-
servations primarily of the magnetic behaviour. The outcomes provided the basis for MUMAGI
I, where the scope of the investigations was broadened to ferromagnetic onset emerging from
a different mechanism, namely, lattice ordering due to atomic displacements. The prototype
system, demonstrated within this project, is the FegVao alloy. Here lattice ordering within the
initially paramagnetic short-range ordered alloy is induced through atomic displacements, lead-
ing to the onset of ferromagnetism [Anwa2022].

Taken together, the three prototype systems named above provided a tool-kit for the manipu-
lation of magnetism and transport through variations to the lattice order. Changes to the lattice
order have been confined to the nanoscale, through focussed ions as well as femtosecond
laser beams, thereby providing a convenient, commercially applicable, path to the production
of nanoscale magnets and magnetic modulations. The scope of MUMAGI Il can be sub-divided
into three major research lines: i) understanding ferromagnetic onsets through spectroscopy,
i) producing nanoscale magnetic modulations iii) tracking transport properties during the fer-
romagnetic onset. A further category iv) other associated outcomes, that were not anticipated
at the time of proposal, will also be discussed.
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The HZDR and UDE teams collaborated closely on all of the above. The research lines are
indeed interlinked; thus, a continuous exchange of knowhow was necessary and could be
maintained through regular meetings, both online and in-person as well as joint beamtimes at
synchrotron sources (BESSY, PETRA) as well as at the ELBE and lon Beam Centre facilities
of the HZDR. Thin-films preparation as well as ion-irradiation were performed by the HZDR
team. The spectroscopy investigations, in particular using the EXAFS and XMCD techniques
were led by the UDE team. Part of the thin-films preparation (FesoRhso) as well as theoretical
inputs were obtained through external collaborations, including Prof. Thomas Thomson (Man-
chester University, UK) and Prof. Yanning Zhang (UESTC, China). Selected outcomes of
MUMAGI Il are described below:

i) Understanding ferromagnetic onsets through spectroscopy

Ferromagnetic onsets provide a wide variety of options for spectroscopic investigations. Ob-
servations of the local Fe — and V- environments during the lattice re-ordering of short-range
ordered FegoVao revealed that with increasing atomic displacements, formation of the Fe sub-
lattice is shown to precede the V sub-lattice [Raul2024]. These insights were achieved using
extended X-ray absorption fine structure (EXAFS) spectroscopy at the Fe and V K-edges.
Measurements were led by the UDE group at the PETRA Ill synchrotron facility’s beamline
P65. Samples consisting of 40 nm thick FegoVao films grown on SiO; buffered Si substrates
were prepared by magnetron sputtering by the HZDR group. Films were grown at 300 K as
well as at 573 K, to obtain different initial states of short-range ordering. lon-irradiation using a
broad-beam of 25 keV Ne*-ions at varying fluences was performed at the lon Beam Centre of
the HZDR, to produce a sample set where the short-range ordered FesVao gradually trans-
forms to the BCC phase (Fig. 1, schematic). In addition to the local environments, the presence
of mono-vacancies was confirmed, and their evolution with increasing atomic displacements
probed using positron annihilation performed at the HZDR.

The difference in the local environments of the fully transformed, BCC FesoV40 and the SRO
FesoVao films is immediately apparent in the EXAFS spectra (Fig. 1a), where the BCC structure
leads to well-defined intensity oscillations, over a wide photon energy range. Oscillations ob-
served on the as-grown FegoV4o film indicates the presence of SRO. The oscillations in the
energy spectrum can be analyzed by plotting the k-weighted spectral lines (Fig. 1b — d) during
various stages of the SRO to BCC transition. Fourier transforms of the k-weighted spectra (Fig.
le - g) yields the real-space distribution of resonances centered around the Fe and V atoms.
The experimental observations are replicated by starting with approximate models of the sys-
tem and calculating the resulting spectra which is feedback for refining the structural model,
thus converging to the local structure of the FesoV4o alloy during the lattice ordering.

The above observations revealed that the final lattice ordering in FesoVeo depends on the initial
degree of SRO, which varies with the growth temperature. Fewer atomic displacements are
necessary to generate lattice ordering in the films grown at 573 K, compared to the films grown
at 300 K. In a separate study, films grown at 573 K possess a higher saturation magnetization,
Ms, than those grown at 300 K, after correcting for the BCC volume [Anwa2022]. EXAFS
measurements show that the BCC structure of the 573 K grown films possesses a higher de-
gree of ordering and is consistent with the higher Ms. Furthermore, the 573 K grown films are
more sensitive to atomic displacements forming the BCC lattice at lower ion-fluences, con-
firmed by the EXAFS. Intriguing differences in the rates of Fe- and V- sub-lattices were ob-
served, as a step towards understanding the mechanism of the SRO to BCC transition.

In addition to the effect of atomic displacements, the effect of alloy composition has also been
experimentally investigated. Films were prepared using molecular beam epitaxy at the UDE
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group, where an enriched *’Fe source was used, for enhancing the Mossbauer intensity. Fig-
ure 2 shows results of conversion electron Mdssbauer spectroscopy (CEMS) on Fe1xVx alloys
with x varied in steps of 0.1 or lower. As X is increased, the sextet of lines due to hyperfine
splitting continues to be observed before vanishing at x = 0.4 (Fig. 2a). Analysis of the sextet
intensities shows a gradually decreasing hyperfine field, Bur, that shows a sharp decrease
between x = 0.35 and x = 0.4 (Fig. 2b). The isomer shift (IS) can be extracted for all spectra,
showing a negative value that linearly decreases with increasing x, however deviating from the
linear trend, for 0.35 < x < 0.6 (Fig. 2c¢). In this range, corresponding to the presence of SRO
Fe-V the IS values fall even lower than the linear trend. The pronounced negative IS suggest
an increased electron density surrounding the °Fe nuclei in the SRO regime.
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Figure 1: Short-range order (SRO) to body-centred-cubic (BCC) transformation under ion-irradi-
ation, shown schematically on the top-left. a) Extended X-ray absorption fine structure (EXAFS) of the
SRO and BCC FeeoVao films at the Fe K-edge. The as-grown 40 nm thick FesoV4o films are short-range
ordered, and were irradiated with Ne*-ions at 25 keV. The k-weighted spectral lines (b - d) are shown
for FeeoVao films, grown at 300 and 573 K and irradiated with increasing ion-fluences. The corresponding
Fourier transforms are shown in e -g). Adapted from [Raul2024].

Spectroscopic probing of ferromagnetic onsets in the other prototype alloys were also pursued,
following the same working-structure as above, with the UDE group in the lead. Observations
of the local environment during the lattice disordering of B2 FegoAlso were reported within the
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previous funding round. In MUMAGI II, the spectroscopic investigations were pursued using
X-ray Circular Magnetic Dichrosim (XMCD) [Smek2024] as well as Nuclear Resonant Reflec-
tivity (NRR) [Andr2021].
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Figure 2: Composition dependence of Mdssbauer spectra in Fei1xVx films grown using MBE. a)
The CEMS spectra as a function of x, showing the evolution of the sextet (x = 0) to a single absorption
line for x > 0.4. The composition dependence of the hyperfine field (b) and the isomer-shift (c) are shown
[S. Rauls et al., in preparation].

i) Producing nanoscale magnetic modulations over large areas

Ferromagnetic onsets can be exploited to produce nanoscale magnetic modulations as well
as nanoscale single objects. This was realized by ion-irradiation at the HZDR, on thin films
covered with shadow masks. Two different types of shadow masks were applied, a) resist
masks prepared by e-beam lithography and b) self-assembled polystyrene nanospheres as
shadow masks. The schematic in Figure 3 depicts the resist masks prepared using e-beam
lithography at Manchester University. Here, B2 FesoRhso was selected since it shows a transi-
tion from the initial antiferromagnetic state to the ferromagnetic as the temperature exceeds
380 K. The system returns to antiferromagnetic state upon cooling. On the other hand, small
atomic displacements causing static disorder in the B2 structure leads to a ferromagnetic onset
that is non-volatile. The ion-energies and fluence were selected such that the ferromagnetic
onset is homogeneously distributed through the full 36 nm thickness of the film, based on a
previous work performed using broad-beam ion-irradiation and polarized neutron reflectivity
observations [Grig2020].

Deploying a shadow mask in the form of 100 nm wide resist stripes, separated by 100 nm wide
spacings, a combination of the temperature driven metamagnetic transition as well as the fer-
romagnetic onset were realized on the same chip [Grig2025]. The B2 FesoRhso covered with
the resist mask was irradiated at the HZDR by 25 keV Ne* ions at a fluence of 7.5 x 102 ions
cm?,

As seen in the magnetic force microscopy images of Fig. 3a and b, at 299 K, stray-fields are
emergent only from the 100 nm wide regions penetrated by the Ne*-ions. Stray fields are pre-
sent throughout the sample surface at 433 K i.e., above the transition temperature where the
shadowed regions show the antiferromagnetic to ferromagnetic transition. Observations of the
magnetization were made using spin-polarized X-ray photoemission electron microscopy, car-
ried out at the BESSY Il synchrotron facility. The ferromagnetic stripes are clearly observed,
forming domains with magnetization, m, largely parallel to the stripes, where the red (blue)
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contrast indicates m parallel (anti-parallel) to the incident circularly polarized X-ray beam (Fig.
3c). As the temperature is increased to 470 K, the stripe-like contrast is suppressed (Fig. 3d).
Cooling to below the metamagnetic transition temperature returns the stripe-like magnetic con-
trast (Fig. 3e). Thus a temperature reversible nanoscale magnetic modulation over large areas
is demonstrated.

y (um)

0 5 10 0 5 10

X (um) X (pm) X (pm)

Figure 3: Magnetic pattering of B2 FesoRhso. Static disorder is generated locally by irradiating through
a resist mask (top left). a) Magnetic modulations of 100 nm periodicity are observed in the stray-field
contrast obtained using magnetic force microscopy (MFM). The irradiated regions are ferromagnetic,
whereas the shadowed regions are antiferromagnetic. b) The magnetic modulations vanish at elevated
temperatures as the antiferromagnetic stripes undergo a metamagnetic phase transition, becoming fer-
romagnetic. ¢) Imaging the magnetization, m, contrast (as opposed to stray fields shown in a and b),
where the magnetization of the red (blue) regions are parallel (anti-parallel) to an incident beam of cir-
cularly polarized X-rays at the Fe L2,3 edge. d) The modulations of the m contrast vanishing at elevated
temperatures and e) reappearing during cooling. Adapted from [Grig2025].

Shadow masks can also be generated using other methods, for instance using a self-assem-
bled single layer of polystyrene nanospheres (Nanosphere Lithography). This technique was
applied to 40 nm thick B2 FegoAlso [Zarz2024]. Polystyrene nanospheres contained in droplets
of a carrier solution self-assemble in a hexagonal pattern on the film surface, as the carrier
solution evaporates, performed by colleagues at the IFJ PAN in Poland. The size of the nano-
spheres can be adjusted by subsequent O-plasma etching, thereby giving a masking pattern
of isolated magnetic regions to connected antidots are formed. The films covered by the
shadow masks were irradiated with Ne*-ions at energies adjusted for the nanosphere diame-
ters. Regions penetrated by the Ne*-ions undergo a ferromagnetic onset due to the formation
of the chemically disordered A2 FesoAlso. Here, the emphasis was to observe the slow dynam-
ics of magnetic modulations at low-temperatures, and an exchange spring effect of the ferro-
magnetic regions as well as spin-glass like behavior of the B2 FesoAlao is revealed.

By using a ~ 2 nm diameter Ne*-beam of a gas-field ion-source, available at the HZDR, indi-
vidual magnetic structures can be directly written in a 1-step exposure. In thisway a 5 um x 1
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um ferromagnetic stripe on a B2 FesoAlso disc placed within a micro-resonator [Cans2022].
The focused 25 keV Ne*-beam was rastered over the the 40 nm thick film to reach fluences of
10 ions.nm2, to generate ferromagnetic A2 FesoAlso. After measuring the dynamics at 14 GHz,
the chemically ordered region was milled away using Ne*-ions at 15 keV and high fluences of
7500 ions.nm, to produce a freestanding ferromagnetic stripe. The resonance of the free-
standing and embedded ferromagnetic structures were compared, to identify an anisotropy
component due to the B2 ordered lattice surrounding the A2 structure.

Figure 4: Magnetic writing on SRO FegoVao. A focussed

length = 10 um beam of Ne*-ions at 25 keV is used to locally generate BCC

width FeesoVao, thus writing magnetic stripes of 10 mm lengths and

widths varying from 4 mm down to 25 nm, as indicated. The

contrast indicates the out-of-plane stray fields. The narrowest

stripes in the bottom panel show regions of strong perpendic-

ular stray fields, due to the formation of domain walls. The

colour-scale indicates phase-contrast due to the stray-fields
[S. Anwar et al., in preparation].

4 um

The 1-step writing process can also be applied to SRO
FesoVao0, as shown in Fig. 4. Ferromagnetic stripes of 10
pm lengths and widths of 4 um down to 25 nm, by ras-
tering a 25 keV Ne* beam at fluences of 50 ions.nm.
A geometry dependent evolution of the domain pattern
is observed in the stray-field contrast, with the wider
stripes forming a Landau-like pattern. As the width is
narrowed, a tendency to form a single domain structure
with magnetic poles at each end is observed. However,
in the narrowest stripes, domains with strong perpen-
dicular stray-fields are found, which can be applications
relevant. Furthermore, a single femtosecond laser
pulse also produces ferromagnetic onsets. The changes to the lattice ordering occur through
a different path viz. melting and rapid cooling to form chemical disorder in B2 FegoAlso as well
as structural order in SRO FesoVao [Pflu2024]. This opens a new area for research, where
magnetic modulations can be achieved through laser pulsing.

2.0 um

iii) Tracking transport properties during the ferromagnetic onset

Transport properties can be highly sensitive to lattice ordering, and this was investigated for
the case of B2 FegoAlso. During the early stages of the disordering, the regions possessing the
ferromagnetic onset are spatially inhomogeneous, rendering a sparse regime of ferromagnetic
defects distributed within a paramagnetic matrix. Further disordering leads to the coalescence
of the ferromagnetic regions. The lattice remains conducting throughout the disordering pro-
cess, however the electron scattering is likely to be sensitive to the distribution of the ferro-
magnetic regions. This raises the question, does the electron scattering in the sparse regime
due to the structural defects i.e. lattice disorder alone, and therefore spin-independent, or a
spin-dependent electron scattering is present?

A mesoscopic Hall bar of B2 FegoAlso was patterned onto an SiO» buffers, and the resistivity,
and the anomalous Hall effect (AHE), were tracked in situ irradiation with a focussed Ne*-ion
beam (Fig. 5) [Soro2023]. A home-built sample holder with a permanent magnet was used,
such that a perpendicular magnetic field of 400 mT was present during the measurement.
Electrical probes arranged in the 4-probe as well as Hall geometry were used to measure the
resistivity pxx as well as the Hall resistivity, pxy, respectively. The experiments show an
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unambiguous peak of pyxas well as pxy observed during the early stages of chemical disorder-
ing (Fig. 5a). The peak observed in the AHE provides clear indication of the electron scattering
occurring due to the local magnetic moments of the disordered regions. The increase of the
Pxy VS. Pxx behaviour during the initial disordering (Fig. 5b) suggests an increasing defect con-
centration, and subsequent slope reversal (corresponding to the resistivity peaks) tends to-
wards a clean material, indicating the coalescence of the disordered defect regions.
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Figure 5: In situ observations of transport properties in disordered FesoAls. The set-up is depicted
on the left. A mesoscopic wire of B2 FeesoAlso was irradiated with a focussed beam of Ne* ions at 25 keV.

a) The resistivity pxx and anomalous Hall effect (pxy) as functions of Ne* ion fluence. b) Resistivity vs.
AHE for the data shown in a).

Relevant to applications, the fully disordered A2 FegoAlso can be reordered to the B2 structure
via Joule heating, by increasing the current density. This implies that the material may be useful
for sensing applications, for instance to detect cosmic particles, and returned to the pristine
state for repeat measurements. Furthermore, the theoretical prediction of a large spontaneous
Hall angle of ~ 3 % [Kudrnovsky et al., Phys. Rev. B 101 054437] was confirmed using Andreev
reflection, performed at the Trinity College Dublin [Bori2021]. The spin-pumping applications
of FeesoAlso were also demonstrated [Strus2022].

iv) Other associated outcomes

Research lines i — iii) closely follow the objectives proposed in MUMAGI Il. Further research
outcomes, are summarized below. Detailed investigation of the ferromagnetic onset in the
FeesoVao system formed the basis of a finished PhD thesis [Anwa2022a]. An ongoing PhD the-
sis gives further insights into the changes of the local Fe and V environments during lattice
reordering [S. Rauls, in preparation]. Ferromagnetic onsets due to lattice disorder are the sub-
ject of a book chapter [Bali2020]. The atomic displacements preserve the flat film topography,
while generating ferromagnetic regions within the film. This makes these samples highly ame-
nable for advanced transmission electron microscopy methods, such as differential phase con-
trast (DPC) imaging. The absence of topographical edges simplifies the comparison of the
phase shift due to the sample magnetization to that of the direct beam. The nanocrystalline
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structure of the films provides near-ideal samples for the developments and tests of DPC meth-
ods, aimed at separating the magnetic information in the presence of diffraction [Nord2025]
[Nord2025a]. Refinements of micro-resonators, so as to compare the ferromagnetic reso-
nance of freestanding and embedded objects were also realized during the project [Cans2021].
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Further information on the project, qualifications and outlook
The exploration of ferromagnetic onsets commenced with the first MUMAGI project in 2017.
The main outcomes included: 1) Observations of the correlation between chemical disorder,
lattice parameter and Ms in B2 FesoAlso, 2) ferromagnetic onset driven by single femtosecond
laser pulses on FegoAlso as well as B2 FesoRhso, 3) preliminary observations of the sensitive
dependence of transport properties on chemical disorder in B2 FegoAlso and 4) preliminary
observations of the ferromagnetic onset in SRO FegoVao0. The list of publications of MUMAGI is
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